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ABSTRACT

BACKGROUND: Cardiac amyloidosis is a serious progressive disease with a high mortality rate. The differential diagnosis
of cardiomyopathies due to amyloid light-chain (AL) amyloidosis and transthyretin (ATTR) amyloidosis is important for selecting
the optimal treatment strategy.

AIM: The aim of this study was to evaluate the capabilities of cardiac magnetic resonance imaging in the differential diagnosis
of cardiomyopathies due to AL and ATTR amyloidosis.

MATERIALS AND METHODS: A retrospective analysis of the medical records of 25 patients with a confirmed diagnosis
of amyloid cardiomyopathy was performed. Patients were divided into two groups according to the type of amyloidosis, with
group 1 including patients with cardiomyopathy due to AL amyloidosis and group 2 including patients with cardiomyopathy
due to ATTR amyloidosis. All patients underwent contrast-enhanced cardiac magnetic resonance imaging. Volumetric and
linear cardiac parameters, ventricular function, and late gadolinium enhancement patterns were assessed. Standard statistical
methods were used, and differences were considered significant at p <0.05.

RESULTS: Group 2 showed a more significant thickening of the myocardial walls compared to group 1 (interventricular septum:
18 [17; 18] vs. 14.5 mm [12.8; 16.0], p <0.01, posterior wall of the left ventricle: 14 [13; 17] vs. 10.5 mm [10; 12.3], p <0.01).
The indexed mass of the left ventricle myocardium was 110 [92; 125] in group 2 and 85 mm [69.3; 91.8] in group 1 (p <0.01).
In group 2, late gadolinium enhancement with a transmural left ventricle pattern was more frequently observed in the basal and
mid-lower-lateral segments, whereas in group 1, a subendocardial pattern of late gadolinium enhancement was more frequent
in the mid-anterior and lower-lateral segments (p <0.05). In addition, frequency of simultaneous contrast enhancement in
the subendocardial layers of the interventricular septum on the left ventricle and right ventricle sides was higher in group 2
(100% of cases vs. 50%, p <0.01). Late gadolinium enhancement of the right ventricle was also more common in group 2
(100 vs. 58%, p <0.05), especially in the interventricular septum and inferior wall area (p <0.05). Semi-quantitative assessment
of LGE using the Query Amyloid Late Enhancement (QALE) showed greater contrast enhancement in group 2: 13 [12; 14] vs.
10.5 [1.75; 12], p <0.01), and a score greater than 13 differentiated between cardiomyopathy due to AL amyloidosis and ATTR
amyloidosis with a sensitivity of 69% and a specificity of 83%.

CONCLUSION: Cardiac MRI identifies typical features of cardiomyopathies due to AL amyloidosis and ATTR amyloidosis for
their differential diagnosis. Further research is needed to confirm diagnostic accuracy of the patterns identified.

Keywords: cardiac amyloidosis; systemic amyloidosis; cardiac magnetic resonance imaging; late gadolinium enhancement;
QALE; transthyretin amyloidosis; light-chain amyloidosis.
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Lenei M TpaHCTUPETMHOBOro aMUNIOMA03a

3.M. MaromepoBa'?, T.B. Hukudoposa?, [1.10. LLlekounxun'?, E.C. Meplumna'?, K.B. Kosanés',
X.C. A6pynmaxuposa?, [1.C. PacceukuHa?, A.E. Ipaues’, U.I'. Pextuna®, A.H. BonoBueHko?,
C.0. Capkucan?, B.E Cunnupi®, [1.A. Anppees?

! Topo/cKan KnuHnueckas 6onbHuua N 1 umenn H.W. Nuporosa, Mockea, Poccus;

2 epsblit MOCKOBCKMIA FoCYAapCTBEHHbIA MeAMUMHCKIUA yHUBEpcuTeT uMeHu WM. CeueHosa, Mocksa, Poccus;
* Topoackan KimHnyeckas GonbHuua umenm C.C. 10anHa, Mocksa, Pocens;

* HaumoHanbHbIA MeAMUMHCKUA UCCNIe0BaTesbCKUA LEHTp reMaronorin, Mocksa, Poceus;

5 MoCKOBCKMIA rocyaapcTBeHHbIN yHUBepcuTeT MMeHn M.B. JloMoHocoBa, Mockea, Poccust

AHHOTALINA

06ocHoBaHMe. AMUNOMA03 cepaLa — Cepbé3Hoe nporpeccupytollee 3aboneBaHWe C BbICOKOW cMepTHOCTbIO. [uddepeH-
LManbHas OMarHoCTUKa KapavMoMMonaTuil BCNeACTBUE amuionpo3a Nerkvx uened (AL-ammnonpos) M TpaHCTUPETMHOBOMO
amunonposa (ATTR-amunonao3) BaxHa A51s Bbibopa oNTMManbHOM TaKTUKM JIEYEHUS.

Lienbto nccnefoBaHms SBNSETCA OLEHKA BO3MOXHOCTEN MarHUTHO-Pe30HaHCHOI ToMorpadum cepaua B anddepeHunancHoll
AMarHocTMKe Kapavomuonatuii Bcneacteue AL- n ATTR-amunonposa.

Marepuansi u MeToabl. [IpoBeAEH aHaNM3 MeAVLIMHCKUX aHHbIX 25 MaLUVEeHTOB C NOATBEPKAEHHBIM AUarHO30M KapavMoM1oNaTus,
pasfeniéHHbIX Ha [iBe rpynnbl B 3aBUCMMOCTM OT TUMa aMunongoesa. 1-a rpynna — Kapavomuonatus BeneacTave AL-amunonaosa,
2-5 rpynna — Bcnepcteue ATTR-amunonpo3a. BceM nauyeHTaM npoBefeHa MarHUTHO-Pe3oHaHcHas ToMorpadus cepaua ¢ KOH-
TpacTupoBaHueM. OLeHnBanu 06bEMHbIE M NIMHENHbIE MOKa3aTenu cepALa, GYHKUMIO eNy[0UKOB W NaTTePHbI NO3AHEr0 HaKonne-
HUA ragosMHWA. Vcnonb3oBanu cTaHaapTHble CTaTUCTUYECKUE MeTofbl, PasMumMa cumTany 3HauuMbiMm nipu p <0,05.

Pesynbtathl. Y nauueHToB 2-i rpynnel Habnopanm bonee BbipaXeHHOe YTONLLEHWE CTEHOK MUOKAapAa B CPaBHEHWUW C Na-
uveHTammn 1-ii rpynnbl (Mexokenyaoykosas neperopoaka 18 [17; 18] npotus 14,5 MM [12,8; 16], p <0,01, 3apHas cTeHKa
nesoro xenyaouka 14 [13; 17] npotws 10,5 MM [10; 12,3], p <0,01). MHaekcupoBaHHas Macca MMOKap[a JIEBOTO JKenyAo4Ka
B0 2-it rpynne — 110 r/M?[92; 125], Torpa Kak B 1-i rpynne AaHHbIA NokasaTenb coctaun 85 r/m?[69,3; 91,8], p <0,01).
Cpepy naumeHTOB 2-11 rpynMbl Yalle 0TMeYanu No3LHee HaKoM/eHWe rafloNIMHUS C TPaHCMypasnbHbIM NaTTepHoOM B 6asasb-
HOM 1 CpefHeM HIKHe-BOKOBbIX CErMeHTax NeBOro XenyAoyKa, B TO BpeMsl KaK Yy naumeHToB 1-i rpynnel — valle onpege-
nsanu cy63HA0KapAUanbHbIA NaTTepH NO3AHEr0 HAKOMNEHUS FafofIMHUA B CPELHMX NepefHe- U HUKHe-BOKOBbIX CerMeHTax
(p <0,05). Takxke y NauUMEHTOB 2-i rPyNMbl YacToTa Cly4aeB OLHOBPEMEHHOIO HAaKOMMIEHUA KOHTPACTHOro Npenapara B cybaH-
AOKapaManbHbIX COSX MEXOKENYA04KOBOW NeperopoAKy o CTOPOHbI JIEBOIO XeJy[04Ka M MPaBoro XenyLoyKa oKasanach
Boiwe (100% cnyyaes npotus 50%, p <0,01). [o3aHee HaKoMNeHMe rafoMHUA B NPaBOM eyA0uKe TaKKe Yalle BCTpeyasy
cpeav nauuenToB 2-1 rpynnbl (100% npotus 58%, p <0,05), ocobeHHO B 06/1aCTM MEXOKENYLOYKOBOI NEPErOPOAKM U HUMKHEI
cTeHku (p <0,05). MonyKonmyecTBEHHas OLEHKA NO3AHEro HaKOMeHUs rafoMHuA ¢ noMolubto nokasatens QALE (The query
amyloid late enhancement) nokasana bonee 06LMPHOE HaKoM/IEHWE KOHTPACTa Y NauueHToB 2-i rpynnbl — 13 [12; 14] npo-
B 10,5 6annos [1,75; 12], p <0,01), a Konnuectso 6annos bonee 13 npeaocTaBMIo BO3MOXKHOCTb PasfiNiMTL KapAMOMMUONa-
Tn Bcnepcteue AL- u ATTR-ammnonpo3a c YyBCTBUTENBHOCTBIO 69% 1 cneumduyHocTbio 83%.

3aksnioyeHmne. MarHuTHo-pe3oHaHcHas ToMorpadms cepaLa no3BoseT BbiSBNATb XapaKTepHble 0COBEHHOCTU KapAuoMUona-
tmin Bcneacteme AL- n ATTR-ammnonposa, 4to MoXeT NoMoub B UX anddepeHumanbHon auarHoctuke. C Lenbio NnoaTBepm-
LEHWs IMarHoCTUYECKON TOYHOCTH, BbISIBIEHHBIX NaTTePHOB, He06X0AMMO NPOLOMIKEHUE UCCIEA0BAHUN.

KnioyeBble cnoBa: aMunoupaos cepaua; CUCTEMHBIN  aMMNOWAO3; MarHMTHO-pe3oHaHCHasA TOMOI'paCl)VIFI cepoua;
0TCPO4YeHHOEe KOHTpacTUpoBaHUe rafosintHUEM; QALE; TpaHCTVIpeTVIHOBbIVI aMUNOMA03; aMUNON03 NETKUX Lienen.
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BACKGROUND

Cardiac amyloidosis is a serious, progressive disease that
causes heart failure and death. It is defined by the extracellular
deposition of a specific protein—polysaccharide complex (amyloid)
inthe myocardium. The most common types of cardiac amyloidosis
are amyloid light-chain (AL) amyloidosis and transthyretin (ATTR)
amyloidosis, which are caused by immunoglobulin light chain
amyloid and transthyretin deposition, respectively. The differential
diagnosis of cardiomyopathies due to AL and ATTR amyloidosis
is crucial for selecting the optimal treatment strategy [1-3].

Amyloidosis is a rare condition. However, recent findings
indicate that amyloid cardiomyopathy is underestimated
as a cause of common cardiac disorders. Due to advancements
in cardiac imaging and improved diagnosis and treatment
strategies, the options for diagnosing and managing cardiac
amyloidosis have expanded [4, 5]. Algorithms proposed
by the American College of Cardiology [6, 7] and the European
Society of Cardiology [8] are currently used for diagnosing
this condition.

Cardiac amyloidosis is diagnosed by assessing clonal
dyscrasia using an immunochemical analysis of serum
and 24-h urine samples. The analysis involved serum
and urine protein electrophoresis with immunofixation,
as well as a serum-free light chain assay to rule out
AL amyloidosis. If the test is positive, a right ventricular
(RV) endomyocardial biopsy can be performed to confirm
the diagnosis and distinguish between AL and ATTR
amyloidosis. In the absence of clonal dyscrasia, ATTR
amyloidosis is confirmed using scintigraphy with technetium
radiopharmaceuticals (*™Tc-PYP, "™Tc pyrophosphate;
#mTc-DPD, *™Tc-3,3-diphosphono-1,2-propanodicarboxylic
acid; *™Tc-HMDP, *™Tc-hydroxyl-methylenediphosphonate),
with an uptake rate of 2-3; a biopsy is not required. TTR
genotyping is also possible, particularly for detecting
hereditary disease forms, even without family history or
signs of polyneuropathy. However, endomyocardial biopsy
is the gold standard in cases with inconclusive test results.
This method has high specificity and sensitivity for detecting
amyloid deposits by Congo red staining [6, 8, 9].

Time-delayed contrast-enhanced magnetic resonance
imaging (MRI) is highly effective in diagnosing cardiac
amyloidosis and detects contrast uptake patterns
inthe myocardium characteristic of amyloid deposits and allows
the assessment of cardiac functional disorders [10-12].
Moreover, cardiac MRI allows for the differential diagnosis
between AL and ATTR amyloidosis-induced cardiomyopathy,
considering the pattern of delayed contrast uptake, signs
of severe concentric ventricular hypertrophy, and increased
myocardial mass [13].

AIM

To assess the potential of cardiac MRI in the differential
diagnosis of cardiomyopathy due to AL or ATTR amyloidosis.
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METHODS
Study design

We conducted a cross-sectional, observational,
single-arm, single-center study to review the medical
records of patients with confirmed cardiomyopathy due to AL
or ATTR amyloidosis.

Eligibility criteria
We used contrast-enhanced cardiac MRI findings obtained

between January 1, 2021, and May 31, 2024.

Inclusion criteria:

« confirmed cardiomyopathy due to AL or ATTR amyloidosis
in accordance with the American College of Cardiology
guidelines [14, 15], European Society of Cardiology
guidelines [8], and Russian guidelines for the diagnosis
and treatment of systemic amyloidosis [9];

« available contrast-enhanced cardiac MRI findings; and

+ signed informed consent (the study only included data
from patients who signed an informed consent form
for the use of their data for research purposes, approved
by the City Clinical Hospital No. 1 named after N.I.
Pirogov).

Study setting

A contrast-enhanced cardiac MRI was performed
in the MRI and CT department of the City Clinical Hospital
No. 1 named after N.I. Pirogov. We included the medical
records of outpatients and inpatients. Amyloid cardiomyopathy
could be the principal diagnosis or a complication of another
condition.

Study duration

We reviewed the medical records between June 1, 2024,
and July 31, 2024.

Intervention

The analysis of medical records included clinical
examination, blood test, electrocardiography (ECG),
echocardiography, and cardiac MRI findings.

A cardiac MRI was performed using the Vantage ExelArt
TOSHIBA 1.5T and Philips Ingenia 1.5-T Evolution scanners,
according to the optimized protocols for diagnosing cardiac
amyloidosis. We used a specific sequence of scanning
protocols to assess the heart morphology, ventricular
function, and signs of amyloid deposits:

1. A series of scans (localizers) in three planes for examination
planning.

2. A cine-MRI in the steady-state free precession mode
in two-, three-, and four-chamber views and a series
of short-axis scans from the base to the apex of the left
ventricle (LV).

3. Fat-suppressed T2-weighted imaging.

4. Black blood T2-weighted imaging.
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5. TI-scout (look-locker) imaging 8—10 min after contrast
injection to determine the optimal myocardial inversion time
(TI) or the phase-sensitive inversion recovery sequence.

6. Post-contrast T1-weighted imaging to assess delayed
contrast uptake in the myocardium (late gadolinium
enhancement, LGE) 10-15 min after contrast injection.

All examinations were ECG-gated, with breath holding,
where necessary. The slice thickness and interslice gap were
6—8 and 2 mm, respectively. The total examination time was
~45-60 min.

Main study outcome

The main study outcome was changes in cardiac
MRI in patients with cardiomyopathy due to amyloidosis.
We assessed the following parameters: LV volumetric
and linear measures; LV and RV LGE patterns.

Additional study outcomes

The additional study outcome was a semiquantitative
LGE assessment using the Query Amyloid Late Enhancement
(QALE) score.

Subgroup analysis

The study included two groups based on the amyloidosis type:
o Group 1: patients with cardiomyopathy due to AL
amyloidosis;
o Group 2: patients with cardiomyopathy due to ATTR
amyloidosis.

Outcomes registration

Images were processed and analyzed using the specialist
cvi42  software (Circle Cardiovascular Imaging Inc.,
Canada). Two qualified radiologists experienced in cardiac
imaging independently assessed the cardiac MRI findings.
The interobserver variability was additionally assessed.
Changes in LV volumetric and linear measures were recorded.
Contrast uptake patterns in the myocardium depending
on the type of amyloidosis were identified. We used the QALE
score developed by Dungu et al. [13] for a semi-quantitative
LGE assessment. The analysis involves three LV levels: basal,
middle, and apical. The maximum score for each level is four
points, depending on the contrast uptake pattern. If the RV
is involved, the maximum score for each level increases to six
points. Thus, the total QALE score ranged from 0 (no LGE)
to 18 (global transmural LV LGE plus RV involvement).

Ethical review

The Local Ethics Committee of I.M. Sechenov First
Moscow State Medical University approved this study
(Minutes No. 15-24 of June 6, 2024).

Statistical analysis

Sample size calculation: The sample size was not
calculated in advance due to the rarity (orphan) of the disease.
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Considering the limited number of patients with this condition,
all eligible patients were included.

Statistical analysis methods: The qualitative
parameters were compared using the x or Fisher's exact
test. The quantitative parameters were compared using
the nonparametric Mann—-Whitney test. The results were
presented as Me [A25; Q75], where Me is the median and Q25
and Q75 are the 25th and 75th percentiles, respectively.
Differences were considered significant at p < 0.05.

RESULTS

Participants

The study included 25 patients with confirmed
cardiac amyloidosis, with 12 and 13 patients in Groups 1
and 2, respectively. The mean age was 71.7 + 12 years; 46%
of the patients were male.

Table 1 shows the patient characteristics, including
demographics and clinical data.

Primary results

MRI: cardiac volumetric and linear measures

Group 2 had more pronounced myocardial wall thickening
than Group 1 (interventricular septum, LV involvement,
18 mm [17; 18] vs. 14.5 mm [12.8; 16], p < 0.01; LV posterior
wall 14 mm [13; 17] vs. 10.5 mm [10.0; 12.3], p < 0.01)
(Fig. 1). No significant differences were found in LV ejection
fraction parameters: 53% [42; 66] vs. 56.5% [51.5; 66.3],
p > 0.05). However, the LV mass index was higher in Group 2
(110 mm/m? [92; 125] vs. 85.0 mm/m? [69.3; 91.8], p < 0.01).
Pleural effusion was detected in 67% and 46% of patients
in Groups 1 and 2, respectively, but the difference was not
significant (p = 0.530).

MRI: delayed contrast uptake in the myocardium

LGE was detected in all patients in Group 2 and 11
(85%) patients in Group 1 (Table 2). RV LGE was detected
in all patients in Group 2 and 58% of patients in Group 1
(p < 0.05). Group 2 had a significantly higher rate of contrast
uptake in the interventricular septum and RV inferior wall
(62% vs. 8%, p < 0.05) (Fig. 2). A simultaneous subendocardial
LGE in the LV and RV in the interventricular septum was found
Group 2, resulting in the double-line sign (100% vs. 50%,
p < 0.01) (Fig. 3). Atrial LGE was observed in 69% and 50%
of patients in Groups 2 and 1, respectively (p > 0.05).

The analysis of contrast uptake distribution by cardiac
segments revealed transmural LGE in Group 2 at the basal
and middle levels (inferolateral segments, Fig. 4) (p < 0.05).
Group 1 showed subendocardial LGE at the middle level
(antero- and inferolateral segments, Fig. 5) (p < 0.05).
The other segments showed no specific contrast uptake
patterns (p > 0.05) (Table 3). The circular contrast uptake
rates were not significantly different.
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Table 1. Comparison of patient characteristics
Characteristics Group 1, n=12 Group 2,n=13 p-value
Demographics
Age, years 64.5[59.3;71.8] 79 [74; 84 <0.01
Males, n (%) 5(42) 11 (85) 0.07
Clinical findings

Chronic heart failure, NYHA class II, n (%) 7(58) 6 (46) 0.83

Chronic heart failure, NYHA class IlI, n (%) 5(42) 7 (54) 0.83

Hypertension, n (%) 4(33) 4(31) 1.0

Coronary artery disease, n (%) 2(17) 5(38) 0.44

Polyneuropathy, n (%) 2(15) 3(23) 1.0

Spinal stenosis, n (%) 0(0) 1(8) 1.0

Carpal tunnel syndrome, n (%) 0(0) 1(8) 1.0
Anamnestic findings

Pacemaker implantation, n (%) 2(15) 1(8) 0.94

History of revascularization, n (%) 1(8) 3(23) 0.65

History of myocardial infarction, n (%) 2(17) 3(23) 1.00
Electrocardiography

Low GRS voltage on ECG, n (%) 5 (42) 5(38) 1.00

Pseudo-infarction changes, n (%) 6 (50) 2(19) 0.15

Complete right bundle branch block, n (%) 1(8) 2(19) 1.00

Grade 1 atrioventricular block, n (%) 1(8) 4(31) 0.37

Atrial fibrillation, n (%) 6 (50) 7 (54) 1.00
Laboratory findings

NT-proBNP > 300 pg/mL, n (%) 12 (100) 13 (100) 0.07

Troponin | > 0.023 ng/mL, n (%) 5 (42) 7 (54) 0.83

Proteinuria > 1.0 g/day, n (%) 11(92) 1(8) <0.01

Echocardiography

Left ventricular ejection fraction, % 57 [48; 63] 54 [54; 58] 0.51

Interventricular septum, mm 15 [14; 17] 17 [16; 19] 0.01

Left ventricular posterior wall, mm 13[12; 15] 16 [14; 171 0.09

Note. Low voltage on ECG was defined as all QRS amplitudes <5 mm (standard leads) or < 10 mm (precordial leads). NYHA, New York Heart
Assaciation classification; NT-proBNP, N-terminal prohormone of brain natriuretic peptide.

25

20

X

0

IS Secondary results

HLVPW
Semi-quantitative LGE assessment of cardiac amyloidosis

We performed a semiquantitative LGE assessment

14 145 using the QALE score during the analysis of postcontrast
10 | %10,5 T1-weighted images of the ventricles. Group 2 had larger

LGE areas than Group 1: 13 points [12; 14] vs. 10.5 points
[1.75; 12], p < 0.01 (Fig. 6). We performed a receiver operating
characteristic (ROC) analysis to determine a predictive model
for the QALE score in patients with cardiomyopathy, depending

Group 2

Fig. 1. Box plot of the linear measures of cardiac magnetic
resonance imaging in Groups 1 and 2. AL, light-chain amyloidosis

Group 1 on the amyloidosis type. The analysis confirmed the QALE

score’s usefulness in determining the amyloidosis type:

(Group 1); ATTR, transthyretin amyloidosis (Group 2); IVS, the area under the ROC curve (AUC) was 0.83 (sensitivity 69%,
interventricular septum; LVPW, left ventricular posterior wall. specificity 83%, QALE threshold > 13 points).
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Group 1, n=12

Group 2,n=13

0 1 2 3 0 1 2 3

Basal level
Segment 1 (anterior), n 4 2 6 0 3 0 8 2
Segment 2 (anteroseptal), n 7 1 3 1 4 3 5 1
Segment 3 (inferoseptal), n b 2 4 0 4 3 5 1
Segment 4 (inferior), n 2 2 5 3 1 2 7 3
Segment 5 (inferolateral), n 2 1 5 4 0 1 1 n*
Segment 6 (anterolateral), n 3 2 5 2 1 2 5 5

Middle level
Segment 7 (anterior), n 5 1 6 0 4 3 5 1
Segment 8 (anteroseptal), n 5 3 4 0 6 1 5 1
Segment 9 (inferoseptal), n b 1 5 0 5 2 5 1
Segment 10 (inferior), n 3 1 7 1 6 1 4 2
Segment 11 (inferolateral), n* 3 0 9 0* 3 1 ™ g
Segment 12 (anterolateral), n* 4 0 8* 0 5 4 2* 2

Apical level
Segment 13 (anterior), n 6 0 6 0 7 0 5 1
Segment 14 (septal), n 6 0 6 0 5 1 5 2
Segment 15 (inferior), n b 0 6 0 9 1 3 0
Segment 16 (lateral), n 6 0 6 0 8 1 4 0
Total*, n 9 5 w o4& 12 9 12 12

Combination of the segments
Basal level of the interventricular septum (segments 2 and 3), n b 1 3 0 4 3 5 1
Middle level of the interventricular septum (segments 8 and 9), n 5 1 4 0 5 1 5 1
Interventricular septum (segments 2, 3, 8, 9, and 14), n 4 0 2 0 2 1 2 0
Basal level, lateral wall (segments 5 and 6), n 2 1 3 2 0 1 1 5
Middle level, lateral wall (segments 11 and 12), n 3 0 8* 1 3 1 1* 1
Lateral wall (segments 5, 6, 11, 12, and 16), n 2 0 3 0 1 0 0 0
Circular distribution with a subendocardial pattern
Basal level, n 2 0
Middle level, n 3 1
Apical level, n 6 2
Circular distribution with any contrast uptake pattern

Basal level, n 4 7
Middle level, n 6 5
Apical level, n 5 4

Note. 0, no late gadolinium enhancement areas; 1, intramyocardial late gadolinium enhancement pattern; 2, subendocardial late gadolinium

enhancement pattern; 3, transmural late gadolinium enhancement pattern; *, significant intergroup difference (cases of late gadolinium enhancement

with the same pattern in the groups).

DOl https://doi.org/10.17816/DD635007
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Fig. 2. Distribution of late gadolinium enhancement cases in the
right ventricle in the groups. RV, right ventricle; AL, light-chain
amyloidosis (Group 1); ATTR, transthyretin amyloidosis (Group 2);
LGE, late gadolinium enhancement.

DISCUSSION

Summary of primary results

This retrospective study revealed that cardiac MRI
plays a significant role in the differential diagnosis of AL
amyloidosis- and ATTR amyloidosis-induced cardiomyopathy.

conditions require fundamentally different therapeutic
approaches [16].

Discussion of primary results

Distinctive signs of amyloid cardiomyopathy include more
pronounced myocardial wall thickening (interventricular
septum, LV involvement, and LV posterior wall) and anincreased
LV mass index in ATTR amyloidosis compared with AL
amyloidosis, which was consistent with previous findings,
indicating that ATTR amyloidosis is associated with more
severe myocardial hypertrophy. Based on Dungu et al. [13],
AL amyloidosis was characterized by a minimal increase
in the LV mass index compared with ATTR amyloidosis. They
reported a significant LV wall thickening in ATTR amyloidosis
compared with AL amyloidosis: 18 + 2 vs. 14 + 3 mm.
Kriste et al. reported similar findings: the myocardial mass
in ATTR amyloidosis compared with AL amyloidosis was
164 + 57 vs. 159 + 61 mg. The maximum LV wall thickness
in ATTR amyloidosis was significantly higher than that in AL
amyloidosis. These changes are due to an increased amyloid
load in ATTR amyloidosis [14, 15].

Fig. 3. Time-delayed contrast-enhanced cardiac magnetic resonance imaging scans in transthyretin amyloidosis. Subendocardial contrast
uptake in the interventricular septum (right and left ventricular involvement) (red dashed lines).

Fig. 4. Time-delayed contrast-enhanced cardiac magnetic resonance imaging scans in transthyretin amyloidosis. Transmural contrast
uptake at the basal and middle levels (inferolateral segments), subendocardial contrast uptake at the basal level (anterior, anterolateral,
and inferior segments) of the left ventricular myocardium (white arrows), and subendocardial contrast uptake in the interventricular

septum (right ventricular involvement) (yellow arrow).

DOI: https://doi.org/10.17816/0D635007
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Fig. 5. Time-delayed contrast-enhanced cardiac magnetic resonance imaging scans in light-chain amyloidosis. Subendocardial contrast
uptake at the basal and middle levels (inferolateral segments) of the left ventricular myocardium (white arrows).

Table 3. Comparative analysis of late gadolinium enhancement cases in various cardiac structures in the groups.

. Group 1, Group 2,
Characteristics n=12 n=13 p-value
Late gadolinium enhancement in the right ventricle, n (%) 7 (58) 13 (100) <0.05
Late gadolinium enhancement in the right ventricular inferior wall, n (%) 1(8) 8 (62) <0.05
Late gadolinium enhancement in the interventricular septum (right ventricular involvement), n (%) 6 (50) 13 (100) <0.05
Late gadolinium enhancement in the right ventricular wall, n (%) 6 (50) 9 (69) >0.05
Late gadolinium enhancement in the atria, n (%) 6 (50) 9 (69) >0.05
!_ate gadolinium ;enhancement in the interventricular septum (right and left ventricular 6 (50) 13 (100) <0.05
involvement), n (%)
16 ROC curve
1.0
14
12 0.8
10
3 z 0.6
i 8 . 2
3 . & 0.4
4 0.2
2 00 — QALE (AUC=0.83)
0.0 02 04 0.6 08 10

0

Group 2 Group 1

Fig. 6. Box plot of the Query Amyloid Late Enhancement (QALE)
score in Groups 1 and 2. AL, light-chain amyloidosis (Group 1);
ATTR, transthyretin amyloidosis (Group 2).

LGE patterns in these types of cardiac amyloidosis
differ, which can be useful in the differential diagnosis. AL
amyloidosis is more commonly associated with a global
subendocardial contrast uptake, whereas ATTR amyloidosis
is characterized by a transmural or focal contrast
uptake [13, 17]. Despite these differences, the differential
diagnosis between AL amyloidosis- and ATTR amyloidosis-
induced cardiomyopathy based on cardiac MRI findings can be

DOI: https://doi.org/10.17816/0D635007

1 - Specificity

Fig. 7. ROC curve for the Query Amyloid Late Enhancement (QALE)
score. Solid line: QALE score, area under the curve (AUC) 0.83 (95%
confidence interval: 0.64-0.97); sensitivity 69%; specificity 83%.

challenging due to similar visual patterns. Semiquantitative
LGE assessment and additional imaging techniques
(scintigraphy with *™Tc-DPD) have been proposed to improve
the diagnostic accuracy [18].

The analysis of LGE characteristics revealed specific
patterns for each amyloidosis type, which can be used
for the differential diagnosis. The most valuable findings are
as follows:
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Fig. 8. Time-delayed contrast-enhanced cardiac magnetic resonance imaging scans in transthyretin amyloidosis. a, transmural contrast
uptake at the basal level (lateral segments) and intramural contrast uptake at the basal level (inferior segment) of the left ventricular
myocardium (white arrows), QALE score: 15 points. b, circular subendocardial contrast uptake at the middle level (all segments) of the left
ventricular myocardium (yellow arrows), QALE score: 10 points.

« ATTR amyloidosis: more commonly associated
with a pronounced transmural LGE at the basal and middle
levels, in the inferolateral segments of the LV, with RV
involvement, particularly in the interventricular septum
(LV involvement) and the RV inferior wall (Fig. 8, a).

« AL amyloidosis: more commonly associated
with a subendocardial LGE, mostly at the middle levels,
in the antero- and inferolateral segments (Fig. 8, b).
These findings are consistent with those of previous

studies [13, 17, 19], which also found specific LGE patterns

in AL and ATTR amyloidosis, including a more pronounced

contrast uptake in ATTR amyloidosis (p < 0.001) [17].

Based on the available data, ATTR amyloidosis can
be distinguished from AL amyloidosis with a sensitivity
and specificity of 82% and 76%, respectively, based on the QALE
score of > 13 points [13]. We found that ATTR amyloidosis was
similarly characterized by a more pronounced LGE compared
with AL amyloidosis.

The significant amyloid buildup in the myocardium in ATTR
amyloidosis is most likely due to a longer disease duration
than in AL amyloidosis. In AL amyloidosis, myocardial
damage is caused by both amyloid buildup and the direct
toxic effect of the immunoglobulin light chains, resulting
in lower amyloid levels in the myocardium.

Our study revealed that patients with AL amyloidosis
have a higher risk of pleural effusion than patients with ATTR
amyloidosis. This is a significant finding because it can be
associated with more severe systemic involvement in AL
amyloidosis, as confirmed by Binder et al. [20].

The double-line sign in the interventricular septum
in ATTR amyloidosis is an interesting phenomenon, indicating
simultaneous subendocardial LGE in the LV and RV (See Fig. 3).
This sign was observed in all patients with ATTR amyloidosis,
possibly making it an important diagnostic marker. However,
available publications do not describe this contrast uptake
pattern, necessitating further studies.

Notably, no significant intergroup differences were
observed in the LV ejection fraction and volumetric measures.
In this context, myocardial deformation assessment will

DOl https://doi.org/10.17816/DD635007
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likely be more useful for assessing the functional aspects
of the heart in amyloidosis [21].

Study limitations

This study has the following limitations:

« the sample size was relatively small.

+ the study did not assess the effect of concomitant
cardiovascular diseases and interventions.

However, we found no significant differences when
comparing the clinical and anamnestic signs in the groups
(See Table 1). Notably, a significant age difference of 11 years
was observed between the groups (p < 0.01), which
likely affected the result interpretation. However, despite
the observed differences, many characteristics of cardiac MRI
findings in amyloid cardiomyopathy are nonspecific and can be
seen in both amyloidosis types, highlighting the importance
of a comprehensive diagnosis, including clinical, laboratory,
and imaging examinations.

CONCLUSION

The study findings show that contrast-enhanced cardiac
MRl is a highly effective tool for the differential diagnosis of AL
amyloidosis- and ATTR amyloidosis-induced cardiomyopathy.
Using typical contrast uptake patterns and additional imaging
techniques can significantly improve the diagnostic accuracy.
Further studies and new diagnostic criteria and tools are
required to improve the diagnosis and treatment of this
complex condition.
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Potential use of radiomics analysis of cine-mode
cardiac MRI to detect post-infarction lesions
in the left ventricular myocardium

Aleksandra S. Maksimova', Denis S. Samatov?, Boris S. Merzlikin?, Tatyana A. Shelkovnikova',
Artem I. Listratov®, Konstantin V. Zavadovsky'

! Tomsk National Research Medical Center of the Russian Academy of Sciences, Tomsk, Russia;
2 National Research Tomsk Polytechnic University, Tomsk, Russia;
% Siberian State Medical University, Tomsk, Russia

ABSTRACT

BACKGROUND: The size and location of an infarct lesion and its clear differentiation from normal tissue are important
for clinical diagnosis and precision medicine. This paper is based on the study of radiomic attributes for differentiation of infarct
and non-infarct tissue using non-contrast-enhanced cine-mode cardiac magnetic resonance imaging (MRI) data.

AIM: The aim of the study was to evaluate the potential use and informative value of radiomics analysis to identify post-infarction
lesions in the left ventricular myocardium in patients with ischemic cardiomyopathy (ICM) using non-contrast-enhanced
cine-mode cardiac MRI.

MATERIALS AND METHODS: Results of contrast-enhanced cardiac MRI were evaluated in 33 patients following surgical
treatment for ICM. Texture analysis was performed on 66 lesions in cine-mode cardiac MRI images, and 105 texture attributes
were determined for each lesion. Cardiac MRI was performed according to a standard technique using a Vantage Titan 1.5 T MRI
scanner (Toshiba). For texture analysis, 3D Slicer version 5.2.2 (Pyradiomics) was used.

RESULTS: During the study, attribute collinearity diagrams were plotted, zero-significance attributes were identified, and attribute
significance was determined using a gradient boosting algorithm, and the cumulative significance of attributes was estimated
as a function of their total number. By identifying low-significance attributes, the least significant parameters that did not affect
the overall significance level were determined. When single-valued attributes were extracted, no corresponding attributes were
found. Based on the analysis results, an ROC curve was constructed for Lasso logistic regression (Se=57.14%, Sp=71.43%,
AUC=0.76). The main result of this study was to determine radiomic attributes that characterized lesions corresponding
to post-infarction cardiosclerosis and intact left ventricular wall based on cine-mode cardiac MRl images.

CONCLUSION: This study demonstrated that radiomics analysis of non-contrast-enhanced cine-mode cardiac MRI images
is a promising approach to identify lesions corresponding to myocardial infarction and intact wall. This method may potentially
be used to identify lesions of post-infarction cardiosclerosis in patients with ICM without contrast enhancement.

Keywords: radiomics; texture analysis; cardiac magnetic resonance imaging; myocardial infarction; ischemic cardiomyopathy.
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Bo3Mo)KHOCTM pagMOMMYeCKOro aHanusa
MPT-u306pakeHui cepaua B KUHO-peXUMe
B onpepeneHUMU NoCTUHPaPKTHbIX obnacTen
MUOKapAa NeBoro XXenyaouka

A.C. Makcumosa', [1.C. Camartos?, b.C. Mepanukun?, T.A. LLlenkosHukosa', A.W. Jluctpatos?,
K.B. 3aBaposckui’

! HayuHo-uccnenoBaTenbCKuil UHCTUTYT KapaMonori, TOMCKMIA HaLMOHambHBII UCCNeL0BaTeNbCKIA MeAMLIMHCKMIA LieHTP POCCUACKON akafieMun Hayk,
ToMck, Poccus;

2 HaumoHanbHbli uccnefoBatenbckuii TOMCKUIA NofMTeXHUYECKUIA yHuBepcuTeT, ToMcK, Poccus;

¥ CMBMPCKMIA rocyaapCTBEHHBI MeAULIMHCKMIA yHuBepcuTeT, ToMck, Poccus

AHHOTALINA

06o0cHoBaHMe. Pa3Mep 1 NoKanu3aums, a Takke YeTKan anddepeHUMaLmMs MeX Y MHTAKTHON TKaHbIO M 00N1acTbio UHdapKTa
BaXKHbl ANS KIIMHUYECKOW ANarHOCTUKU U NPELIM3MOHHOM MeanLMHbI. B ocHoBe gaHHOM paboThl NeuT uccnefoBaHue pagmo-
MWYECKMX MPU3HAKOB, KOTOpble NO3BONAT AuddepeHLMpoBaTh Y4acTKU MHAPKTHOW M yoanéHHoW oT obnactn uHdapkTa
TKaHM M0 AaHHbLIM 6ECKOHTPACTHLIX M300paXKeHui MarHUTHo-pe3oHaHcHoM ToMorpadum (MPT) cepaua B KMHO-PEeXUMe.
Lienb. OueHKka BO3MOXHOCTEN M MHGOPMATUBHOCTU PaSMOMUYECKOr0 aHann3a B BbISBIEHUW NOCTUHGDAPKTHBIX obnacTen Mu-
OKapAa JIeBOro XeNyAouKa Y NaLMEHTOB C MLeMUYecKoi KapamomuonaTtueit (MKMI) no gaHHbIM 6eCKOHTpaCcTHbIX M306pa-
»eHuii MPT cepaua B KMHO-pexuMe.

Matepuanbl U Metogpbl. Mbl npoaHanuanposanu pesynbtatel MPT cepaua ¢ KoHTpacTMpoBaHueM 33 MauMEHTOB, KOTO-
pbIM npoBenin xmpyprudeckoe nevenne no nosogy UKMIN. TeKCTypHbIM aHanu3 BbINOAHWAW ANa 66 y4acTKOB M306paxeHun
MPT cepaua B KMHO-pexuMe, Ansa Kawaoro u3 Hux onpeaensnu 105 TeKcTypHbIx xapaktepuctuk. MPT cepaua nposoamnm
Mo CTaHAapTHOW METOLMKE Ha MarHUTHO-pe3oHaHcHoM ToMorpade Vantage Titan (Toshiba) 1,5 Tn. ina TekcTypHoro aHanusa
“cnofb3oBanu nporpaMMHoe obecnedermne 3D slicer-version 5.2.2, Pyradiomics.

Pesynbtathl. B xone uccnefoBaHus Mbl MOCTPOUAM AMarpaMMbl KOSIIMHEAPHOCT MPU3HAKOB, ONpefenniy NpU3Haku ¢ Hy-
NeBOW BaXXHOCTbH) M YCTaHOBWIM BaXKHOCTb MPU3HAKOB C MOMOLLbK anropuTMa rpagMeHTHoro BycTuHra, a Takke OLEeHUNM
KYMYNATUBHYI0 BaXHOCTb MPU3HAKOB B 3aBUCMMOCTY OT UX 06LLero Konuyectsa. C NOMOLLbI METOAA BbISIBNEHWS MPU3HAKOB
C HW3KOW BaXKHOCTbIO OMPEAENANM NapaMeTpbl C HaUMEHbLLEH 3HAYUMOCTbIO, KOTOPbIE HE BAMSIKOT Ha yKa3aHHbIA 06Lui
ypoBeHb. Mcnonb3ys MeTOA BbISIBNEHWUS NPU3HAKOB C EAMHCTBEHHBIM 3HAYEHWEM, Mbl HE HALLWM COOTBETCTBYHOLUMX (YHK-
uni. Mo pesynbtataM aHanusa copmupoBaHa ROC-kpuBas ans noructuyeckon perpeccum Lasso (Se=57,14%, Sp=71,43%,
AUC=0,76). OcHOBHbIM pe3ynbTaToM [AaHHOr0 UCCNeA0BaHUA ABNAETCA ONpefeneHne paguoMUYecKUX NPU3HAKOB, XapaKTe-
pu3yHLLMX Ha ocHoBe u3obpaxeHnuin MPT cepfua B KMHO-pEKMMe Y4acTKW, COOTBETCTBYHOLLME NOCTUH(hAPKTHOMY Kapamo-
CKJ1EPO3Y M WHTAKTHOM CTEHKE NIEBOr0 XenyaouKa.

3akntouenune. [laHHOe uccnefloBaHWE NMOKa3ano, YTo NpUMeHeHUe PaMOMUYECKOr0 aHanm3a Ha BecKoHTpacTHbIX U3obpa-
eHuax MPT cepaua B KMHO-peXWUMe — MEepCMeKTUBHBIN NOAX0L [J1A BbIIBNEHWSA YHacTKOB, COOTBETCTBYIOLIMX MH(APKTY
MMOKapAa M WHTaKTHOW CTeHKe. MeTop noTeHUManbHO MOXKET BbITb MCMONL30BaH L1 MAEHTUPMKaLMM obnacTeld NOCTUH-
(apKTHOro Kapauockieposa y naumentos ¢ VKMIT 6e3 npumeHeHWs KOHTpaCTHbIX NpenapaTos.

KnioueBble cnoBa: pagMoMUKa; TEKCTYPHBINA aHaNN3; MarHUTHO-pe3oHaHCcHasA ToMorpadus cepaua; MHDAPKT MUOKapAa;
ULIEMMYECKAA KapaMoMMOnaTys.
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BACKGROUND

The incidence of cardiovascular diseases continues to rise
each year. Coronary artery disease is the most prevalent
cardiovascular complication and the leading cause of death
and disability in adults globally [1]. Myocardial infarction
(MI), the most common form of coronary artery disease,
is characterized by irreversible cardiac muscle necrosis
caused by an acute disruption of coronary circulation [2, 3].
The size and location of the lesion, along with its distinction
from normal tissue, are critical for accurate clinical
diagnosis and treatment planning [4]. Ml is often followed
by left ventricular (LV) remodeling, a progressive condition
that involves changes in LV size and function within hours
after the coronary circulation disturbance [5]. Post-ischemic
LV remodeling has a complex pathophysiology, involving
various ultrastructural, metabolic, and neurotransmitter
processes in the affected and surrounding myocardial tissue.
Cardiac remodeling is thought to influence the clinical
progression of heart failure [6].

Contrast-enhanced cardiac MRI is widely used
and is an important tool for assessing the presence,
prevalence, and severity of post-infarction changes
in the myocardium. It is also employed to assess myocardial
viability and LV remodeling. This technique provides
a qualitative assessment of MI and detects microvascular
obstruction and hyperemia, which are key factors
for determining unfavorable remodeling and predicting
adverse cardiovascular outcomes [7-9]. However,
this technique has several limitations, including
a high dependency on subjective physician judgment
and intraoperator variability. Additionally, gadolinium-based
contrast agents can lead to nephrogenic systemic fibrosis
in patients with renal insufficiency [10], a significant concern
given the high prevalence of concurrent renal disorders
in patients with cardiovascular diseases [11].

To address these challenges, emerging techniques
such as radiomics and texture analysis offer
promising alternatives for extracting quantitative data
from digital medical images. Radiomics enables a reliable
assessment of abnormal changes detected in medical
imaging by transforming image data into quantitative
measures. Previous studies have explored the potential
of texture analysis in cardiac MRI images to differentiate
between conditionally normal and nonviable myocardial
segments [12]. Some investigations have focused
on detecting cicatricial changes in the LV myocardium
using non-contrast-enhanced cardiac cine-MRI [13]. Given
the morphological differences between affected and healthy
myocardium, the corresponding texture features of these
areas will also differ [14]. It was assumed that subtle
differences between nonviable and conditionally normal
segments could be detected on cardiac cine-MRI images
using radiomics analysis, based on variations in gray level
nonuniformity. However, few studies have confirmed this
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hypothesis [15, 16]. This theory suggests that post-infarction
cardiosclerosis areas could be identified using only
non-contrast-enhanced cardiac cine-MRI images, reducing
the risks associated with gadolinium-based contrast agents
and significantly lowering both the cost and time of analysis.
Currently, no such studies have been conducted in patients
with ischemic cardiomyopathy (ICM).

AIM

To assess the potential and diagnostic value of radiomics
analysis in detecting post-infarction lesions in the LV
myocardium in patients with ICM using non-contrast-enhanced
cardiac cine-MRI.

MATERIALS AND METHODS
Study design

This observational, single-center, retrospective,
cross-sectional, single-arm study involved male and female
patients aged 52—65 years who underwent surgical treatment
for ICM. All patients received a contrast-enhanced cardiac MRI
either as part of their clinical care or according to the study
protocol.

Eligibility criteria

The study included patients who met the established
criteria for ICM [17]:

1) A history of MI

2) Multivessel coronary artery disease, confirmed
by invasive coronary angiography

3) Left ventricular ejection fraction (LVEF) of <40%

4) Increased end-systolic volume (ESV) >60 mL/m?

5) Heart failure classified as New York Heart Association
(NYHA) class II-IV

Patients with infectious and rheumatic heart diseases,
stroke, acute M, and right ventricular failure were extracted
from the study.

The study used contrast-enhanced cardiac MRI images
from patients who underwent surgical treatment for ICM
between 2019 and 2023.

Study setting

Patients were enrolled at the Research Institute
of Cardiology, Tomsk National Research Medical Center,
Russian Academy of Sciences.

The study included patients who underwent cardiac MRI
with paramagnetic contrast to assess myocardial viability.

Main study outcome

The primary outcome was the difference in radiomic
features between intact myocardium and post-infarction
cardiosclerosis (PICS) areas on cardiac cine-MRI images.
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Outcomes registration

Contrast-enhanced cardiac MRI

The study reviewed patients’ medical records
to gather data from cardiac MRIs with paramagnetic
contrast agents, performed to assess myocardial viability.
ECG- and respiratory-gated MRI scans were conducted
according to standard procedures using a Vantage Titan
1.5-T scanner (Toshiba). Short- and long-axis myocardial
images were acquired before and after gadolinium-based
contrast injection (gadobutrol 0.1-0.15 mmol/kg body
weight). The slice thickness was 7-8 mm, and images were
acquired using a 256 x 256 matrix. The MRI protocol included
T1- and T2-weighted images, fat-suppressed images
to assess the myocardium, dynamic SSFP sequences
for LV volume and function assessment, and gradient
inversion-recovery (GR-IR) sequences to identify areas
of abnormal contrast uptake. The inversion time was
selected individually for each case (mean TI, 300 + 10 ms).
Abnormal myocardial changes were assessed using
a standardized 17-segment system for LV myocardium
segmentation. The primary LV parameters were calculated
using segment post-processing software (version 2.2,
Medviso AB).

Radiomics analysis

Texture  analysis was  performed using
non-contrast-enhanced cardiac cine-MRI images. All images
were segmented using 3D slicer software (version 5.2.2),
and radiomic features were automatically extracted using
the SlicerRadiomics extension (version aa418a5).

The radiomic features of intact myocardium were
compared with those of the PICS areas on non-contrast-
enhanced cine-MRI images.

Regions of interest (ROls) were manually selected
to assess differences in radiomic features between intact
myocardium and PICS areas. The size and position of the ROIs
corresponded to the PICS areas and intact myocardium
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regions based on time-delayed contrast-enhanced MRI
images. Initially, ROls were manually selected on MRI slices
along the short axis (in SSFP mode) that matched the PICS
areas on post-contrast MRI images. Texture features were
then extracted using the PyRadiomics library. The ROI
selection process is illustrated in Fig. 1.

Texture analysis was performed on 66 areas
from the cardiac cine-MRI images, with 105 texture features
calculated for each area. These texture features were
categorized as follows:

« First-order features (Energy, Entropy, Range, Kurtosis, etc.)
« 3D shape features (Mesh Volume, Voxel Volume,

Sphericity, etc.)

« 2D shape features (Perimeter, Pixel Surface, Elongation, etc.)
« Gray Level Co-occurrence Matrix

« Gray Level Run Length Matrix

 Gray Level Size Zone Matrix

+ Neighboring Gray Tone Difference Matrix

 Gray Level Dependence Matrix

Ethical review

The study was conducted in accordance with Good Clinical
Practice and the Declaration of Helsinki. All patients provided
written informed consent. The study received approval
from the Institutional Review Board of the Research Institute
of Cardiology, Tomsk National Research Medical Center
(Minutes No. 210, dated February 18, 2021).

Statistical analysis

Statistical processing included the following steps:
selection of significant texture features, plotting of feature
collinearity diagrams, feature selection based on significance,
and application of Lasso regression. Features selection
was performed using the following Python functions:
identify_collinear, identify_zero_importance, identify_
low_importance, identify_single_unique, and identify_all.
The sample size was not predetermined.

Fig. 1. Selection of regions of interest in post-contrast and non-contrast-enhanced cardiac MRI images, short axis view. a: time-delayed
contrast-enhanced MRI showing transmural contrast uptake along the LV inferior wall with no signs of damage in the interventricular
septum. b: cardiac cine-MRI showing regions of interest in the posterior wall (green), corresponding to a PICS area in the inferior segment
at the middle LV level, and in the anteroseptal segment at the middle level (yellow), corresponding to an intact interventricular septum.
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RESULTS

Participants

Study sample characteristics

The study included 33 patients with ICM. The mean age
was 58.3 + 5.7 years, and 94% of the patients were male.
All patients had angina pectoris and heart failure, with NYHA
class lll being the most prevalent (67% and 61%, respectively).
Hypertension was present in 85% of the patients,
dyslipidemia in 73%, and diabetes mellitus in 24%. The clinical
characteristics of these patients are shown in Table 1.

Contrast-enhanced cardiac MR/

Table 1. Clinical characteristics of the patients

Parameter Value
Age, years 58.3+5.7
Male, n (%) 31 (94%)
BMI, kg/m? 275+3.9
History of hypertension, n (%) 28 (85%)
Heart failure NYHA class, n (%):
.| 0 (0%)
| 12 (39%)
o I 20 (61%)
o IV 0 (0%)
Angina pectoris NYHA class, n (%):
o | 1(3%)
| 10 (30%)
o 22 (67%)
o IV 0 (0%)
Diabetes mellitus, n (%) 8 (24%)
Dyslipidemia, n (%) 24 (73%)

Note. BMI, body mass index; NYHA, New York Heart Association
classification.

Table 2. Findings from contrast-enhanced cardiac magnetic
resonance imaging

Parameter Value
LVEF, % 315+£75
ESV, mL/m? 797 £16.7
LVMM, g 190.8 + 2.1
VMM, g 140.8 + 30.05
Number of segments with transmurality >50% Lb+2.6
tRoalt-l\(; l\zlf\ll r’n%ocardlal mass with contrast uptake 971469
Thromboasis, n (%) 5(15)

Note. LVEF, left ventricular ejection fraction; LVMM, left ventricular
myocardial mass; VMM, viable myocardial mass.
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All patients had a LVEF <40% on contrast-enhanced
cardiac MRI. The myocardial mass and LV ESV were
elevated. Time-delayed contrast-enhanced MRI identified
areas of abnormal contrast uptake corresponding to PICS
in all patients. Five (15%) patients had thrombotic masses
in a thinned LV wall, and 31 (94%) showed evidence of LV
spherical remodeling. The contrast-enhanced cardiac MRI
findings are provided in Table 2.

Primary results

Data preprocessing

We removed columns and rows with a missing value rate
>0.75. For the remaining data, missing values were imputed
using the feature means.

Feature collinearity diagrams

The identify_collinear function was used to detect collinear
predictors. For each pair of highly correlated features,
the function identified which one to remove. In machine
learning, strong correlations between features can increase
variance and reduce model interpretability. We identified
33 radiomic features with a correlation coefficient of >0.98.
Heat maps were used to visually represent feature collinearity,
with columns indicating correlated features and rows
indicating the features marked for removal (Fig. 2, 3).

Features with zero importance

The identify_zero_importance function was used to identify
features with zero importance. Removing these features
does not impact diagnostic performance. Additionally, we
applied the FeatureSelector function and a gradient boosting
algorithm to assess feature importance. To minimize
variance, the importance value was averaged over 10 training
iterations. Early stopping with a control dataset was used
to prevent overtraining. Fig. 4 shows the normalized
importance of the most significant features, with the X-axis
representing the normalized importance of each feature.

We also assessed the cumulative importance
of the features based on their total number. We found that
27 features contributed to the overall variation (Fig. 5).

Features with low importance

The identification of features with low importance was
based on the same approach used previously. The identify_
low_importance function was used to identify features
with minimal importance that do not affect the overall
outcome. We found that 27 features were needed to achieve
a total importance of 0.98, whereas 78 features contributed
no additional value to the total importance.

Features with a single value

To identify features with a single value, we selected
columns containing only one distinct value. These features
exhibit zero variance and are not informative for machine
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Fig. 2. Heat map showing correlations across the dataset.

learning. Using this method, we found no features
with a single unique value (Fig. 6).

We applied Lasso logistic regression to select features
and generate a receiver operating characteristic (ROC) curve
(Fig. 7). The training accuracy and test accuracy were 0.77
and 0.64, respectively (sensitivity, 57.14%; specificity, 71.43%).

DISCUSSION

Main study outcome

This study assessed the potential of radiomics analysis
of non-contrast-enhanced cardiac cine-MRI images
for detecting areas corresponding to PICS and intact
myocardial tissue in patients with ICM. Using Lasso regression,
the method achieved a specificity and sensitivity of 57.14%
and 71.43%, respectively. The findings support the ability
to differentiate between cicatricial changes in the myocardium
and conditionally normal tissue. The relatively low sensitivity
and specificity are likely attributable to the small sample size.
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Discussion of primary results

The study findings suggest that radiomic features
extracted from cine-MRI images can help in identifying post-
infarction lesions, thereby potentially improving MI detection
and reducing the risks associated with gadolinium-based
contrast agents. Few studies have focused on texture
analysis of non-contrast-enhanced cardiac cine-MRI images,
and none were found in patients with ICM.

These findings align with the study by Smith et al., which
showed the significance of machine learning-based radiomic
features from non-contrast-enhanced cardiac MRI images
for distinguishing between MI and normal myocardial tissue,
providing new avenues for clinical diagnosis (AUC 0.88) [16].
Similarly, another study showed that radiomics analysis
of non-contrast-enhanced cardiac MRI images in patients
with ST-elevation MI (STEMI) helps to assess unfavorable
LV remodeling, enhancing diagnostic accuracy and prognosis
(AUC 0.82) [18]. Additionally, combining native T1 mapping
and extracellular volume mapping in cardiac MRl with radiomics
analysis improves the prediction of cardiac function recovery
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and microvascular damage. Ma et al. demonstrated that
radiomics analysis of non-contrast-enhanced T1 mapping
images aids in diagnosing acute Ml and predicting myocardial
function recovery [19]. This approach improves the accuracy
of detecting microvascular obstruction and enhances
the long-term prognosis of myocardial contractility.
Additionally, native T1 mapping-based radiomics can predict
major adverse cardiovascular events in patients with STEMI,
aiding in risk stratification [20]. Chen et al. found that
extracellular volume mapping-based texture analysis can
differentiate between reversible and irreversible myocardial
damage in STEMI patients, helping to predict unfavorable LV
remodeling, which has clinical significance (AUC 0.91) [21].
Another study showed that native T1 mapping-based radiomic
features can predict the risk of unfavorable LV remodeling
in patients with non-ischemic dilated cardiomyopathy
(AUC 0.81) [22]. Modern mapping techniques can effectively
detect various myocardial disorders, but their availability
is currently limited. We propose an alternative method
using non-contrast-enhanced cardiac cine-MRI images,
without the need for mapping or contrast enhancement,
which provides sufficient accuracy (AUC 0.77).
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False Positive Rate

Fig. 7. ROC curves for training accuracy (AUC 0.77) and test
accuracy (AUC 0.64).

In recent years, MRI has become the gold standard
for noninvasive diagnosis and comprehensive assessment
of structural changes in the myocardium [23]. In addition
to the well-established diagnostic value of dynamic SSFP
sequences for assessing LV volume and function, time-delayed
contrast-enhanced MRl s a unique tool for detecting and quantifying
PICS areas. The lesion area derived from time-delayed
contrast-enhanced MRI findings plays a crucial role in predicting
LV remodeling [24]. However, the use of contrast agents
is limited to specific patient groups. Many post-infarction patients
are clinically unstable during the examination and cannot
undergo lengthy procedures. Additionally, gadolinium-based
contrast agents may cause side effects, such as renal function
impairment, in patients with renal insufficiency.

Study limitations

This study has several limitations, including its retrospective
design and small sample size. The sample size required
to achieve sufficient statistical power was not determined
prior to or during the study. As a result, the sample may
not be fully representative, limiting the ability to generalize
the findings to the broader population of patients with this
condition. Moreover, the study did not include a validation
sample to assess the diagnostic value of the model. However,
despite the small sample, the study successfully identified
significant differences between intact tissue and PICS areas
using radiomics analysis of cine-MRI images.

CONCLUSION

Radiomics analysis of non-contrast-enhanced cardiac
cine-MRI images can differentiate between PICS areas
and viable myocardium. Therefore, this technique could
serve as an alternative to time-delayed contrast-enhanced
MRI in patients with MI. However, further studies with larger
sample sizes and models with stronger prognostic value
are needed to identify patients with ICM and support clinical
decision-making in their management.
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Evaluating the performance of artificial
intelligence-based software for digital
mammography characterization
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ABSTRACT

BACKGROUND: Digital screening mammography is a key modality for early detection of breast cancer, reducing mortality by
20-40%. Many artificial intelligence (Al)-based services have been developed to automate the analysis of imaging data.

AIM: The aim of the study was to compare mammography assessments using three types of Al services in multiple versions
with radiologists’ conclusions.

MATERIALS AND METHODS: Binary mammography scoring scales were compared with several types and versions
of Al services regarding diagnostic accuracy, Matthews correlation coefficient, and maximum Youden's index.

RESULTS: A comparative analysis showed that the use of a binary scale for evaluating digital mammography affects the number
of detected abnormalities and accuracy of Al results. In addition, diagnostic accuracy was found to be threshold dependent.
Al Service 1in version 3 had the best performance, as confirmed by most diagnostic accuracy parameters.

CONCLUSION: Our results can be used to select Al services for interpreting mammography screening data. Using Youden’s
index maximization to set up an Al service provides a balance of sensitivity and specificity that is not always clinically relevant.

Keywords: malignant tumors of breast; digital mammography; artificial intelligence services; diagnostic accuracy; Youden's
index.
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AHHOTALINA

06ocHoBaHue. LindpoBas CKpUHMHIOBas MaMMorpama — 3T0 OCHOBHOW MHCTPYMEHT AJ11 PaHHEro BbSBNEHWS 3/10Kaye-
CTBEHHbIX HOBOOOPA30BaHW MONIOYHOM Kene3bl, MO3BOMAKLIMIA CHU3MTL CMepTHOCTb Ha 20—40%. Ha ceropHswHWiA feHb
pa3paboTaHo MHOKECTBO CEpPBMUCOB Ha OCHOBE MCKYCCTBEHHOr0 MHTennekTa (MK), no3sonsiowmx aBToMaTM3npoBaTh aHanms
TaKUX UCCNEeA0BaHUN.

Lenb — cpaBHUTL pe3ynbTaThl OLEHKW LMGPOBLIX MaMMorpaduyeckux UccnenoBaHuin, BoINoSHeHHoW TpeMs Tunamu UN-
CEPBUCOB B HECKOJBKMX BEPCUAX, C 3aKIIOYEHNAMM Bpayenl-peHTreHoN0roB.

Matepuansl u Metoabl. [poBefeHo cpaBHeHWe BUHAPHBIX LWKan OLEHKU MaMMorpadUyecknx MCCiefoBaHNin U HECKOMbKUX
TMNoB U Bepcuin MM-cepBuUCOB MO NOKa3aTeNiM AMarHOCTUYECKOW TOYHOCTH, Ko3adduumeHTy MaTbloca M MaKcUManbHOMY
uHaekcy H0neHa.

Pesynbtatbl. CpaBHUTENbHbINM aHanM3 NoKasar, YTo Bbibop BUHAPHOI LWKanbl 418 OLEHKW LppoBOro MaMMorpauyecKoro
UCCNEe0BaHUA BNMSET HA KONIMYECTBO BbISABNISIEMbIX C/ly4aeB NaToiorum M TOYHOCTb pesynbtatoB M-cepsucos. Kpome Toro,
obHapy»eHa 3aBUCUMOCTb NOKa3aTeneid AUarHoCTUYeCKOi TOUHOCTH OT NOPOroBOro 3HaueHus. Haunyuleil npoussoauTess-
HoCTbio 06napaet MA-cepeuc 1 B Bepcum 3, 4TO NOATBEPKAAETCA BONBLUMHCTBOM MOKa3aTeneil AUarHoCTUHECKOM TOYHOCTMW.
3akuitoyenue. [NonyyeHHble HaMu pe3ynbTaThl MOTYT BbITb MonesHbl npu Boibope UN-cepBucoB ans wHTepnpeTaumn faH-
HbIX CKpUHWUHroBOW Mammorpaduu. Hactpoika UN-cepBuca MeTofoM MakcuMm3aumm uHaekca l0aeHa no3sonseT nonyyatb
cbanaHcMpoBaHHble 3HAYEHUS! YYBCTBUTENBHOCTU M CMEUMMUYHOCTM, YTO He BCErAa LienecoobpasHo ¢ KIMHUYECKOW TOUKM
3peHus.

KnioueBble cnoBa: 310Ka4yeCcTBEHHbIE HOBOOﬁp&BOBBHMH MOJI0YHOW XKenesbl; LlVIquUBaﬂ MaMMOI'paCI)Mﬂ; CepBUCbI NCKYC-
CTBEHHOr0 MHTENINEKTa; NOKa3aTenu AMarHoCTUYeCKOM TOYHOCTH; MHaeKkc H0neHa.
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BACKGROUND

In  X-ray radiography, digital mammography
is the primary diagnostic tool and the sole method
of breast cancer screening. Screening lowers cancer
mortality by 20%-40% by enabling much earlier diagnosis
of cancer-associated abnormal mammary gland
changes [1]. As artificial intelligence (Al) evolves, novel
Al-based systems and services are being introduced
for the automated analysis of digital mammography
images [2-4]. Certain studies indicate that Al services
facilitate reliable diagnosis and can even outperform
radiologists. This has especially been demonstrated
in the detection of breast cancer signs at early stages
and/or when fibroglandular breast tissue is the predominant
site of abnormality. Other studies, however, indicate that
radiologists are still able to interpret mammograms more
accurately than Al systems[5]. Machine learning models
constitute the core functional elements of Al services that
are responsible for the detection and segmentation of areas
of interest with anomalous changes, data processing
and classification, and generating predictions or solutions
based on these data. To compare machine learning
models, diagnostic accuracy parameters such as sensitivity
(Sens) and specificity (Spec) are computed, and the area
under the curve (AUC) is analyzed [6, 7].

A true value must be chosen and contrasted
with the outcomes of the Al service in order to evaluate
the Al performance. Calculations are typically performed
relative to the model’s output and the gold standard,
which is based on the findings of additional studies [8, 9].
Moreover, Al outcomes can be evaluated by comparing them
with a physician’s opinion [10, 11]. The ability to fine-tune
Al systems is their primary benefit. However, the accuracy
testing of software that produces probabilistic data instead
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of conventional binary data is critical for the deployment
and use of Al services in medicine.

A threshold that differentiates the probabilities deemed
“abnormal” from those considered “normal” must be
established in order to interpret the probabilistic data.
The optimal probability threshold depends on the purpose
and intended application of the Al service. Since probability
distributions for imbalanced data tend to shift toward the
“normal” category [12], setting a threshold at 0.5 may not be
the optimal option. Effective cancer detection and a reduction
in false positives require a balance between a machine
learning model’s sensitivity and specificity. Using Youden's
index to maximize the sum of the Sens and Spec values
is a commonly employed technique [7]. Additionally, Chen
et al. proposed a technique for comparing the maximum
Youden’s index values for several diagnostic tests [13].
Given that the subpar performance of Al systems in medical
diagnosis can be linked to serious risks, a comprehensive
assessment of the capabilities and operational constraints
of such Al systems is required.

AIM
This study aimed to evaluate how various Al service
versions interpret digital mammography findings

in comparison to the conclusions of radiologists.

MATERIALS AND METHODS
Study design

This was a multicenter, observational, cross-sectional
study. Fig. 1 illustrates the dataset production chart
for the analysis as well as the study design.

Comparison of binary scales |, Il,
and lll employing datasets containing

Comparison of Al services by diagnostic

Comparison of the versions of Al services
1 and 2 by the diagnostic accuracy

radiologist conclusions accuracy parameters parameters
Al service 1 [ Version 1 1 Version 2 T Version 3 ]
Evaluatl.on of binary scale | — Al service 2 [ Version 1 Version 2 I Version 3 ]
in dataset 1 L
Al service 3
. Al service 1 [ Version 1 1 Version 2 T Version 3 ]
Evaluation of binary scale Il - - - -
[ in dataset 2 ] Al service 2 [ Version 1 Version 2 I Version 3 ]
Al service 3
: : ( Al service 1 ) [ Version 1 1 Version 2 T Version 3 ]
Evaluatlgn of binary scale I Al service 2 [ Version 1 Version 2 I Version 3 ]
in dataset 3
Al service 3

Fig. 1. Study design and generation of datasets for analysis. Al service, artificial intelligence service.
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Eligibility criteria

Inclusion criteria. Female patients (independent of age or
comorbidities) who received digital mammograms performed
between July 22, 2020, and December 29, 2022, with DICOM
pictures and other data available for analysis using an Al
service, were included in the study.

Exclusion criteria:

1. Insufficient data in the medical records for at least one
evaluated Al service to process;

2. Technically flawed images that impede correct
interpretation (e.g., artifacts, partially missing data);

3. Incompleteness of the metadata essential for the analysis.

Additional information. Examinations in patients
with breast implants and those who had received radiotherapy
were not categorized into separate subgroups, and their
numbers in the sample were not reported.

Study setting

The study sample included examination results
from 123 outpatient healthcare facilities of the Moscow
Healthcare Department. The study comprised 531 radiologists
who specialized in mammography. All participating radiologists
analyzed the examinations performed at the healthcare
facilities of the Moscow Healthcare Department. The results
of the Al service were compared to the true value obtained
from a radiologist’s conclusion for each examination. Each
radiologist reported an average of 1,250 examinations
during the study period.

Data generation and analysis

The accuracy of the Al service results was evaluated
using radiologist opinions from medical records as reference
values. The conclusions were presented in accordance
with categories 1-6 of the Breast Imaging Reporting and Data
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System (BI-RADS), independently for each mammary
gland. Three binary diagnostic scales were utilized based
on the probability of cancer according to BI-RADS: Scale |
classified BI-RADS categories 1-2 as “normal” and categories
3-6 as “abnormal”; Scale Il classified BI-RADS categories
1-3 as “normal” and categories 4—6 as “abnormal’;
and Scale Il classified BI-RADS categories 1-2 as “normal”
and categories 4—6 as “abnormal” (BI-RADS category 3 was
not considered in this case).

The study assessed three Al services: TrioDM-MT® (Medical
Technologies Ltd., Russia) (AUC 0.90; specificity 0.85; sensitivity
0.83; accuracy 0.84); Celsus® (Medical Screening Systems
LLC, Russia) (AUC 0.96); and Lunit INSIGHT MMG® (Lunit Inc.,
Republic of Korea) (AUC 0.96; sensitivity 0.89 when assessed
together with a radiologist) [2-4]. The Al service results
for every mammography test were displayed as probabilities,
with 0% denoting a low likelihood of cancer and 100% denoting
a high probability of cancer. The trade names of the Al services
are anonymized and randomized further in the text.

During data preprocessing, lines lacking radiologist
descriptions and/or Al service results were excluded.
Moreover, test results from male patients, female patients
aged <40 years or >100 years, and examinations in which
the radiologist’s conclusion did not correspond to BI-RADS
categories 1-6 or any Al service mentioned above were
excluded from the dataset.

After performing data preprocessing for each
mammography examination, diagnostic accuracy parameters
were determined, including AUC, sensitivity (Sens), specificity
(Spec), accuracy (Acc), positive predictive value (PPV), false
negative rate (FNR), case detection rate (CDR), abnormal
interpretation rate (AIR), Matthews correlation coefficient
(MCC), and Youden's index (J). Table 1 presents a description
of each parameter, along with diagnostic scales where
the maximum values of these parameters were observed.

Table 1. Descriptions of diagnostic accuracy parameters and diagnostic scales with the highest values of these parameters

Parameter Description Diagnostic scale
AUC Area Under the Curve: represents the ability to differentiate between classes; is not sensitive to class W and Il
imbalance
Sens Sensitivity: represents the ability to detect the “abnormal” class Il
Spec Specificity: represents the ability to detect the “normal” class Il
Acc Accuracy: represents the proportion of correctly classified objects in the total number of objects I
in the sample; sensitive to class imbalance
PPV Positive Predictive Value: represents the consistency of the detected “abnormal” class with a true |
abnormality
Abnormal Interpretation Rate: the proportion of examinations classified as “abnormal” and requiring
AR e . . . - I
additional diagnostic procedures; represents the highest number of false positives
CDR Case Detection Rate: represents the detection of abnormalities irrespective of the total number |
of false positives
FNR False Negative Rate: represents the number of “abnormal” cases not detected by an Al service I
MCC Matthews Correlation Coefficient: evaluates the quality of classification, considering all four elements |
of the error matrix; not sensitive to class imbalance
J Youden's index -
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Al services were updated during the study, including fine-
tuning and other modifications. Every update matched a change
in the version of the Al service. The study only addressed
the modifications made to the Al service core that influenced
the diagnostic accuracy parameters. Consequently, three iterations
of Al service 1 and Al service 2 were identified, each of which
represented a subsequent model modification and was used
during different periods. Since Al service 3 had not undergone
any major changes, different versions were not considered.

The optimal probability threshold was ascertained using
the AUC and the maximum Youden'’s index value. The calculations
were performed employing a web tool developed by the Center
for Diagnostics and Telemedicine (Moscow)'. Youden's index
was calculated using the following formula:

J =Sens —Spec —1 (M

where Sens = sensitivity; Spec = specificity.

The binary Al service results were calculated using
the threshold. The outcomes of the Al service were then
compared with the radiologist’s judgments using the following
parameters:

TP, the number of true positives;

« TN, the number of true negatives;

o FP, the number of false positives;

« FN, the number of false negatives.

The resulting TP, TN, FP, and FN values were utilized
to calculate the following Al service accuracy parameters
(Table 1) [14]:

n—1

1
AUCZEZ(XM_xi)*(yi+yi+1) @

i=1

where x = X-axis values (e.g., false positives); y = Y-axis
values (e.g., true positives); n = total number of points
on a curve; and i = current point index.

TP
Sens =——— 3)
TP+ FN
TP
Sens =—— ()
TP+ FN
TP+TN
CcC = (5)
FP+FN+TP+TN
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TP+ FP
_ TP+FP 1000 o
TP+TN+ FP+FN
TP

TP+TN+FP+FN

FNR __N )
FN+TP
MCC = TPxTN + FP+FN (10)

J(TP+FP)(TP+FN)(IN + FP)(IN + FN)

To model the ratios calculated in datasets 1-3, 100 data
samples (1,000 samples each) with a category 0 (“normal”)
to category 1 (“abnormal”) ratio of 9:1 (Scale 1), 33:1
(Scale 1), and 31:1 (Scale Ill) were created, and the accuracy
parameters and confidence intervals were calculated using
bootstrapping.

Ethical review

This srudy was part of the Experiment on the Use
of Innovative Computer Vision Technologies for Analysis
of Medical Images in the Moscow Healthcare System (Moscow
Experiment) (Protocol No. NCT04489992 of February 21, 2020)
previously approved by the local ethics committee.

Statistical analysis

The study compared the accuracy of breast cancer
detection for three binary scales based on radiologist’s
conclusions and three Al services. The nonparametric
Kolmogorov-Smirnov test was used to determine
if the resulting datasets were normally distributed.

The significance of the differences between the maximum
Youden's index values for various types and versions
of Al services was assessed in accordance with the method
outlined by Chen et al. [13]. The variance (Var) of the difference

!'S.P. Morozov, A.E. Andreychenko, S.F. Chetverikov, et al. Certificate of state registration of computer program No. 2022617324 Russian Federation.
Web tool for performing ROC analysis of diagnostic test results: No. 2022616046: declared 04/05/2022: published 04/19/2022. Access mode:

https://roc-analysis.mosmed.ai/ Date of access: 08/20/2023 EDN: ECMPNH
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between two independent Youden's index values was
ascertained using the following formula:

Var(J,—J,)=Var(J,)+Var(J,) an

where J =Youden's index; Var is calculated using the following
formula:

Var(J) = Spec® x Var(Sens) + Sens” x Var(Spec) (12)

where Spec = specificity; Sens = sensitivity.

Thus, the formula is as follows:
Var (J1 -J, ) = Spec. xVar (Sens1 ) + Sens; x
xVar (Spec1 ) + Specs xVar (Sens2 ) + Sens: x
xVar (Spec2 ) (13)

The statistical test and two-sided confidence interval
for the difference between two independent Youden's
index (J) values were computed based on the central limit
theorem:

Jl_Jz

Z= = 14
Op, 1/Var(Jl—Jz) ()
d+Z,,%xc, =d+Z,,x\[Var(J,=J,) (15)

where Z = standard normal random value that represents
the variation of the difference from zero, in standard
deviations; Var = variance; d = difference between two
Youden's index values; ©p, = standard deviation
of the difference between Youden's index values.

P-values < 0.05 were considered statistically significant.
The confidence interval was determined to be 95%. Calculations
were performed using the Python libraries Pandas, Matplotlib,
Seaborn, Scikit-learn, NumPy, and Statistics (stats) (Python
Software Foundation, version 3.11.0).
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RESULTS

Comparison of binary diagnostic scales based
on radiologist conclusions

Based on a radiologist's evaluation of the normal
distribution of BI-RADS categories 1-6, the distribution
of these parameters was considered to be nonnormal.
The distribution histograms for the BI-RADS categories
are illustrated in Fig. 2. Peaks in the graph correspond
to the most probable categories. In this case, the greatest
peak corresponds to BI-RADS category 2 (benign), indicating
that most examinations included in the sample did not reveal
any aberrant cancer-associated changes.

Datasets 1 and 2 included 663,606 examinations, while
dataset 3 comprised 618,947 examinations. The number
of “normal” cases in datasets 1, 2, and 3 was 64,100, 19,441,
and 19,441, respectively, while the number of “abnormal”
cases was 599506, 644,165, and 599,506, respectively.
Thus, the incidence of cancer in the evaluated data sample
was 9.66% for binary scale | and 2.9% for binary scales II
and lll (Fig. 3). Comprehensive details about the datasets are
presented in Table 2 and Table 3.

To evaluate the agreement between radiologist decisions
and Al service outcomes, diagnostic accuracy measures were
calculated (Table 1 and Table &). AUC for Scale | significantly

Distribution of examinations by BI-RADS categories

400 000

300 000

200 000

Number of examinations

100 000

1 2 5 6

3 BI-RADS i
Fig. 2. Distribution of BI-RADS categories 1-6 allocated by

a radiologist when analyzing digital mammography findings for
the assessed datasets: X-axis values = BI-RADS categories 1-6;
Y-axis values = number of examinations.

Dataset 1 Dataset 2 Dataset 3
600 000
» 500 000
S
g 400 000
‘€
&
< 300000
£
£ 200 000
=
=z
100 000
0 I —
Binary scale | Binary scale Il Binary scale Il

I Radiologist Al

Fig. 3. Comparison of the distribution of categories 01 allocated by radiologists and an artificial intelligence service for three binary
scales: X-axis values = binary scales I-ll; Y-axis values = number of examinations.
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Table 2. Number of normal and abnormal cases in datasets 1-3

“Normal” “Abnormal” All examinations Amount of “normal” per “abnormal” case
Scale | 599506 64,100 663,606 9
Scale Il 644,165 19,441 663,606 33
Scale lll 599506 19,441 618,947 3

Table 3. Number of examinations in the datasets (2020-2022)

Scales

Number of
examinations

Services

Number of
examinations

Versions

Number of
examinations

90,949 212,968

1

663,606

545,362

2

3

2

108,763

2

261,445 4922 46,851

618,947
3 1 2
9481 508,929 101,654

- 1 2 3 1 2 3

56,990 - 83,828 198,231 226,870 471 43,687 53,256

Table 4. Artificial intelligence services and their versions with
the highest accuracy parameters compared to diagnostic scales

Al Al service Al service
Parameter | Scale . 1 version 2 version
service

number number

I 1 3 Tand3

AUC Il 1 3 1and 2

M 1 3 Tand2

I 1and2 2and3 2and3
Sens Il 1and2 3 2
1] 1and2 3 2
I 1 3 1
Spec I 1 Tand3 1
M 1 1 1
I 1 3 1
Acc Il 1 3 1
M 1 1 1
| 1 3 1
PPV Il 1 3 1
M 1 2and 3 1
I 3 1 2
AR Il 3 2 2
1] 3 3 2

| 1and2 2and3 2and3
CDR Il 1and3 3 2
1l 1and3 3 2
I 3 1 1

FNR Il 2 1 Tand3

M 2 1 1and 3
I 1 3 1
MCC Il 1 3 1
1l 1 3 1
. I 1 3 1
I]oduedxen s I 1 3 9
M 1 3 2

Note. Al service, artificial intelligence service.

DOI: https://doiorg/1017816/DD6259%67

differed from that for Scales Il and Il (there were no
differences in AUC between the latter). Moreover, Scale IIl had
a higher sensitivity (Sens), whereas Scale Il demonstrated
a higher specificity (Spec). Scale | displayed the highest
abnormal interpretation rate (AIR) and false negative rate
(FNR), whereas Scale Il exhibited the lowest AIR and FNR.
Scale | demonstrated the highest consistency level measured
using MCC, as well as the highest PPV and CDR (Table 5).

Comparison of Al services with each
other and with scales based on radiologist
conclusions

Fig. 4 displays the probability distributions of anomalous
changes for Al services 1-3. Scales Il and Il exhibited
the most comparable distribution of the Al service
probabilities. The distribution for the “normal” category
demonstrated a right shift, particularly for Al services 2 and 3.
The distribution for the “abnormal” category exhibited a left
shift for Al services 1, 2, and 3.

The performance of Al services 1, 2, and 3 was evaluated
and compared using the same diagnostic accuracy metrics.
Al service 1 was the most consistent with the radiologist's
conclusions in determining the “normal” and “abnormal”
categories, whereas the highest abnormal interpretation
rate (AIR) and false negative rate (FNR) were noted for Al
services 2 and 3 (Table 6).

Comparison of Al service versions with each
other

Additionally, diagnostic accuracy metrics were measured
to evaluate the different versions of Al services 1 and 2
(Table 7 and Table 8). The majority of the diagnostic accuracy
parameters varied depending on the scale; however, some
of these variations were nonsignificant. Consequently,
the optimal version of Al services cannot be identified.
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Table 5. Diagnostic accuracy parameters evaluated for the artificial intelligence service results (Al service 1)

Binary diagnostic scale

Parameter

| I | i
Threshold 62 14 68
Auc 0.659 [0.654; 0.663] 0.726 [0.717, 0.735] * 0.738[0.730; 0.745] *
Sens 0.569 [0.560; 0.578] 0.626 [0.609; 0.644] 0.679 [0.664; 0.694] *
Spec 0.748 [0.746; 0.751] 0.826 [0.823; 0.828] * 0.796 [0.793; 0.798]
Acc 0.730[0.728; 0.733] 0.820[0.817; 0.822] * 0.792 [0.790; 0.795]
PPV 0.201 [0.198; 0.204] * 0.100 [0.098; 0.103] 0.099 [0.097; 0.101]
AR 283.280 [280.57; 285.988] * 187.810 [185.199; 190.421] 219.24 [216.787; 221.693]
CDR 56.870 [55.960; 57.780] * 18.790 [18.273; 19.307] 21.730 [21.252; 22.208]
FNR 0.431[0.422; 0.440] * 0.374 [0.356; 0.391] 0.321[0.306; 0.336]
MCC 0.211[0.205; 0.217] 0.198 [0.190; 0.205] 0.202 [0.196; 0.209]

Note. The data are presented as means [95% ClJ; *, significant differences between Scales | and II, | and Ill, and Il and |1l (Cls do not overlap).

Binary scale | Binary scale Il Binary scale Il
o 1 1
80
Z 60
= —
B —
o
& 40
20
: T 1
Normal Abnormal Normal Abnormal Normal Abnormal
Al service 1 Al service 2 Al service 3

Fig. 4. Distribution of the outcomes of three artificial intelligence services when analyzing the three datasets: X-axis values = artificial
intelligence services; Y-axis values = probability; the data are presented as follows: central line = median; edges of the “box” =first (Q1)

and third (Q3) quartiles; “whiskers” = minimum and maximum.

Table 2 presents the assessment results for the scales,
services, and versions with the highest diagnostic accuracy
parameters.

In addition to the diagnostic accuracy parameters,
the maximum Youden's index value was employed to contrast
the performance of different Al service types and versions. This
parameter assesses how well an Al service balances sensitivity
and specificity. When assessed using the highest Youden’s
index value, Al service 1 performed best (see Table 2). When
comparing the versions of Al service 1, version 3 exhibited
the best diagnostic accuracy parameters. However, in terms
of Youden'’s index, version 1 of Al service 1 had the best results
for Scale I, whereas version 2 performed best for Scales II
and lll. Significant differences were observed for all results.

DISCUSSION

The study examined the binary diagnostic scales for digital
mammography, three Al services, and three versions
of Al services 1 and 2. The standard diagnostic accuracy
parameters and Youden'’s index were ascertained.

DOI: https://doiorg/1017816/DD6259%67

The ratio of detected cancer cases to the total number
of examinations performed was 0.10, 0.03, and 0.03 for Scales |,
I, and Ill, respectively. Because the risk of undiagnosed
abnormalities must be taken into account, variations
in diagnostic scales are essential for screening. For example,
BI-RADS category 3 necessitates an additional examination;
based on it, certain individuals may be placed in categories
with a higher level of malignancy. Thus, employing Scale I,
which classifies BI-RADS category 3 as class 1 (“abnormal”),
lowers the probability of undetected abnormalities.

Notably, when using Scale |, the incidence of abnormalities
was neither influenced by the presence of BI-RADS
category 3 in the “abnormal” group nor its complete absence
from the dataset. However, including this category in the
“normal” group significantly elevated the estimated cancer
incidence in the screened population. Moreover, in BI-RADS
category 3, Scale | exhibits a similar pattern for AUC,
with Scales Il and IIl exhibiting no significant variations.

When comparing the three Al services on the basis
of diagnostic accuracy parameters, it was discovered that
AUC, specificity, sensitivity, accuracy, PPV, CDR, and MCC
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Table 6. Diagnostic accuracy parameters evaluated for the results of three artificial intelligence services compared to radiologist

conclusions

Parameter Binary scale Al service 1 Al service 2 Al service 3

I 64 32 10
Threshold Il 75 bh 20

Il 74 b 20

I 0.671 [0.666; 0.676] * 0.647 [0.641; 0.652] 0.597 [0.592; 0.602]
AuC I 0.750 [0.740; 0.7591 * 0.698 [0.689; 0.708] 0.713 [0.704; 0.722]

Il 0.755[0.746; 0.763] * 0.708 [0.699; 0.717] 0.720 [0.713; 0.728]

I 0.610[0.600; 0.620] * 0.602 [0.591; 0.613] * 0.578 [0.569; 0.587]
Sens I 0.687 [0.669; 0.706] 0.609 [0.591; 0.627] 0.676 [0.658; 0.693]

Il 0.689 [0.672; 0.705] * 0.616 [0.598; 0.633] 0.679 [0.664; 0.693] *

I 0.73110.728; 0.734] * 0.691[0.688; 0.694] 0.616 [0.613; 0.619]
Spec I 0.812 [0.810; 0.815] * 0.788 [0.785; 0.790] 0.749 [0.746; 0.752]

Il 0.821[0.819; 0.824] * 0.800 [0.798; 0.803] 0.762 [0.759; 0.765]

I 0.719 [0.717; 0.722] * 0.682 [0.679; 0.685] 0.612 [0.609; 0.615]
Acc I 0.809 [0.806; 0.811] * 0.782[0.779; 0.785] 0.747 [0.744; 0.750]

Il 0.817 [0.815; 0.819] * 0.794[0.792; 0.7971 0.760 [0.757; 0.762]

I 0.202 [0.199; 0.205] * 0.178[0.175; 0.181] 0.143[0.141; 0.145]
PPV I 0.102 [0.099; 0.105] * 0.082 [0.079; 0.084] 0.077 [0.075; 0.079]

Il 0.113 [0.110; 0.116] * 0.093 [0.090; 0.095] 0.086 [0.084; 0.088]

I 302.800 [299.851; 305.749] 338.140 [335.251; 341.029] 403.640 [400.720; 406.560] *
AIR I 202.600 [200.315; 204.885] 224.330 [221.624; 227.036] 263.320 [260.371; 266.269] *

Il 195.130 [192.823; 197.437] 212.940 [210.594; 215.286] 251.890 [249.124; 254.656] *

[ 61.040 [60.041; 62.039] * 60.210 [59.113; 61.307] 57780 [56.889; 58.671]
CDR I 20.620[20.062; 21.178] * 18.280 [17.735; 18.825] 20.270 [19.750; 20.790] *

Il 22.040 [21.507; 22.573] * 19.700 [19.131; 20.269] 21.720 [21.260; 22.180] *

I 0.390 [0.380; 0.400] 0.398 [0.387; 0.409] 0.422[0.413; 0.431] *
FNR I 0.313 [0.294; 0.331] 0.391[0.373; 0.409] * 0.32410.307; 0.342]

Il 0.311 [0.295; 0.328] 0.384 [0.367; 0.402] * 0.321[0.307; 0.336]

I 0.223 [0.217; 0.230] * 0.186 [0.179; 0.193] 0.118 [0.113; 0.124]
MCC I 0.212 [0.204; 0.220] * 0.163 [0.155; 0.170] 0.165[0.158; 0.172]

Il 0.227 [0.219; 0.234] *

0.179 [0.171; 0.187] 0.179 [0.173; 0.185]

Note. Al service, artificial intelligence service; the data are presented as means [95% Cl]; *, significant differences between services 1and 2, 1 and 3,

and 2 and 3 (Cls do not overlap).

were greater for Al service 1 than for all diagnostic
scales. Al service 3 demonstrated the highest AIR,
whereas Al services 2 and 3 exhibited the highest FNR,
depending on the binary scale. In general, these results
indicate the superior performance of Al service 1. When
comparing the maximum Youden’s index values, Al service
1 demonstrated superior accuracy to all the diagnostic
scales. However, while the assessment using Youden’s
index revealed significant differences between all scales
and services, the assessment using bootstrap confidence
intervals exhibited no significant differences in CDR
and sensitivity between certain services.

DOI: https://doiorg/1017816/DD6259%67

Similar to binary scales, when selecting Al services
and their versions, it is crucial to consider their intended use.
For example, when the early detection of radiological signs
of cancer is required, sensitivity (Sens) will be the primary
diagnostic accuracy parameter because an Al service
needs to identify as many true positive (abnormal) cases
as feasible. Another crucial parameter is the FNR, which
should be minimized to lower the possibility of undetected
abnormalities. This study indicates that Al services 1
and 2 are the most sensitive. However, Al service 2 displayed
the highest FNR for Scales Il and Ill. Versions 3 and 2 of Al
services 1 and 2, respectively, performed best in this study.
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Both PPV, which verifies that the majority of positive
findings are actual abnormalities, and specificity are essential
for minimizing false positives and achieving the maximum
possible interpretation accuracy. Al service 1 was the most
effective in these cases. Differences in the specificity and PPV
were found between various Al service 1 versions for different
scales.

A decrease in AIR cuts down the time spent by radiologists
on additional data interpretation, as long as the Al service
classification is unambiguous and reliable. In this study, Al
service 1 exhibited the lowest AIR for all scales.

Two parameters must be considered to examine
the accuracy of “normal” and “abnormal” case classification
for Al services and their versions. These include
the accuracy (Acc) parameter, where a high value denotes
the degree to which both groups can be classified
correctly, and the Matthews correlation coefficient,
which examines the overall performance of a classifier,
considering all components of the error matrix. The study
found that version 3 of Al service 1 achieved the highest
overall categorization accuracy. Notably, the Al service
results were compared with radiologists’ conclusions
allocated to a specific class, resulting in certain limitations
because it is vital to understand the diagnostic accuracy
parameters used by a radiologist. A reference dataset,
where the correct value is established based on histology
findings, can be used to evaluate the diagnostic accuracy
of radiologists’ conclusions. Such a study has already
been conducted and verified the high diagnostic accuracy
of radiologist conclusions (AUC 0.928) [15]. Lower AUC values
for the evaluated Al services were found in our study, indicating
the necessity of updating, which was subsequently completed
between 2020 and 2022. Furthermore, it is important
to consider the sensitivity and specificity, which are inferior
to those of radiologist conclusions [15]. The optimization
of a particular parameter’s settings was not covered in this
study. Importantly, the sensitivity settings in the Al services
can vary for the same AUC value. For example, a sensitivity
of approximately 100% removes the risk of undetected
abnormalities but raises the number of false positives.
We intend to perform a thorough examination of the Al
service fine-tuning in the future to enhance the sensitivity
and specificity.

The primary usage of Al services in mammography
is for the initial reading, which will augment the accuracy
of breast cancer diagnosis [16] by improving the sensitivity.
Alternatively, Al services can be used for image sorting when
the sensitivity is close to 100%. In this scenario, radiologists
will submit the examinations as electronic medical records
right away and won't need to explain the ones that
an Al service has deemed "normal." A recent study exhibited
promising results for this approach in the autonomous sorting
of fluorography findings [17]. Numerous benign changes that
may potentially necessitate attention and additional testing
may make this scenario less effective in mammaography.
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Study limitations

This paper covers the data collected during the first three
years of the large-scale Experiment on the Use of Innovative
Computer Vision Technologies for Analysis of Medical Images
in the Moscow Healthcare System [18]. It does not address
the optimal settings of Al services. One limitation of this study
is that AUC may be inadequate for evaluating the performance
of Al services in a clinical setting because specific thresholds
are not always applicable in real-world practice. Moreover,
the sensitivity (Sens) and specificity (Spec) do not account
for the population-wide prevalence of the disease. Thus,
in future research, we plan to employ various techniques
of assessing Al service efficacy in a clinical setting, as well
as to use histological verification findings as true values.
Furthermore, this study only included mammography
examinations with Al service results; mammograms where
an Al service failed to produce results were not evaluated.
Moreover, this study did not ascertain Al service performance
in patients with a foreign body in the breast (breast implants)
or those with radiotherapy-induced changes. However, such
cases are highly relevant to practice, and additional research
is warranted.

CONCLUSION

This study discovered that the method for developing
a “normal/abnormal” binary scale affects the diagnostic
accuracy parameters of various types and versions
of Al services. Significant discrepancies between the accuracy
parameters of Al services and diagnostic scales were identified
by Youden's index, and the clinical setting determines
which parameters should be utilized in the comparative
evaluation of Al services. Using Youden's index maximization
to set up an Al service provides a balance of sensitivity
and specificity that is not necessarily clinically significant.
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Neuroendocrine tumors of stomach and pancreas:
diagnostic potential of radiomics, issues,
and solutions

Nikolay V. Nudnov'%3, Elina S.-A. Shakhvalieva', David G. Karelidze', Aleksandr A. Borisov',
Mikhail E. Ivannikov'

! Russian Research Center of Roentgenology and Radiology, Moscow, Russia;
2 Russian Medical Academy of Continuing Professional Education, Moscow, Russia;
$ RUDN University, Moscow, Russia

ABSTRACT

BACKGROUND: Radiomics is currently a promising and prospective tool for diagnosing and treating neuroendocrine
neoplasms at various sites. This method is often used for differential diagnosis of gastrointestinal neuroendocrine tumors
with other neoplasms at this site.

AIM: The aim of the study was to evaluate the potential of radiomics for differential diagnosis of neuroendocrine tumors
of stomach and pancreas.

MATERIALS AND METHODS: The study included data of 12 patients with morphologically proven neoplasms of the stomach
(6 with neuroendocrine tumors and 6 with adenocarcinomas) and data of 22 patients with morphologically proven neoplasms
of the pancreas (11 with neuroendocrine tumors and 11 with adenocarcinomas). All patients underwent abdominal computed
tomography (CT) with intravenous contrast enhancement prior to treatment at the Russian Scientific Center of Roentgenology
and Radiology. Radiomics parameters were calculated for the area of gastric and pancreatic tumor manually segmented
in the native phase of the CT scan. The results were processed and statistically analyzed using Microsoft Office Excel
and R-Studio, a free, open-source software development environment for the R programming language.

RESULTS: CT scan examples demonstrate typical and atypical visual signs of neuroendocrine tumors of stomach and
pancreas, contrast enhancement characteristics, location and structure of neoplasms. Fifteen radiomics parameters were
identified that were statistically significantly different between gastric neuroendocrine tumor and gastric adenocarcinoma.
In pancreas, neuroendocrine tumors differed significantly from adenocarcinomas in 14 radiomics parameters.
CONCLUSION: Neuroendocrine tumors of stomach and pancreas are rare neoplasms that are mostly asymptomatic
and difficult to visualize due to their small size and contrast enhancement characteristics. Texture analysis may be a promising
approach to differentiate gastrointestinal neuroendocrine tumors from other neoplasms at these sites, especially in the view
of the difficulty in obtaining a biopsy.

Keywords: neuroendocrine tumor; neuroendocrine tumor of stomach; neuroendocrine tumor of pancreas; neuroendocrine
neoplasia; radiology.
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Heitpo3HAOKpUHHbBIE ONYX0NK XenyaKa

W NOAXKENYA04HOM XKenesbl: AuarHocTudecKue
BO3MOXXHOCTU PaAUOMMKM, NpobneMbl

W NYTU UX peLueHus

H.B. HyaHos'23, 3.C.-A. LLlaxanuesa', [I.l'. Kapenuase', A.A. bopucos', M.E. MBaHHMKoB'

! PocCUACKMIA Hay4HbIN LiEHTP peHTreHopaamonorim, Mockea, Poceus;
2 Poccuiickast MeMUMHCKas aKafeMus HenpepbiBHOro npodeccuoHanbHoro o06pasoBanus, Mocksa, Poccus;
% Poccuiickuii yHusepcuTeT apy6bl Hapoaos MeHu Matpuca JlyMym6bl, Mockea, Poccus

AHHOTALINA

06ocHoBaHuMe. B HacTosiLiee BpeMs pafMoMUKa SBNSETCA MHOM000ELLAWMUM U NEPCNEKTUBHBIM MHCTPYMEHTOM B iMarHo-
CTUKE U NEeYEHUM HeMpPO3HAO0KPUHHBIX HOBOODPA30BaHW pPa3NINYHOA NOKanM3auuu. 3T0T METOZ, 4acTo UCMONL3YHT ANA And-
(bepeHUManbHON AMarHOCTUKM HEMPO3HAOKPUHHBIX OMYXOSen Xenyn04YHO-KULIEYHOro TpaKTa ¢ ApyrMMu HoBooBpa3oBaHus-
MW JaHHOM JIOKanu3aumm.

Lienb — oueHUTb BO3MOXKHOCTH NPUMEHEHUS PaMOMUKK Ans auddepeHLManbHOi AUarHOCTUKN HEMPOSHAOKPUHHBIX OMy-
XOMEM KenyaKa u NoAMKEeNyL04HON Henesbl.

Matepuanbl u Metoapl. B nccneaoBaHue BKIOYEHbI faHHble 12 naumeHToB ¢ Mopdonornyecku BepuduLMpoBaHHBIMU Ho-
B00Opa30BaHMAMM HenyaKa (6 — C Helipo3HAOKPUHHOM ONYX0/bi0 U 6 — C afieHOKapLMHOMOW) U AaHHble 22 nauueHToB
¢ MopdoIornyecky BepuduLMPoBaHHLIMKA HOBOOBPa30BaHNAMM NOAMKENYA04HOM ene3bl (11 — ¢ Helipo3HLOKPUHHOM ony-
xonbio M 11 — ¢ apeHoKapumHoMoii). BceM naumeHTam o neyeHns B POCCUIACKOM Hay4HOM LIEHTPe PEHTreHopaguonorum
BbINOSIHEHO KOMMbloTepHo-ToMorpaduyeckoe (KT) uccnepoBaHue opraHoB BpIOLLHON MONOCTY C BHYTPUBEHHBIM KOHTPaCTu-
poBaHueM. [oKasaTenu paguoMMKW paccumTaHbl B 001aCTU ONYXONM KeNyaKa U NOAXENYL04YHON Kenesbl, KOTOPY CerMeH-
TUPOBaNM BPyy4HYH0 B HaTUBHYIO a3y KT-uccnepnoBaHus. 06paboTky pe3ynbTaToB M CTaTUCTUYECKUI aHaNN3 NPOBOAMAM C UC-
nonb3oBaHneM Microsoft Office Excel u cBobogHOM cpeabl pa3paboTky NporpaMMHOre 06ecneyeHnst C OTKPbITbIM UCXOAHBIM
KOAOM 115 A3blKa nporpamMmmpoBanmns R — R-Studio.

Pe3synbtathl. Ha npumepax KT-uccnenoBanuii npoeMOHCTPUPOBaHbI TUMWYHBIE U HETUMWYHBIE BU3YaribHble MPU3HAKKM Heli-
PO3HAOKPUHHBIX OMYXONEN enyaKa U NoXKeNnyLo4YHOMN enesbl, 0c06eHHOCTU KOHTPACTUPOBaHUSA, NOKaNKU3aLMmn U CTPYKTY-
pbl HOBOODpa3oBaHmii. BrisiBneHo 15 nokasateniel paiMOMUKK, KOTOPLIE CTaTUCTUYECKW 3HAYMMO PasfMYalTCA MEXAY Hel-
PO3HAOKPUHHOIM ONYXOJIbI0 JKEeNyAKa W afleHOKapLMHOMOW XenyaKa. B cnydae nofmenynoyHoi xenesbl Helipo3HA0KPUHHBIE
ONyX0/M CTAaTUCTUYECKM 3HAYMMO OT/IMYANMCh OT aAeHOKApLMHOM No 14 noKasaTensM pagvoMUKy.

3aksioyeHmne. HelposHLOKPUHHBIE OMYXOM KENyAKa W MOAKENyA04YHON Kenesbl — pefikue HoB00bpa3oBaHus, KOTopble
B BOMbLUMHCTBE CydaeB He NpoABASAIOT cebs KIMHUYECKU U TPYLHO BM3Yanu3MpYHOTCA W3-3a MalbiX pa3MepoB M 0cobeH-
HOCTEN KOHTPAcTUPOBaHUA. TEKCTYPHBIA aHaNM3 MOXET CTaTb NEPCNEKTUBHBIM NOAX0L0M Ans AuddepeHUManbHol auarHo-
CTUKM HEMPOIHOOKPUHHBIX OMyXONen Xeny[o4YHO-KULIEYHOro TpaKTa C ApYrMMM HOBOOBPA30BaHAMM LaHHOW NOKanU3aumm,
0C06EHHO C YYETOM CIIOXHOCTM B3ATMA Buoncum.

KnioueBble cnosa: HEﬁPOSH,D,OKpVIHHaH 0nyxoJib; HEﬁPOBH,D,OKpVIHHaH 0onyxoJib XenyaKa; HEﬁpO3HJJ,OI~(pMHHaFI onyxosb
I'IO,U,)KEJ'IY,U,O‘-IHOVI xenesbl; HEVIpOBH,U,OKpVIHHaﬂ Heonnasua; nyyesaa oUarHoCTuKa.
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BACKGROUND

Neuroendocrine neoplasms (NENs) represent
a heterogeneous group of tumors derived from neuroendocrine
cells. These tumors encompass a broad spectrum,
with the most common types arising in the gastrointestinal
tract, lungs, bronchi, thymus, and pancreas [1]. The term
neuroendocrine refers to cells that exhibit both neural
and endocrine characteristics [2]. Under the standardized
classification system, all neuroendocrine neoplasms are
categorized as neuroendocrine tumors (NETs), which include
both low-grade NETs and high-grade neuroendocrine
carcinomas. Some tumors contain a combination
of low- and high-grade histological features and are classified
as mixed neuroendocrine—non-neuroendocrine neoplasms,
in which the neuroendocrine component constitutes at least
30% of the tumor [1].

Accurate staging of NETs is essential for determining
prognosis and guiding treatment decisions [3]. Gastrointestinal
and pancreatic NETs are currently graded into three categories:
G1 (low grade), G2 (intermediate grade), and G3 (high grade).
According to the 2019 World Health Organization classification
and the 2016 guidelines from the European Neuroendocrine
Tumor Society (ENETS), grading is based on the mitotic count
and the Ki-67 proliferation index (Table 1). These grading
criteria are similar for both gastrointestinal and pancreatic
NETs [4].

Tumor grade significantly influences survival outcomes.
Data from 64,971 patients with NETs in the Surveillance,
Epidemiology, and End Results (SEER) database showed
median survival times of 16.2 years for G1, 8.3 years for G2,
and 10 months for G3 NETs. Survival also varies markedly
with disease stage: patients with localized disease had
a median survival of over 30 years, those with regional
spread had a median of 10 years, and those with distant
metastases had a median of 1 year [5].

Gastric NETs represent approximately 11%—12% of newly
diagnosed NETs [3]. Pancreatic NETs account for about one-
third of gastrointestinal NETs. Among pancreatic NETs, 45%-—
60% are non-functioning, while 40%-55% are hormone-
secreting [6].

In Russia, data on the incidence of NENs are currently
unavailable [4]. In contrast, the incidence in the USA was
reported at 6.98 cases per 100,000 population in 2012.
An independent analysis of the SEER database also indicated
an increase in the incidence of gastrointestinal NENs
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between 1975 and 2008. Although the exact cause
of this rise is unclear, improvements in diagnostic techniques
and classification may have contributed [1].

To determine the tumor grade, tissue sections were stained
using antibodies against pancytokeratin; cytokeratins 7, 14,
18, and 20; as well as synaptophysin (Syn) and chromogranin
A (CgA). If one of the neuroendocrine differentiation markers
is not expressed, staining with anti-CD56 antibodies
is performed, and the expression of somatostatin receptors 2
and 5 (SSTR2 and SSTR5) is assessed as additional
markers [4].

The clinical presentation of NETs varies based
on the location of the primary tumor, and all NET types are
characterized by a high potential for metastasis. A study
by Halfdanarson et al. analyzing NET cases in the USA
from 1973 to 2000 found that over 60% of patients had distant
metastases and more than 20% had regional metastases
at the time of diagnosis [7]. Similar results were reported
by Loosen et al. in a European cohort, where 84.6% of patients
were found to have distant metastases at diagnosis [8].

Diagnosis of gastric and pancreatic
neuroendocrine tumors

The clinical symptoms and NENs can vary widely
depending on the tumor location. In functioning tumors,
symptoms may result from the secretion of biologically
active substances.

Most pancreatic NETs are non-functioning, meaning they
do not produce clinical signs of hormone overproduction,
which makes diagnosis more difficult. In some instances,
these tumors are discovered incidentally during evaluations
for unrelated conditions [9]. Non-functioning tumors may
remain asymptomatic for extended periods or present
with nonspecific symptoms. Typical manifestations include
diarrhea, hot flashes, and skin flushing, while bronchospasm
is observed less frequently. Other symptoms such as intestinal
cramping, telangiectasia, edema, cyanosis, joint involvement,
muscle pain, and myopathy are rare [4].

Upper endoscopy with biopsy is commonly used for diagnosis,
as NETs require confirmation by immunohistochemistry [10].
Abdominal CT is recommended for G1 and G2 NETs larger
than 2 cm, as well as for all G3 NETs. In certain cases,
abdominal magnetic resonance imaging (MRI), octreotide
scintigraphy, and positron emission tomography combined
with CT (PET/CT) may also be useful [11].

Table 1. Classification of gastrointestinal and pancreatic neuroendocrine tumors

Grade Mitotic index (10HPF) | Proliferation index Kié7, %
G1 neuroendocrine tumors <2 <3
G2 neuroendocrine tumors 2-20 3-20
G3 neuroendocrine tumors >20 >20
Neuroendocrine carcinomas >20 >20

Note. G, neuroendocrine tumor grade; HPF, high-power field.
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Pancreatic NETs exhibit the greatest contrast
enhancement during the early arterial phase (25-35 s), rather
than the late arterial phase (35-45 s), which is typically used
for pancreatic imaging. This distinction is important because
small tumors may be missed during the late arterial phase
when the lesion becomes isodense with the surrounding
pancreatic tissue [12]. Fig. 1 illustrates characteristic
imaging features of pancreatic NETs. Abdominal CT
with intravenous contrast revealed a hypervascular lesion
in the head of the pancreas, measuring 13 x 9 mm, located
near the pancreatic duct and common bile duct, without clear
signs of duct compression on CT. The tumor demonstrated
marked contrast enhancement during the early arterial phase
(10 s) but was poorly visualized in the subsequent contrast
phases.

Some pancreatic NETs may appear hypovascular,
requiring differentiation from other lesions such as serous
cystadenomas, intrapancreatic accessory spleens, renal cell
carcinoma metastases, and both cystic and solid masses,
including hypovascular adenocarcinomas [13]. Fig. 2 presents
a CTimage of a pancreatic NET with these features. The lesion,
located in the pancreatic body, is round with irregular
margins, measuring approximately 2.3 x 2.1 cm, and contains
a centrally hypodense area suggestive of necrosis [14].
It appears isodense relative to the pancreatic parenchyma
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in the venous phase and shows only mild enhancement
during the arterial phase. There is no evidence of tumor
infiltration into the surrounding fat or vascular structures.
In this case, the tumor was identified based on indirect signs,
including dilatation of the pancreatic duct, compression
of the splenic vein, and moderate enlargement of the pancreatic
body. This presentation is atypical for pancreatic NETs.
Rare cases have been described in which venous phase
enhancement is more pronounced [15].

Gastric NETs are generally hypervascular and typically
show increased contrast enhancement during the early
arterial phase [16]. G1 and G2 gastric NETs are usually
small (<1 ¢cm) and are most often located in the gastric
fundus or body [10, 17]. Fig. 3 illustrates typical imaging
features of gastric NETs. An exophytic, hypervascular
lesion measuring 10 x 9 mm is visible along the greater
curvature of the gastric body, with strong arterial phase
enhancement.

As with pancreatic NETs, gastric NETs can also show
variable contrast enhancement. Fig. & illustrates a NET
located in the upper wall of the gastric cardia, which displayed
increased enhancement during the venous phase and minimal
enhancement during the arterial phase.

These cases highlight the diagnostic complexity
and variability in imaging features of gastric and pancreatic

S

Fig. 1. Abdominal computed tomography with intravenous contrast: a, a hypervascular lesion near the common bile duct during the

arterial phase (10th second); b, venous phase image.

Fig. 2. Computed tomography of a hypovascular pancreatic neuroendocrine tumor: a, a moderately hypervascular lesion in the pancreatic
body with a hypodense central area and dilatation of the pancreatic duct, arterial phase (10th second); b, moderate compression

of the splenic vein, venous phase.
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Fig. 3. Gastric neuroendocrine tumor: a, tumor tissue showing high contrast uptake, arterial phase; b, tumor tissue showing moderate

contrast uptake, venous phase.

Fig. 4. Gastric neuroendocrine tumor: a, low contrast uptake by tumor tissue, arterial phase; b, a hyperintense lesion in the upper wall

of the gastric cardia (up to 6 mm), venous phase.

NETs. According to recommendations from the European
Society for Medical Oncology and the National Comprehensive
Cancer Network, pancreatic biopsy is advised only when
the tumor is not clearly visualized on three-phase MRI or
CT. The sensitivity of cytological and histological evaluation
for diagnosing pancreatic cancer does not exceed 90%.
In cases where imaging does not provide morphological
confirmation of pancreatic cancer, most patients still undergo
radical surgical treatment. However, biopsy carries risks,
including potential complications and the possibility of tumor
cell spread [18].

Therefore, research into the potential for achieving
morphological confirmation of malignancy through imaging
studies is of particular relevance.

Radiomics is currently regarded as a promising approach
for the diagnosis and management of NENs at various
anatomical sites [19]. It involves the extraction and analysis
of numerous quantitative features from medical imaging

DAl https://doiorg/10.17816/DD629345

data, including parameters related to shape, size, texture,
intensity, and voxel relationships [20].

Radiomics is applied in research to solve specific clinical
tasks. In gastrointestinal NENSs, its most common application
is in predicting tumor grade [21-23]. Texture analysis has
also been used to differentiate gastrointestinal NETs
from other gastrointestinal neoplasms. Most studies indicate
that models combining radiomics features with clinical
and additional diagnostic data yield the highest accuracy.
Texture analysis is used less frequently to evaluate treatment
response in gastrointestinal NETs. Additionally, some studies
have explored the role of radiomics in predicting disease
progression and recurrence.

AIM

To assess the potential of radiomics for the differential
diagnosis of gastric and pancreatic NETs.
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MATERIALS AND METHODS
Study design

This study is an observational, single-center, cross-
sectional investigation.

Eligibility criteria

Inclusion criteria: morphologically confirmed gastric
or pancreatic neoplasm; abdominal CT with intravenous
contrast performed before the initiation of treatment;
and documented voluntary informed consent allowing the use
of the participant’s medical data for research purposes

Non-inclusion criteria: CT scans conducted outside
the Russian Scientific Center of Roentgenology and Radiology

Exclusion criteria: absence of CT images of the tumor

Study setting

Data that met the inclusion criteria were collected
at the Russian Scientific Center of Roentgenology
and Radiology.

Study duration

The study was conducted from December 1, 2023,
to March 22, 2024.

Intervention

All participants underwent contrast-enhanced abdominal
CT using various scanners, with a slice thickness of 1 mm.
CT scans were acquired during the early arterial phase, which
is not typically included in standard imaging protocols.

Main study outcome

The primary outcomes were radiomics parameters
in patients diagnosed with NETs and adenocarcinoma.

Outcomes registration

CT data from all patients were uploaded into the open-source
software 3D Slicer (https://www.slicer.org/), which allows
extraction of radiomics parameters from defined regions
of interest.

Radiomics features were calculated within the gastric or
pancreatic tumor regions. For each patient, the tumor was
manually segmented in either the arterial or venous phase,
and the resulting contour was aligned with the precontrast
phase. Image processing in the precontrast phase is challenging
due to the tumor appearing isodense with the surrounding
parenchyma. Segmentation in contrast-enhanced phases also
presents difficulties, as anatomical mismatches can occur
between slices across different CT phases. These factors
necessitate an evaluation of segmentation reproducibility,
which is a limitation of the study.

A total of 93 radiomics features were extracted for both
gastric NETs and adenocarcinomas and for pancreatic NETs
and adenocarcinomas. These included first-order statistics
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and features derived from adjacency and uniformity matrices.
Parameters related to the geometry of the region of interest
were not analyzed due to challenges in reliably differentiating
between healthy and tumor tissues.

The comparison results, including the median,
first and third quartiles, and statistical significance
of the differences, are presented in the tables.

Subgroup analysis
The study participants’ data were categorized into four
groups based on tumor site and histologic type:
 Gastric neuroendocrine tumor
 (Gastric adenocarcinoma
» Pancreatic neuroendocrine tumor
 Pancreatic adenocarcinoma

Ethics approval

The study was approved by the Independent Ethics
Committee of the Russian Scientific Center of Roentgenology
and Radiology (Meeting Minutes No. 2, March 1, 2023).

Statistical analysis

The data were processed and analyzed using Microsoft
Office Excel and R-Studio, an open-source software
development environment for the R programming language.
To assess significant differences between medical imaging
biomarkers, pairwise intergroup comparisons for each
radiomics parameter were conducted using the Mann—-Whitney
U test. Differences were considered significant if p <0.05.

RESULTS

Participants

The study analyzed data from 12 patients
with morphologically confirmed gastric neoplasms
(6 with NETs and 6 with adenocarcinomas) and 22 patients
with morphologically confirmed pancreatic neoplasms
(11 with NETs and 11 with adenocarcinomas). Abdominal CT
with intravenous contrast was performed on all patients prior
to treatment at the Russian Scientific Center of Roentgenology
and Radiology. The neoplasms examined in the study were
small (2-3 c¢cm) and varied in grade (61-G3) and contrast
enhancement. Most of the neoplasms included in the study
were not initially classified as NETs in prospective CT analysis
due to challenges with visual differentiation, requiring further
assessment of the CT scans.

Primary results

The study identified 15 radiomics parameters that showed
significant differences between patients with gastric NETs
and adenocarcinomas. The comparison results, including
the median, first and third quartiles, and the significance
of the differences (Mann-Whitney U test), are shown
in Table 2.
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Parameters Gastric neuroendocrine tumor, Gastric adenocarcinoma, p-value
Me [Q1; Q3] Me [Q1; Q3]
First order Entropy 2.01[1.88; 2.23] 1.83[1.62; 1.86] 0.041
First order Interquartile Range 31.50 [27.56; 38.94] 23.50 [19.25; 26.94] 0.026
First order Mean Absolute Deviation 19.19 [17.25; 21.53] 15.54 [12.92; 16.41] 0.041
First order Robust Mean Absolute Deviation 13.36 [12.07; 15.23] 10.04 [8.38; 11.57] 0.026
First order Skewness -0.25[-0.43; -0.10] 0.05 [-0.13; 0.24] 0.026
First order Uniformity 0.29 [0.26; 0.31] 0.3410.32; 0.40] 0.041
First order Variance 562.42 [479.32; 803.18] 414.40 [311.13; 429.14] 0.041
GLCM Cluster Tendency 2.41[1.90; 4.08] 1.92 [1.36; 2.02] 0.041
GLCM Joint Entropy 3.83[3.47; 4.02] 3.4812.99; 3.60] 0.041
GLCM Sum Entropy 2.63 [2.44; 2.98] 2.481[2.22; 2.52] 0.041
GLCM Sum Squares 0.92[0.78; 1.32] 0.72[0.57; 0.78] 0.041
GLDM Dependence Non Uniformity Normalized 0.07 [0.06; 0.09] 0.06 [0.06; 0.06] 0.015
GLDM Gray Level Variance 0.97 [0.84; 1.38] 0.76 [0.59; 0.79] 0.041
GLRLM Gray Level Non Uniformity Normalized 0.27 [0.24; 0.29] 0.30[0.30; 0.35] 0.041
GLRLM Gray Level Variance 1.09 [0.91; 1.56] 0.87[0.73; 0.98] 0.041

Note. Me, median; Q1, first quartile; Q3, third quartile; GLCM, Gray Level Co-occurrence Matrix; GLDM, Gray Level Dependence Matrix; GLRLM, Gray

Level Run Length Matrix.

Table 3. Comparison of radiomics parameters between the two groups of patients with pancreatic neoplasms

Parameters Pancreatic neuroendocrine tumor, Pancreatic adenocarcinoma, p-value
Me [Q1; Q3] Me [Q1; Q3]

First order Energy 691,524 [580,555; 1,727,135] 2,953,926 [2,318,229; 6,503,888] 0.007
First order Total Energy 1,425,223.71 [284,018.65; 3,100,864.22]  5,091,794.59 [1,502,766.76; 8,727525.25]  0.047
GLDM Dependence Non Uniformity 28.01 [18.41; 44.78] 116.43 [88.79; 194.84] 0.007
GLDM Gray Level Non Uniformity 219.75 [132.80; 431.59] 868.90 [494.56; 1919.16] 0.001
GLRLM Gray Level Non Uniformity 119.69 [79.75; 161.57] 512.56 [308.03; 731.74] 0.002
GLRLM Run Length Non Uniformity 122.55 [71.16; 271.96] 702.16 [426.47;1297.70] 0.001
GLSZM Gray Level Non Uniformity 10.52 [4.69; 32.08] 29.51[19.39; 45.98] 0.034
GLSZM Large Area Emphasis 2826.63 [2243.10; 6732.92] 18,275.14 [7206.26; 42,549.14] 0.007
E;ﬁ";'s%:rge Area High Gray Level 38 429.22 [20,178.45; 62 109.69] 156,116.40 [102,536.10; 36751022 0.001
GLSZM Low Gray Level Zone Emphasis 0.21[0.17; 0.27] 0.17[0.10; 0.23] 0.028
GLSZM Zone Variance 2632.37 [1928.10; 5957.51] 17 305.27 [7058.35; 41,998.41] 0.005
NGTDM Busyness 3.26 [2.01; 5.02] 10.23 [9.13; 26.37] 0.0001
NGTDM Coarseness 0.02 [0.01; 0.03] 0[0; 0.01] 0.002
NGTDM Strength 0.13[0.08; 0.26] 0.04[0.01; 0.06] 0.001

Note. Me, median; Q1, first quartile; Q3, third quartile; GLDM, Gray Level Dependence Matrix; GLRLM, Gray Level Run Length Matrix; GLSZM, Gray Level

Size Zone Matrix; NGTDM, Neighboring Gray Tone Difference Matrix.

According to Table 2, patients with gastric NETs exhibited  higher in patients with NETs. These results may suggest
significantly higher entropy (indicating greater heterogeneity ~ that NET tissues are more heterogeneous compared
of gray levels in an image) and variance (representing to adenocarcinomas.
the distribution of gray level intensity relative to the mean). In patients with pancreatic NETs and adenocarcinomas,
The GLDM Dependence Non-Uniformity Normalized, where 14 radiomics parameters showed significant differences.
lower values suggest higher tissue uniformity, was also  The results of these comparisons, including the median, first
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and third quartiles, and the significance of the differences
(Mann—Whitney U test), are presented in Table 3.

The findings in Table 3 show that nearly all parameters
were significantly higher in patients with pancreatic
adenocarcinoma. The Energy and Total Energy parameters
were 76% and 72% higher, respectively, in these patients.
The GLSZM Gray Level Non-Uniformity, where lower
values indicate higher uniformity in gray level intensity,
was also higher in the adenocarcinoma group. Additionally,
NGTDM Busyness (reflecting pixel value changes relative
to neighboring pixels) was 68% higher in this group,
indicating a more heterogeneous texture with sharper
intensity variations in pancreatic adenocarcinoma tissues.
Therefore, pancreatic adenocarcinoma tissue appears more
heterogeneous and denser than NET tissue.

DISCUSSION

The results of this study and the potential
application of radiomics in diagnosing gastrointestinal
and pancreatic neoplasms are  supported
by international research. Chiti et al. used texture
parameters in the arterial CT phase to differentiate
between high-grade (G3) and low-grade (G1/G2)
pancreatic NETs, achieving an area under the curve (AUC)
of 0.82 [24]. Liang et al. developed a model for distinguishing
betweencarcinoids (G1)andintermediate-tohigh-grade (62/G3)
pancreatic NETs. This model, which incorporates both
radiomics parameters and clinical data, demonstrated
a high prognostic value with an AUC of 0.89 [25].

Wang et al. created a prognostic model for differentiating
gastric NETs from adenocarcinomas. The best results
were obtained by combining radiomics parameters
with data on metastasis and tumor margins, yielding an AUC
of 0.821[0.725; 0.895] [26]. Han et al. developed a model using
radiomics parameters to distinguish between cystadenomas
and pancreatic NETs. Combining machine learning models
at various stages of the study produced excellent classification
parameters: AUC 0.99, sensitivity 0.98, and specificity 1.0 [27].
Additionally, other studies have addressed the differential
diagnosis between NETs and other gastrointestinal
malignancies [28-30].

An et al. developed a model to predict relapses
of gastrointestinal and pancreatic NETs by combining
radiomics parameters with clinical and laboratory data. This
model had an AUC of 0.824 [0,751; 0.883], demonstrating
strong prognostic value [31]. Similarly, Song et al. predicted
tumor relapse in patients with pancreatic NETs following
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ABSTRACT

BACKGROUND: Chest computed tomography (CT) is the main modality used to diagnose lung lesions caused by COVID-19 infection. Since
2020, the use of this modality in the Krasnoyarsk krai has increased. However, the incidence of lung cancer decreased by 5.2%. The current
situation has raised concerns about missing radiographic signs typical of lung cancer and has stimulated the search for new diagnostic
modalities using artificial intelligence (Al) for data analysis.

AIM: The aim of the study was to evaluate the feasibility of using an Al algorithm to search for lung nodules based on chest CT data obtained
during the COVID-19 pandemic to identify lung cancer.

MATERIALS AND METHODS: The retrospective study included chest CT scans of patients from Krasnoyarsk krai diagnosed with COVID-19
reported in the PACS base between 1 November 2020 and 28 February 2021. The interval between chest CT and Al analysis ranged from
two years and one month to two years and five months. Chest-IRA algorithm was used. Al detected lung nodules with a volume greater than
100 mm?. The radiologists divided the results into three groups based on the potential for lung cancer. The assessment of the economic
benefits of using the Al algorithm considered the cost of wages and savings in the treatment of early-stage lung cancer, which affects gross
regional product.

RESULTS: The Al algorithm identified nodules in 484 out of 10,500 CT scans. A total of 192 patients with a high potential for lung cancer,
103 with no signs and 60 with inconclusive signs were identified, and 112 patients with a high and moderate potential for lung cancer did not
seek medical care. Al confirmed 100 (28.2%) histologically proven cases of lung cancer, with stages |-l detected in 35%.

Using Al instead of radiologists would save 25 months and 4 days of work, which is equal to 2 million 430 thousand rubles. Expected budget
savings due to early detection of lung cancer vary from 10 million 600 thousand to 12 million 500 thousand rubles for each 10,500 CTs.
The total economic effect for a five-year period would be from 259 million 400 thousand rubles to 305 million 100 thousand rubles.
CONCLUSION: The use of Al to evaluate chest CT scans demonstrates high performance in identifying lung nodules, including those
in patients with COVID-19, confirming its potential use for early detection of incidental lung nodules that might otherwise be missed.

Keywords: lung cancer; computed tomography; artificial intelligence; chest; health economics; performance evaluation.
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BoisBNeHMe HOBbLIX C/lyyaeB paKa NIErKoro ¢ NOMOLLbIO
MCKYCCTBEHHOr0 MHTENIeKTa: KNUHUYeCKas

M 3KOHOMMWYeCKas OL,eHKa peTpocrneKTUBHOr0 aHanusa
pesynbTaToB KOMNbIOTEpHOW ToMorpadumu yepes 2 roaa
nocne naHgemMuu COVID-19
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AHHOTALMA

06o0cHoBaHue. KoMnbioTepHas ToMorpadms opraHoB rPyAHON KNETKU — OCHOBHOM METO[, AMarHOCTUKM W3MEHEHWI NEroYHOi TKaHM,
BbI3BaHHbIX MHPeKumeit COVID-19. Tak, ¢ 2020 roaa B KpacHosipckoM Kpae yBenMumMach 4actoTa NpUMeHeHUs AaHHOTO UCCNef0BaHuA.
TeM He MeHee 3ab0/1eBaeMOCTb PaKoM NETKOr0 CHU3UNAch Ha 5,2%. CnoxwuBLUAACA CUTYaLMUs BbI3BaNa ONaceHust B OTHOLLEHUM MpoMycKa
PEHTTEHONOTMYECKUX U3MEHEHWIA, XapaKTepHbIX A paKa JIErkoro, U CTUMyNMpoBana NoMUCK HOBbIX AWarHOCTUYECKUX METOL0B, BKITHOYas
MCKYCCTBEHHBIA UHTENNEKT ANS aHann3a aHHbIX.

Llenb — oueHKa BO3MOXHOCTU UCMONb30BaHWA anropUTMa WUCKYCCTBEHHOrO WHTEN/EKTa, HanpaBNeHHOro Ha MOMCK NErOYHbIX Y308
Mo JaHHbIM KOMMbIOTEPHOW ToMorpadui OpraHoB rPyAHOM KIETKM, NonydYeHHbIM B nepuog, naHpemmu COVID-19, ons BbisBneHus paka
nérkoro.

Matepuanbl u MeToabl. B petpocnekTuBHOE MccneoBaHWe BOLLNM pesyNbTaTbl KOMMBIOTEPHOM TOMOrpaduu opraHoB rpyAHOI KieTky
nauveHToB 3 KpacHospckoro Kpas ¢ guarHosom COVID-19 u3 PACS-apxusa, BbinonHeHHble B nepuog ¢ 01.11.2020 no 28.02.2021.
WHTepBan BpeMeHW Mexay NpoBeAEHHBIMW KOMMbIOTEPHBIMKU TOMOrpadusaMM U NPUMEHEHNEM anrOPUTMa UCKYCCTBEHHOMO WMHTENNEKTA
COCTaBWN OT [BYX JIET M OZHOM0 MecsLa A0 ABYX JIET U NsTM MecsleB. Mcnonb3oBanu anroputM UcKyccTBeHHoro uHTennekTa Chest-IRA.
OH BbISBNAN NErOYHble Y3kl 06bEMOM Gonee 100 MM®. PeHTreHonorv pasnenunu pesynbTaTbl Ha TpU rpynnbl B 3aBUCMMOCTY OT BEpOAT-
HOCTM paKa nérkoro. OLeHKa 3KOHOMUYECKOi BbIrofbl MPUMEHEHUS anropuTMa YuYuUTbIBaNa 3aTpathl Ha 3apaboTHylo NiaTy M 3KOHOMMIO
Ha NIeYeHUM paHHUX CTafUiA paKa NIErKOro, BAUAIOLLYI0 Ha BaNOBOW PErvOHaNbHBIA NPOLYKT.

Pesynbtarbl. 113 10 500 pe3ynbTaTtoB KOMMLIOTEPHOW TOMOTPaduu, anropuT™ UCKYCCTBEHHOTO UHTEJNEKTa BbISBI Y310Bble 06pa3oBaHmus
B 484 cnyyasx. OnpepeneHbl 192 naumeHTa ¢ BbICOKOM BEPOATHOCTLHO paka Niérkoro, 103 — 6e3 npusHakoB n 60 — ¢ HeybeauTenbHbIMM
npusHakamu. 112 naumeHTOB € BbICOKOI M CpeAHeN BEPOATHOCTBIO paKa NIErkoro He obpaluanicb 3a Me[ULMHCKOM noMoLubio. [pume-
HeHWe MCKYCCTBEHHOro MHTenneKTa no3sonmno nogreepauts 100 (28,2%) ructonormyecku BepuMUMPOBAHHBIX Clly4aeB paKa JIErKoro,
npu 31oM |-Il ctapus BbisiBneHa B 35%.

Mcnonb3oBaHMe MCKYCCTBEHHOTO MHTENEKTa BMECTO PEHTTEHONOroB CIKOHOMMNO bl 25 Mec. u 4 gHa pabotel — 2 430 Thic. pybnei.
OxmnpaeMas sKoHOMMA bLoLKeETa B CBA3M C BbISBNEHWEM paKa JIErKoro Ha paHHen ctaguu Bapbupyet ot 10 600 Toic. go 12 500 Thic. pybnen
Ha kaxaple 10 500 koMnbloTepHbIX ToMorpaduit. 06LmMiA 3KoHOMUYecKUI 3ddeKT 3a NaTb ieT — ot 259 400 Teic. Ao 305 100 Thic. pybne.
3aknioyeHue. Vcnonb3oBaHWe MCKYCCTBEHHOTO MHTENNEKTa AN aHanM3a pe3ynbTaToB KOMMbIOTEPHONM ToMorpadumu opraHoB rpyn-
HO KNETKU [eMOHCTPUPYET BbICOKYI0 3QPEKTUBHOCTL B OTHOLLEHWM BbISBNIEHWS Y3N10BbIX 00pa30BaHUN NETKKX, B TOM umuciie Ha doHe
COVID-19, uyTo nopTBEPKAAET MEPCMEKTMBLI €ro0 NPUMEHEHNA [N paHHero 0BHapyXeHus CydyaiHbIX NEroYHbIX Y3N10B, KOTOPblE MOr-
N Bbl BbITb NPONYLLEHBI.

KnioyeBble cnoBa: pak NErKOro; KOMnbloTepHas TOMorpadus; UCKYCCTBEHHBIA MHTENEKT; FPyLHas KNeTKa; 3KOHOMUKa 34paBooXpa-
HeHuS; oLeHKa 3QHEKTUBHOCTH.
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BACKGROUND

Lung cancer is one of the cancers with the highest global
prevalence and mortality rates. An estimated 2.2 million cases
of lung cancer and 1.8 million deaths from this condition are
reported each year [1]. The standardized lung cancer incidence
in Russia is 20.8 cases per 100,000 population, with a 2.7%
increase since 2020 [2]. Lung cancer rates across several Russian
regions, notably the Krasnoyarsk Krai, are concerning. It ranks
third among all malignancies reported in the Krasnoyarsk Krai,
with breast and skin cancer being the most prevalent.

The number of chest computed tomography (CTs)
in the Krasnoyarsk Krai has increased significantly
since 2020 due to the COVID-19 pandemic (36,577 in 2019 vs.
236,234 in 2021). However, the lung cancer prevalence in this
region declined by a mere 5.2% in comparison to 2019.

One potential reason is undiagnosed pulmonary nodular
lesions brought on by alterations typical of COVID-19-associated
pneumonia. This necessitates the search for novel diagnostic
tools to enhance the effectiveness of lung cancer detection.
Artificial intelligence (Al) is one such instrument that can serve
as the primary component of hybrid diagnostics in lung cancer.
During the first stage, the Al systems execute the initial screening
of the CT findings; during the second stage, the Al-selected
images are reviewed by specialist physicians to reach a final
decision. Thus, in 2022, the population of Krasnoyarsk Krai
participated in the pilot project “Retrospective Analysis of Chest
CT Findings Using the Chest-IRA Al Algorithm by IRA-Labs.”

AIM: To evaluate the effectiveness of an Al algorithm
for lung nodule detection based on chest CT findings acquired
during the COVID-19 pandemic to detect lung cancer.

MATERIALS AND METHODS
Study design

This was an observational, single-center, retrospective,
cross-sectional, single-arm study. The study design
is illustrated in Fig. 1.
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10500 ¢ Baseline number of chest CT findings
484 ¢ Chest CT findings where Al detected lung nodules
355 & Chest CT findings reevaluated by experts
Chest CT scans with true positive Al algorithm
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Eligibility criteria
The study sample was established based on the inclusion

and exclusion criteria.
Inclusion criteria:

« Chest CT findings for patients from the Krasnoyarsk Krai
PACS, both male and female;

o Chest CT performed without intravenous contrast
for COVID-19, with the findings being interpreted
by radiologists between November 1, 2020, and February 28,
2021;

 Age of patients >18 years;

 Chest CT scans are available in the DICOM file format.
Exclusion criteria:

+ Available chest CT scans are in the non-DICOM file format;

« False-positive Al findings;

+ (T slice thickness >1.5 mm;

+ Incomplete chest CT findings;

« Significant motion artifacts;

 Recovery of anonymized patient data are unfeasible.

Study setting

Chest CT scans were conducted at the Krasnoyarsk
Regional Clinical Oncological Dispensary (named
after A.l. Kryzhanovsky).

Study duration

The study employed chest CT results collected
between November 1, 2020, and February 28, 2021.
The interval between chest CT and Al analysis varied
from two years and one month to two years and five months.
The specialists evaluated the results between December 5,
2022, and January 9, 2023.

Intervention

The Toshiba Aquilion 64, GE Revolution EVO, and GE
Healthcare Revolution Discovery CT scanners were used
for conducting chest CT scans in accordance with the standard

10016 Chest CT findings where Al detected no lung nodules
129 Excluded due to de-anonymization errors
Excluded by experts due to false-positive
103 : s
Al algorithm activation
92 Deceased
95 Case follow-up for MN
26 Written refusal or failure to show up

Fig. 1. Study design. CT, computed tomography; Al, artificial intelligence; MN, malignant neoplasm; C34, malignant neoplasm
of the bronchus and lung according to the International Classification of Diseases, 10th revision.
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protocol: X-ray tube voltage 120 kV with automated tube
voltage selection; rotation time 0.50 s; pitch 0.938; slice
thickness 1 mm.

AlL CT findings included in the study were processed using
the Chest-IRA Al algorithm (LungNodules-IRA, v4.0). This
algorithm was validated using a dedicated calibration dataset
obtained in the Moscow Experiment [3]. The Chest-IRA algorithm
was approved for use in compliance with the rules for clinical
trials involving Al-based software because it exceeded
the accuracy threshold of at least an ROC AUC of 0.81 [4].
The parameters of the Chest-IRA algorithm are as follows: ROC
AUC 0.96; sensitivity 0.94; specificity 0.94; and accuracy 0.94 [3].

The Chest-IRA algorithm is based on two neural networks.
The semantic segmentation of lung lesions and nodules
is carried out by the first neural network (N1). N1 was
trained using the publicly available LIDC-IDRI dataset [5],
which includes chest CT findings for 1,018 patients, with lung
nodule labeling using binary masks. N1 creates a binary
mask for an input image. The mask is divided into connected
components; some correspond to lung nodules and lesions,
while others are false positives. The second neural network
(N2) classifies the connected components as true positives
or false positives to lower the false-positive rate. N2 was
trained using a dataset of 2,351 chest CT findings. Open data
were labeled based on the coordinates of various N1 findings
and classification labels.

The IRA-Labs algorithm is the first differential diagnosis
algorithm based on medical sorting of chest CT results.
It uses the following classification: histologically confirmed
lung cancer, bacterial pneumonia, COVID-19-associated
pneumonia, or no abnormalities [6].

The Chest-IRA algorithm (LungNodules-IRA, v4.0)
examined the obtained images; when lung nodules
of >100 mm® were detected, the algorithm provided their
location, size, and volume. Calcifications were eliminated
from the algorithm’s classification of nodular lesions.
The algorithm had the following limitations:

« Chest CT findings had to include at least one series of lung
images with axial slices;
« The spacing between slices in a series had to be consistent

(for >95% of slices) and not exceed 3 mm;

« Aseries had to cover an area greater than 192 x 192 x 96 mm.

Main study outcome

The study’s null hypothesis was that the Al algorithm
does not substantially enhance early lung cancer detection
when compared to the conventional interpretation of CT
findings by radiologists.

The effectiveness of the Al algorithm in detecting lung
cancer was the study’s endpoint. The efficacy of the algorithm
was determined employing the following parameters:

« Number of lung cancer cases detected using the Al
algorithm;

» Proportion of early-stage (I-Il) lung cancer cases
detected;

Vol. 5 (4) 2024
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Sensitivity and specificity of the Al algorithm in identifying

lung nodules;

« False-positive rate of the Al algorithm;

« Comparative analysis of the interpretation of CT findings
by the Al algorithm and radiologists.

These parameters might be regarded as surrogate
endpoints since they indirectly represent the potential
impact of Al on the main objective: lowered lung cancer
mortality. The true endpoint in this case was lung cancer
mortality; however, its assessment necessitates long-term
monitoring.

Additional study outcomes

To calculate the Al algorithm’s economic impact, labor
expenses were evaluated while accounting for the average
income of radiologists in the Krasnoyarsk Krai. Moreover,
the cost-effectiveness of treating patients with early-stage
versus advanced lung cancer was assessed [7, 8.
The economic impact was also analyzed in terms of the life
years gained and their potential contribution to the gross
regional product.

Outcomes registration

Chest CT findings deemed abnormal according to the Al
algorithm were reviewed once by one of the four radiologists
at the Krasnoyarsk Regional Clinical Oncological Dispensary
(named after A.l. Kryzhanovsky) with over ten years
of experience in thoracic radiology.

Subgroup analysis

During the analysis of the CT scans, the patients were
divided into three groups:

+ Group 1 included patients with a high probability of lung
cancer (images with signs of lung tumors);
« Group 2 included patients with no signs of lung cancer

(false-positive algorithm activation);
 Group 3 included patients with inconclusive signs of lung

cancer.

Patients in group 1 exhibited solid lung nodules
with a diameter of =6 mm and >5 nodules with benign
signs [7]. Benign tumor indicators included areas of ground-
glass opacity with a diameter of <6 mm, perifissural nodules,
and benign calcification. Patients whose examination findings
did not meet these criteria were placed in group 3.

Each patient's medical records were reviewed
to determine the accuracy of the Al algorithm and the need
for further examinations in patients with aberrant findings.

Ethical review

The study was approved by the local ethics committee
of the Krasnoyarsk Regional Clinical Oncological Dispensary
(named after A.l. Kryzhanovsky) (source: Meeting Minutes
No. 48/1 of February 9, 2023). Since the study employed
anonymized patient data, it was in accordance with all
applicable legal standards for personal data and medical
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privacy. Each study group was allocated a unique encryption
key, allowing for the subsequent identification of patients
requiring additional examinations (patients with lung
cancer signs) in a cancer center. Data were anonymized
and forwarded to the IRA-Labs platform.

Statistical analysis

Sample calculation principles. A sensitivity evaluation
with the lower bound of the 95% Cl of at least 85%
and an expected sensitivity of 95% required approximately
93 positive cases. A specificity assessment with the same
accuracy and an expected sensitivity of 95% required
approximately 93 negative cases. Given that the incidence
of suspicious cases is 4.6%, a sample size of approximately
2,022 CT examinations was shown to be adequate
for identifying 93 positive cases (93/0.046). Thus, the minimal
recommended sample size in this study was determined
to be 2,022 CT examinations. However, the study employed
a substantially larger sample of 10,500 CT examinations,
which enhances the statistical power and accuracy
of the results.

Statistical analysis methods. Descriptive statistics
(calculating absolute and relative frequencies for categorical
variables) were used to assess the primary study data. For
continuous data, ranges were computed; for time intervals,
the median and ranges were ascertained. The economic
analysis included the following: man-hours and labor expenses
in rubles, treatment cost savings, potential contribution
to the gross regional product, and a comparative analysis
of early lung cancer detection rates in the Krasnoyarsk Krai
and Russia. Thus, the study mostly employed descriptive
statistics and economic analytical techniques.
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RESULTS

Participants

The study analyzed 10,500 chest CT data from patients
residing in the Krasnoyarsk Krai PACS (56% male, 44%
female; ages 28-91 years) (Fig. 1).

Primary results

The Al algorithm identified lung cancer signs in 484 images
(4.6% of cases). The results of 129 CT examinations (26.6%)
were excluded from the study due to de-anonymization errors.

Radiologists categorized the 355 Al-selected photos
into three groups (Fig. 2):

« Group 1 comprised patients with a high probability
of lung cancer (192 images; 39.7% of the images selected
by Al [1.83% of all examinations]);

« Group 2 consisted of patients with no signs of lung cancer
(103 images; 21.3% of the images selected by Al [0.98%
of all examinations]);

» Group 3 included patients with inconclusive signs
of lung cancer (60 images; 12.4% of the images selected
by Al [0.57% of all examinations]).

Fig. 3 and Fig. 4 illustrate the Al algorithm findings.

As of September 1, 2023, among the 252 patients
in groups 1 and 3:

93 patients had succumbed by the time of the analysis:
— 52 patients were being monitored for malignant

neoplasms at the time of the study (lungs, bronchi,
and other locations with lung metastases);

— 11 patients with no lung metastases were being

followed up for other malignant neoplasms;

— 30 patients were not being monitored for cancer;

[ Total: 10,500 chest CT findings ]

484 chest CT findings (4.6% of the total number):
lung cancer signs detected by the Al algorithm

252 images (2.4%):
lung cancer signs

159 patients (1.5%):
alive

no lung cancer signs

103 images (0.98%): 129 images (1.23%):
de-anonymization error

93 patients (0.88%):
deceased

55 patients (0.52%):
case follow-up for MN
at the KRCOD

L to the KRCOD for MN

I 104 patients (0.99%):
did not present

30 patients ( 0 29%) ] 63 patients (0.6%):
did not present case follow-up for MN
to the KRCOD for MN J at the KRCOD

lung metastases other MNs

9 patients (0.08%): i 0
[MN of bronchus and lungyJ [ SIEEIEEESY, }

MN without lung

11 patients (0.1%):
metastases

lung metastases

52 patients (0.49%):
MN of bronchus and lung,

Fig. 2. Analysis of chest computed tomography findings employing artificial intelligence CT, computed tomography; Al artificial
intelligence; KRCOD, Krasnoyarsk Regional Clinical Oncological Dispensary (named after A.l. Kryzhanovsky); MN, malignant neoplasm.
The red dashed line indicates that 134 people did not seek medical attention for malignant neoplasms.
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« 159 patients were alive:

— 46 patients were being followed up for malignant
neoplasms at the time of the study (lungs, bronchi,
and other locations with lung metastases);

- 9 patients were being observed for other malignant
neoplasms without lung metastases;

— 10 patients experienced stage I-Il lung cancer, while
seven patients exhibited stage IlI-IV lung cancer.

» A total of 104 patients who had not sought medical
care for malignant neoplasms were invited
for a follow-up chest CT:

— Nine patients submitted a formal refusal of further
testing and treatment;

— 17 patients did not show up for a follow-up examination;

— A total of 78 patients were examined, and the diagnosis
was histologically verified: two patients exhibited

% For research use only
IRA-LABS, LungNodules-IRA v4.0

A 31 x 26 mm nodule (mean size according to Fleischner Society
criteria: 29 mm) with a volume of 8,792 mm? in the left lung.

Fig. 3. Left lung nodule detected by artificial intelligence.
The detected nodule is marked by the red square.
Image with a high probability of lung cancer.

% For research use only
IRA-LABS, Lung Nodules-IRA
A 13 x 11 mm nodule (mean size according to Fleischner Society
criteria: 12 mm) with a volume of 920 mm? in the right lung. |
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stage la and Ib lung cancer (Fig. 5), while 76 patients
experienced other pulmonary diseases (Table 1).

Thus, lung cancer was confirmed in 100 out of 355 patients
(28.2%) selected using the Al algorithm.

Thirty-five percent of lung cancer cases were detected
at stages I-Il, while 65% were identified at stages IlI-IV.
The lung cancer lesions in all the identified patients were
histologically confirmed and analyzed based on the diagnostic
date. During the seven years of follow-up prior to the use of Al,
90 lung cancer cases (90%) were identified; the remaining
patients underwent a chest CT to assess treatment efficacy.
In 50% of patients (n = 50), lung cancer was detected
in the interval between the CT examination performed in this
study and the use of Al, provided that this period was 762—
881 days. Newly diagnosed lung cancer cases were identified
in this study as those found following the application of Al.

The analysis of the CT findings, based on which
the patients were included in group 2, revealed that the Al
algorithm identified the following (Fig. 6):
 Fibrotic changes in the lung tissue in most cases

(71 patients; 68.9%);

« Infiltration regions (14 patients; 13.6%);
« Hamartomas (11 patients; 10.7%);
+ Lung tissue vessels (3 images).

Radiologists identified intrapulmonary lymph nodes (1.0%)
and tuberculomas (1.0%) in a few isolated cases based
on the results of the Al system.

The Al algorithm also detected other lung diseases.

Secondary results

Economic efficiency assessment

It is crucial to evaluate both the clinical efficacy
of the experiment and the economic impact of the Al
algorithm.

% For research use only
IRA-LABS, Lung Nodules-IRA

A 13 x 8 mm nodule (mean size according to Fleischner Society criteria:
[ 11 mm) with a volume of 449 mm? in the left lung.

Fig. 4. Nodules in the right (a) and left (b) lungs detected by artificial intelligence. The detected nodules are marked by the red square.

Images with inconclusive signs of lung cancer.
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]

Fig. 5. Chest computed tomography findings in patients with confirmed lung cancer (blue arrows). a, cystic and solid mass in the left lung
(stage la); b, solid mass in the right lung (stage Ib).

Table 1. Distribution of the lung lesions identified during a follow-up examination

Abnormal Number of patients
Pulmonary hamartoma 17
Lung nodules 13
Post-inflammatory changes in the lungs 12
Tuberculoma 7
Benign neoplasm of the bronchus and lung 4
Sarcoidosis 3
Post-operative changes in the lungs 2
Pulmonary cyst 2
Fibrotic changes in the lungs 1
Chronic obstructive pulmonary disease 1
Pneumosclerosis 1
Other interstitial lung diseases with mention of fibrosis 1
Normal 12

Note. Patients diagnosed with benign neoplasm of the bronchus and lung: surgical treatment (2 patients) and consultation (2 patients) at the Krasnoyarsk
Regional Clinical Oncological Dispensary named after A.l. Kryzhanovsky; a patient diagnosed with other interstitial lung disease with mention of fibrosis:
surgical treatment in a cancer center (St. Petersburg).

% For research use only % For research use only

IRA-LABS, LungNodules-IRA IRA-LABS, Lung Nodules-IRA
A 17 x 10 mm nodule (mean size according to Fleischner Society
criteria: 14 mm) with a volume of 1,095 mm® in the right lung.

A 9 x7 mm nodule (mean size according to Fleischner Society
criteria: 8 mm) with a volume of 327 mm? in the right lung.

Fig. 6. Examples of the most common cases of false-positive artificial intelligence algorithm activation. g, fibrotic changes classified
as a lung nodule; b, lung tissue infiltration area classified as a lung nodule.
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The average pay of 96,900 rubles for radiologists
in the Krasnoyarsk Krai was used to calculate potential
labor costs (Table 2). A radiologist processes approximately
400 CT results per month (20 examinations per day). An initial
sample of 10,500 images would therefore take a radiologist
26 months and 25 days to analyze, whereas the Al algorithm
independently assessed 10,016 examinations, saving
25 months and 4 days of work. For this scope of work,
a healthcare facility would need to spend 2,430 thousand
rubles (which is equivalent to $27421 or ¥196,830) on salary,
excluding taxes and other payments.

Another method for assessing the effectiveness of the Al
algorithms is based on the cancer treatment cost savings.
Based on data from the Krasnoyarsk Regional Clinical
Oncological Dispensary [named after A.l. Kryzhanovsky],
at 2023 prices, the average cost of treating stage I-Il lung
cancer is 352 thousand rubles ($3,872 or ¥28,512) per patient.
This means that the total cost of treatment for 35 patients
in the early stages of the disease will be 12,350 thousand
rubles ($135,811 or ¥1,066,000) (Table 3). Assuming
an average treatment cost of 587 thousand rubles ($6,465
or ¥47,606), patients with advanced lung cancer will incur
treatment costs of 20,570 thousand rubles ($226,278 or
¥1,666,229). Thus, the anticipated direct regional budget

Vol. 5 (4) 2024
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savings resulting from the detection of patients with early
lung cancer will be 8,220,000 rubles ($90,466 or ¥666,162)
per 10,500 patients undergoing a chest CT.

Another commonly used method for assessing
the economic impact is based on the life years gained
and their potential contribution to the gross regional
product. Patients with early-stage lung cancer who receive
timely detection have a 90% 5-year survival rate. Thus,
157 years and 5 days of life can be saved for 35 patients.
According to data from the Federal State Statistics Service
for the Krasnoyarsk Krai, the financial equivalent of the life
years saved can be estimated at 173,250 thousand rubles
($1,905,750 or ¥14,033,250) if the gross regional product
is calculated to be 1,100 thousand rubles (Table 4).

Furthermore, as the implications of early cancer detection
with Al algorithms are noted concurrently, calculated
effects can be summed together. These include healthcare
professional time and salary savings, reduced treatment
costs, and a potential contribution to the gross regional
product owing to enhanced five-year survival rates. Thus,
the overall cost can be expected to be 183,009 thousand
rubles ($2,022,907 or ¥14,895,949) for 35 identified patients
with early lung cancer per 10,500 chest CT examinations
over 5 years.

Table 2. Comparison of the financial effects on two analysis models for chest computed tomography scan results

Parameters Model 1 Model 2

Baseline number of chest computed tomography findings 10,500
Number of chest computed tomography findings excluded from reassessment by 0 10.016
aradiologist '
Number of chest computed tomography findings reassessed by a radiologist 10,500 484
Time required to reassess chest computed tomography findings 26 months
(400 computed tomography scans per month) and 25 days I month and 21 days

. 2,543,625 rubles 117,249 rubles
Cost of reassessment by a physician (monthly salary: 96,900 rubles) (627980 or ¥206.033)  ($1.290 or ¥9497)
Physician time savings 0 months 25 months and 4 days
Financial savings (employing artificial intelligence without payment) 0 rubles ($22 6;462960’ 3;7ré¥r;]9%l%s3 6)

Note. Model 1: all computed tomography findings were evaluated by a radiologist. Model 2 (two-stage analysis): all computed tomography findings
were assessed by the artificial intelligence algorithm; subsequently, a radiologist reassessed images with lung cancer signs.

Table 3. Estimated financial effect of lowered treatment costs in patients with advanced lung cancer attained by implementing

the artificial intelligence algorithm

Parameters

Treatment costs in all
patients identified at early
stages (n = 35)

Treatment costs per patient

Treatment costs in patients with stage Ill-IV lung cancer (combination

therapy: surgical treatment + chemoradiotherapy, excluding
immunotherapy costs)

Treatment costs in patients with stage I-Il lung cancer

Economic efficiency of mitigated treatment costs in patients with
advanced lung cancer (excluding immunotherapy costs)

587735 rubles 20,570,725 rubles
($6,465 or ¥47,606) ($226,278 or ¥1,666,229)
352,757 rubles 12,346,495 rubles
($3,880 or ¥28,573) ($135,811 or ¥908,659)
234,978 rubles 8,224,230 rubles
($2,585 or ¥19,033) ($90,466 or ¥666,162)
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Table 4. Cumulative financial effect of artificial intelligence in reassessing computed tomography results to detect lung cancer signs

Parameters

Project savings

Radiologist salary savings

Reduced treatment costs in patients with advanced lung cancer
(35 patients with early stages)

Economic impact over five years, taking into account the estimated
gross regional product per life years saved

Cumulative economic impact over one year

Cumulative economic impact over five years, considering
the life years saved

2,426,376 rubles ($26,690 or ¥196,536)

8,224,230 rubles ($90,466 or ¥666,162)

173,250,000 rubles ($1,905,750 or ¥14,033,250)
10,650,606 rubles ($11,157 or ¥862,699)

183,900,606 rubles ($2,022,907 or ¥14,895,949)

DISCUSSION

Summary of the primary results

During a retrospective analysis of chest CT findings
using the Al algorithm, 355 cases were selected
from 10,500 processed images for reanalysis by experts
of the Krasnoyarsk Regional Clinical Oncological Dispensary
(named after A.l. Kryzhanovsky). Based on the chest CT changes,
252 patients (2.4%) were included in groups 1 and 3. There
were 35 patients with stage I-Il lung cancer and 65 patients
with stage lll-IV lung cancer. The expected direct regional
budget savings resulting from the detection of patients
with early lung cancer was estimated to be 8,220,000 rubles
(890,466 or ¥666,162) per 10,500 patients undergoing a CT
scan.

Discussion of the primary results

In most patients, the Chest-IRA Al algorithm reliably
diagnosed lung nodules with a high or moderate probability
of lung cancer secondary to COVID-19-associated
inflammatory alterations. These data support the efficacy
of the hybrid retrospective assessment of chest CT findings.
Notably, the average proportion of detected early lung cancer
cases (stages I-Il) in Russia does not exceed 30% [9]. This
is partly due to the inadequate efficacy of photofluorography
conducted during medical check-ups in adults in terms
of early lung cancer diagnosis. Detecting neoplasms larger
than 1 cm, even with modern X-ray technologies, demands
skilled radiologists and patient-specific examination
of risk factors, such as family history, occupational factors,
and infectious or chronic diseases. Thus, X-ray tests typically
detect advanced lung cancer, where curative therapy is not
feasible, and the prognosis is generally unfavorable [10].

High-quality, timely screening for lung cancer
is a potential solution to this issue. Low-dose computed
tomography (LDCT) is the most effective technique; it detects
twice as many small foci and three to four times as many
focal lesions as X-ray imaging. The National Lung Screening
Trial, the most extensive study on the subject conducted

in the USA, demonstrated that LDCT as a screening tool
lowered lung cancer mortality by 16% compared to chest
X-ray [10]. In selected adult populations, LDCT has been
recommended as a lung cancer screening method
during physical examinations since 2015 as part of a pilot
project in Krasnoyarsk'. nLDCT was performed in high-risk
patients who met all the following criteria: males aged 50-
64 years residing in Krasnoyarsk with a smoking index >30.
Between 2015 and 2017, when LDCT was incorporated
into the lung cancer screening protocols, the lung cancer
detection rate was 17.1 per 1,000 examined high-risk patients,
which was 30 times higher than that of photofluorography
or X-ray imaging (0.57 per 1,000 examined patients) [11].
This strategy has been used across Krasnoyarsk Krai
since 2018. It was included in the medical check-up standards
for selected adult populations in 2019, along with an expansion
of the high-risk criteria (Fig. 7).

The use of LDCT as a lung cancer screening tool
between 2015 and 2021 improved the early lung cancer
detection rate; in the Krasnoyarsk Krai, the detection rates
became higher than the Russian average. In the Krasnoyarsk
Krai, the early lung cancer detection rate improved from 22.1
per 100,000 population in 2015-34.2 per 100,000 population
in 2021 (a 54.8% increase). From 27.3 per 100,000 people
in 2015 to 29.6 per 100,000 population in 2021 (an 8.4%
rise), the average early lung cancer detection rate in Russia
improved. Moreover, between 2015 and 2021, the Krasnoyarsk
Krai experienced a decline in lung cancer mortality by 7.0%
(from 48.7 to 45.3 per 100,000 population), in contrast
to the Russian average, which increased by 13.2% (from 34.1
to 38.6 per 100,000 population) during the same period [2].

Recent research indicates that Al is as accurate
as radiologists in predicting the risk of lung cancer. Complex
lung cancer screening using Al algorithms demonstrates
high efficacy (ROC AUC 94.4%) and improves the accuracy
of radiologist conclusions, with an absolute reduction
in the false-positive and false-negative rates by 11% and 5%,
respectively [11]. A recent systematic review that evaluated
the effectiveness of Al in diagnosing and predicting lung cancer

! Letter of the Ministry of Health of the Krasnoyarsk Krai No. 71/08-26/9923 of May 15, 2015. On Lung Cancer Screening in Medical Check-up Programs

for Selected Adult Populations
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Fig. 7. Evolution of lung cancer screening in the Krasnoyarsk Krai.

« Krasnoyarsk
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« Age 50-64 years

« Smoking index =30

found that radiologists utilizing Al algorithms were more
accurate in their examination of CT scan results. Al algorithms
predict tumor grade reliably and accurately, as indicated
by the method’s high sensitivity and specificity [12].

Goncalves et al. [13] employed SWOT analysis to ascertain
the advantages, disadvantages, opportunities, and risks
of using Al algorithms to detect lung cancer. The advantages
included the high accuracy of modern algorithms, reduced
workload, and a lowered risk of errors in lung cancer diagnosis.
The main disadvantage, as per the authors, is the need
for real-world validation studies before implementation
in clinical practice. The risks included confidentiality and data
security concerns, as well as the use of biased samples
for algorithm training. In 21.3% of all CT scans in which
the Al system identified lung nodules (103 images), experts
observed false-positive Al algorithm activation. In most
cases (71 images; 68.9%), the Al algorithm incorrectly
classified areas of lung tissue scarring as signs of lung
cancer. The absolute number was within the permissible
range for review, even though the false-positive Al algorithm
activation rate was comparatively high. Moreover, the project
primarily aimed to detect the maximum number of patients
with suspected lung cancer based on chest CT findings
obtained during the COVID-19 pandemic. For this purpose,
a low Al algorithm activation threshold was employed.
However, a reduction in the target parameters may occur when
specificity is prioritized over sensitivity when establishing
the Al activation threshold. As specificity increases, the rate
of false-positive Al findings (and workload) and the number
of findings also increase, contributing to the risk of undetected
lung cancer.

Ziegelmayer et al. [14] used the Markov model
to determine the economic efficiency of an Al algorithm
during the first stage of lung cancer screening. The authors
concluded that utilizing Al during primary screening saves
$1,240 per patient, with a willingness to pay $100,000
for quality-adjusted life years, confirming the economic
efficiency of this approach. Both during the study and five
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years later, our method of reanalysis of chest CT findings
using Al for the detection of lung cancer signs can also
be considered economically feasible. Life years gained,
lower treatment costs for patients with advanced disease,
and a notable reduction in the need for doctors to reevaluate
chest CT results—all of which take into account the patients’
potential future economic contribution to the area—are
indicators of cost savings. The cumulative effect (salary
savings, reduced treatment costs, and potential contribution
to the gross regional product) over five years is estimated
at 183,900 thousand rubles ($2,022,907 or ¥14,895,949).

However, since the following two patient groups were left

out of our estimates, the overall economic benefits might

be greater:

« Patients with de-anonymization errors;

« Patients who received a postmortem cancer
diagnosis between the time of the chest CT scan
and the commencement of the retrospective study.

If the data of all 484 patients were analyzed,
with no de-anonymization errors and an early-stage
distribution comparable to that of the 355 patients included
in the analysis, the number of patients with early lung
cancer identified using Al would be 43. Thus, the cumulative
economic impact (2,430 thousand rubles + 10,105 thousand
rubles + 236,005 thousand rubles from reassessment,
lowered treatment costs, and life years saved, respectively)
was 249,080 thousand rubles ($2,739,880 or ¥20,175,480)
over five years.

« Krasnoyarsk Krai

 Male

« Age 45-64 years

« Smoking index =20

« Medical check-up
standard

Study limitations

This study has several limitations. First, there
is its retrospective design; nevertheless, the design aligned
with the study aim. Second, only the results where the Al
algorithm identified lung nodules greater than 100 mm? were
reevaluated by a radiologist. This was done to preserve
resources and time when reevaluating large datasets.
The economic efficiency assessment did not consider
lowered immunotherapy costs in patients with advanced
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disease, as well as indirect costs. Another limitation is that
the Al algorithm was developed to detect lung nodules rather
than lung cancer. Thus, the Al algorithm findings encompassed
diverse conditions, which necessitated additional studies
to confirm lung cancer.

CONCLUSION

The use of Al technology to analyze large sets of chest
CT scans conducted for various indications may contribute
to ancillary lung nodule detection. This includes CT findings
from screening programs or examinations for lung diseases
other than lung cancer, such as COVID-19. The Chest-IRA Al
algorithm has demonstrated encouraging results. However,
additional research is required to determine the efficacy
and safety of this algorithm in real-world practice. Further
information is needed on how Al technology affects lung
cancer detection rates and the feasibility of incorporating
it into current diagnostic processes. It is crucial to continue
research and clinical trials in this promising but inadequately
studied area.
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Remote monitoring of patients with rheumatoid
arthritis using a personal messenger

Yuliya A. Prokofeva, Yuri N. Belenkov, Maria V. Kozhevnikova, Elena A. Zheleznykh,
Zarina V. Alborova, Irina V. Menshikova

Sechenov First Moscow State Medical University, Moscow, Russia

ABSTRACT

BACKGROUND: Remote medical technologies are a promising way to monitor patients during disease diagnosis, treatment,
and subsequent rehabilitation. This paper reviews the clinical implementation and effectiveness of digital tools for remote
monitoring and treatment control in patients with rheumatoid arthritis.

AIM: The aim of the study was to evaluate safety, efficacy and technological features of monitoring patients with rheumatoid
arthritis using a remote monitoring platform.

MATERIALS AND METHODS: The prospective, non-randomized, controlled study included patients over 18 years of age with
moderately to severely active rheumatoid arthritis who were discharged from the hospital for outpatient monitoring. Patients
were divided into two groups for remote and in-person monitoring. Data for remote patient monitoring was collected through
questionnaires using a Telemedbot Personal Messenger. The authors also used the Health Assessment Questionnaire (HAQ)
to assess daily life functioning in patients with rheumatoid arthritis; the European Quality of Life Questionnaire EQ-5D questions
to assess patient adherence, duration of morning stiffness, number of painful and swollen joints; and a visual analog scale
to assess the overall condition. After 6 months, efficacy of rheumatoid arthritis treatment was assessed in both groups using
the DAS28 index.

RESULTS: The remote monitoring program involved 30 patients for 6 months. The in-person monitoring group also included
30 people. After 6 months, patients using the Telemedbot Personal Messenger achieved low rheumatoid arthritis activity
and remission more often than the second group (p=0.049). In the remote monitoring group, 9 (30.0%) and 11 (36.7%) patients
achieved remission and low disease activity, compared to 3 (10.0%) and 8 (26.7%) patients in the in-person monitoring group.
Therefore, 20 (66.7%) people in the remote monitoring group were able to control the disease, while only 11 (36.7%) patients
in the in-person monitoring group were able to do so.

CONCLUSION: Remote monitoring using the Telemedbot Personal Messenger can be considered a potential way to increase
the availability of medical care and efficacy of treatment for rheumatoid arthritis.

Keywords: rheumatoid arthritis; activity monitoring; mobile health; mHealth; telemedicine; digital medicine; remote
monitoring.

To cite this article:
Prokofeva YuA, Belenkov YuN, Kozhevnikova MV, Zheleznykh EA, Alborova ZV, Menshikova IV. Remote monitoring of patients with rheumatoid arthritis using
a personal messenger. Digital Diagnostics. 2024;5(4):740—751. DOI: https://doi.org/10.17816/DD634074

Received: 05.07.2024 Accepted: 31.07.2024 Published online: 05.11.2024
V-2
ECOSVECTOR Avrticle can be used under the CC BY-NC-ND 40 International License

© Eco-Vector, 2024


https://creativecommons.org/licenses/by-nc-nd/4.0/deed.en
https://doi.org/10.17816/DD634074
https://doi.org/10.17816/DD634074

741

OPUTVHAJIBHBIE ICCIEAOBAH/A Tom 5, Ne 4, 2024 Digital Diagnostics
DOI: https://doi.org/10.17816/DD634074

YpanéHHoe HabnogeHue 3a nauueHTaMu
C peBMaTOMAHLIM apTPUTOM C NPUMEHEHUEM
nnat¢opMbl Ha 6ase NepcoHaNbHOro MecceHaKepa

t0.A. Mpokodbesa, H0.H. benenkos, M.B. KoxeBHukosa, E.A. }enesHbix, 3.B. AnbopoBa,
.B. MeHbLunKoBa

MepBbiii MockoBCKMI rocyAapCTBEHHbINA MeauUMHCKUIA yHuBepeuTeT umMenn U.M. CeueHoBa, MockBa, Poccus

AHHOTALIUA

06ocHoBaHMe. [IUCTaHLUMOHHbIE MeAULIMHCKIE TEXHONOTMM — MePCMeKTUBHbINA cnocob HabmioaeHns 3a nauMeHTamMu B Xoae
[MarHoCTUKK 3aboneBaHus, NeYeHns W nocneaylollen peabunuraumn. B HacToswel cTaTbe aBTOpbl paccMaTpUBaloT MHTe-
rpaLmio B KIIMHUYECKYHO NPAKTUKY U 3QDEKTUBHOCTb LMMPOBOro MHCTPYMEHTa ANS OCYLLECTBNEHUS YAANEHHOrO HabnoaeHns
W KOHTPOMSA NeYeHns NaLMEHTOB C PEBMaTOMAHLIM apTPUTOM.

Llenb — oueHka 6e3onacHocT, 3PHEKTUBHOCTU U TEXHONOTUYECKUX 0COBEHHOCTel HabmioLeHMsA 3a NaLMeHTaMu C peBMa-
TOWZHBIM apTPUTOM C NOMOLLbIO NNaTGOPMbI ANS YAANEHHOTO MOHUTOPKHIA.

Matepuansl u MeToabl. B npocnekTMBHOE HepaHLOMW3WPOBaHHOE KOHTPONMPYEMOE UCCNEe0BaHME BKIIOYEHbI MaLMEHTH
cTapwe 18 neT ¢ peBMaTOMAHBIM apTPUTOM C BLICOKOW M YMEPEHHOI CTerneHblo aKTUBHOCTY, BbIMMCaHHbIE U3 CTaLMOHa-
pa ons ambynatopHoro HabnogeHus. MauneHTsl pa3feneHbl Ha ABe rpynnbl: YAANEHHOMO U 04HOrO HabnwaeHus. [laHHble
ANA YOANEHHOW OLIEHKM COCTOSIHUS MaLUMEHTOB MOJyYeHbl MYTEM aHKETMPOBaHMS MpW MOMOLLM NPOrPaMMHOM0 KOMMJEKCa
Ans HabmogeHns 3a nauMeHTaMK Ha OCHOBE MepCOHaNbHOrO MecceHakepa «TeneMenbot». TakxKe aBTOpbl MCMOAL30BaNM
onpocHuk HAQ s oueHKM QYHKUMOHANbHOW cnocobHOCTM B MOBCEAHEBHOM U3HU Y NALMEHTOB C PEBMATOMAHBIM apTpu-
TOM; EBPOMENCKUIA ONPOCHUK KadvecTBa #w3Hu EQ-5D; Bonpockl Ans OLEHKU NPUBEPIKEHHOCTU MALMEHTOB PEKOMEHAALMAM,
ANUTENBHOCTU YTPEHHEl CKOBAHHOCTH, YMcia bone3HeHHbIX M NPUNYXLUIKMX CYCTaBOB; BU3YyaslbHYH aHaNoroBylo LWKaiy Ans 0b-
LLen oueHKn 3aboneBaHus. Yepes 6 mec. B 0benx rpynnax npoBefeHa OuUeHKa 3PGEKTMBHOCTU NIeYeHUS PEBMATOULHOMO
apTputa no uHaekcy DAS28.

Pesynbtathl. 30 nauveHToB MCMONL30BanM NpOrpaMMy AMCTAHUMOHHOTO HabniogeHus 6 Mec. [pynna ouHoro Habmioge-
HuA TakKe coctosna u3 30 yenoseK. Yepes 6 Mec. cpeay NaUMEHTOB, UCMOMb3YHOLLMX NEPCOHaNbHbIN MecceHmxep «Tene-
Meab0T», HU3Kas aKTMBHOCTb PeBMAaTOMAHOIO apTpuTa M pEMUCCUS AOCTUTauCh Yalle, YeM Bo BTopoi rpynne (p=0,049).
B rpynne yaanéHHoro HabmoaeHNA PeMUCCHM M HU3KOM aKTUBHOCTM 3aboneBaHusa gocturnn 9 (30,0%) u 11 (36,7%) naum-
entoB npotvs 3 (10,0%) u 8 (26,7%) B rpynne o4Horo KoHTpons. TakuM obpasoM, B rpynne AMUCTaHUMOHHOMO HabmoaeHus
y 20 (66,7%) yenoBeK ynagTca KOHTPOAMpOBaTh 3aboneBaHue, B TO BPEMS KaKk B rPpynne 04HOro HabmiofeHus 3To ynaétca
caenatb imwb y 11 (36,7%).

3aksioueHue. YaanéHHoe HabnofeHve ¢ NOMOLLbI0 MecCeHKepa «TenemMen00T» MOMHO CYMTaTb NOTEHUMANBHBIM UHCTRY-
MEHTOM MOBbILLEHNUSA JOCTYMHOCTU MeAULMHCKOW NOMOLLY U 3DGEKTUBHOCTM JIeYEHUS PeBMATOMIHOMO apTpuTa.

KnioueBble cnoBa: peBMaTOMAHbINA apTPUT; KOHTPO/b aKTUBHOCTH; MOBMIbHOE 3ApaBooxpaHeHue; mHealth; TeneMeauumHa;
uncdpoBas MeaAULMHA; yaanéHHoe HabmoaeHme.
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BACKGROUND

Optimizing medical care in the setting of overwhelming
healthcare system burdens as well as staffing
and time constraints requires innovative, flexible solutions.
Modifications are being made to the medical institutions’
workflow management, patient routing systems,
and continuing medical education programs. With a greater
number of software being available every year, modern
technology breakthroughs offer an array of possibilities.

These devices and software have been employed
in diverse medical fields, especially by rheumatologists.
Rheumatic and musculoskeletal disorders require long-
term (sometimes lifelong) monitoring by specialists. Without
appropriate monitoring, these disorders exert permanent
effects on patients’ physical and mental health, as well
as their social lives [1]. To enhance treatment outcomes,
rheumatologists use electronic medical records, artificial
intelligence, machine learning, clinical decision support
systems, and wearable technology with data transfer
capabilities, including mobile devices [2]. This software
facilitates patient data classification and rapid, long-distance
data transfer. Moreover, it allows delegation of certain
routine tasks to digital assistants, streamlines diagnostic
search, and minimizes time expenditures for healthcare
personnel [3].

The most diverse set of digital tools in rheumatology
are available to patients with rheumatoid arthritis (RA),
the most prevalent autoimmune inflammatory disease [4, 5].
In recent years, RA incidence in Russia has risen
by 17.5%. The prevalence of RA-related disability is rising
along with the number of RA patients [6]. A comprehensive
understanding of RA mechanisms and treatment approaches,
skilled rheumatologists, and advancements in drug therapy
and rehabilitation programs enable effective treatment of RA,
resulting in remission or minimal disease activity [7-10].
However, maintaining treatment outcomes over the long
term remains a challenge in real-world clinical settings.
Furthermore, for certain patients, the mitigation in baseline
disease activity during treatment was inadequate. This may
result from less stringent monitoring of treatment efficacy
following therapy initiation at the onset, during relapses,
and after treatment [11, 12].

Remote monitoring solutions for patients with RA exhibit
substantial clinical promise. Current guidelines indicate
that regular monitoring by a rheumatologist
during outpatient follow-up enhances the likelihood
of achieving and maintaining remission or low-level disease
activity, which is the primary objective of RA treatment [4, 13].
Several studies and systematic reviews on remote medical
care have been published in the past five years. In 2022,
the European League Against Rheumatism (EULAR) published
the first guidelines for remote medical care in patients
with rheumatic and musculoskeletal disorders [14].
In most publications, patients who use specialized remote
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monitoring programs typically have better or equivalent
treatment outcomes than those who use traditional patient
care techniques. However, recent systematic reviews
have highlighted several challenges in the development,
implementation, funding, and safety and efficacy assessment
of remote monitoring software [15].

AIM

To evaluate the safety, efficacy, and technological
features of remote monitoring in RA utilizing a personal
messenger developed by the Department of Hospital Therapy
of the Sechenov University and to examine patient satisfaction
parameters.

MATERIALS AND METHODS
Study design

This was a prospective, non-randomized, controlled,
open-label, experimental, single-center study (Fig. 1).

Eligibility criteria
The study included male and female patients

over 18 years old with moderate to high disease activity who

were discharged for outpatient-based follow-up and had
signed a voluntary informed consent form. The Russian
and EULAR recommendations were followed in making
the diagnosis [3, 8, 12]. The exclusion criteria were as follows:

« Patients who developed RA before the age of 16;

« Patients with malignancies or mental disorders;

« Patients with a history of stroke or a transient ischemic
attack during the previous six months;

« Patients with injuries or other conditions that exacerbate
pain and restrict joint mobility;

« Patients who were pregnant or lactating; those
without smartphones; and those who were not proficient
in the joint self-assessment procedure (for the remote
monitoring group).

Patients were omitted from the study if they met
the exclusion criteria or declined to participate further.

Study setting

Every patient was followed up at the Rheumatology
Department of the Sechenov University Clinical Hospital No. 1.

Subgroup analysis

The study included two groups. Group 1 patients received
the standard of care with in-person consultations and used
remote monitoring software. Group 2 patients only received
in-person consultations.

Intervention

Questionnaires were employed to collect data for the remote
patient status evaluation. The study used questionnaires
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Fig. 1. Study design.

validated for clinical studies as well as recommended
for treating and monitoring patients with RA and validated
for clinical studies. These included the Health Assessment
Questionnaire (HAQ) to assess daily life functioning
in patients with rheumatoid arthritis; the European Quality
of Life Questionnaire (EQ-5D) questions to ascertain patient
adherence, duration of morning stiffness, and the number
of tender and swollen joints; and a visual analog scale to assess
the overall condition [3]. Moreover, the questionnaires were
employed to gauge alterations in the condition of the RA
patients.

Remote monitoring

Patients in the remote monitoring group received
monthly reminders to complete a questionnaire
in the software (mobile application). Patients could request
an unannounced consultation and complete an unscheduled
survey if their condition deteriorated. The questionnaire
responses were immediately reported to the attending
physician. The physician contacted the patients by phone
in the following scenarios:

« When the responses in the questionnaire indicated
adverse developments;

At the patient's request and on unscheduled questionnaire
completion;

« Insufficient decrease in RA activity.

Where necessary, these patients were referred
for a follow-up examination to assess RA activity using
DAS28 and CDAI. Additionally, the patients were consulted
over the phone or in person.
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Personal messenger-based software

The personal messenger-based remote monitoring
software Telemedbot consists of interface subsystems,
an internal software interface (Application Programming
Interface, API), a backup subsystem, and PostgreSQL
and Redis database management systems (DBMS)
for short-term and long-term data storage.

The interface subsystem is responsible for the application
logic, interactions with personal messenger APIs (specifically
the use of the Telethon V2 library for the Telegram API),
and data presentation in the personal messenger for both
patients and physicians. An illustration of how patient data
is displayed on the Telegram mobile app is provided in Fig. 2.

The internal APl subsystem effectively regulates data
management in the DBMS (standard operations of record
generation, updating, and removal). Redis is used for caching,
and PostgreSQL secures the long-term storage of patient
data, questionnaires, and outcomes. Patient data are stored
anonymously, with a unique code (nickname) assigned to each
patient when creating a new patient account. Consequently,
only the physician who created the account can identify
the patient.

The backup subsystem ensures that data are regularly
uploaded and saved to an external independent object storage
service called S3 (Simple Storage Service).

All subsystems run in independent Docker containers
and are managed using Docker Compose. All Telemedbot
messenger components are located on a virtual server
in Russia.
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Fig. 2. Layout of the personal messenger-based software for remote monitoring.

To use Telemedbot, patients and physicians only need
an 10S or Android smartphone installed with a personal
messenger.

The patient interface communicates with Telemedbot
by sending and receiving messages using a dedicated account
in a personal messenger. Depending on the physician’s
treatment strategy, the patient was reminded to complete
a questionnaire on a regular basis (e.g., once a month).
Once the patient agreed to complete the questionnaire,
the Telemedbot would send successive messages
with various questions (single- or multiple-choice, free- or
semifree-form responses; in the latter case, the response
was checked for conformity with the set regular expression).
The questionnaire results, including the partially completed
questionnaires, were immediately reported to the physician.

The physician interface also interacts via a personal
messenger. Physicians can create and update new accounts
as well as review patient data and questionnaire results.

Main study outcomes

The following parameters were assessed during an in-
person visit after six months:
o Clinical treatment outcomes;
 Level of patient satisfaction with software-based remote
monitoring;
» Time spent by healthcare personnel on remote monitoring.

Additional study outcomes

Assessments were conducted on the self-monitoring
skills during treatment, technical difficulties, and willingness
to continue monitoring.

DOI: https://doiorg/1017816/DD634074

Outcomes registration

Treatment efficacy (clinical outcome) was assessed based
on RA activity changes from baseline using DAS28.

After six months, to assess overall satisfaction
with the messenger-based medical care, patients were
asked to rate the technique using the following parameters:
« Convenience and user-friendliness of the software;

« Time needed per month to utilize the software;

« Physician’s time to respond;

« Convenience of format;

« Satisfaction with treatment outcomes over six months.

Each parameter was assessed on a five-point scale,
where 1 =very bad, 2 = rather bad than good, 3 = satisfactory,
4 = rather good than bad, and 5 = excellent.

Ethical review

The study was approved by the local ethics committee
of the Sechenov First State Medical University (Minutes No.
22-22 of November 3, 2022).

Statistical analysis

Statistical analysis was performed using the StatTech
v. 4.2.6 software (StatTech LLC, Russia). Based on the effect
size determined in previous studies, an expected minimal
significance level of 5%, and a statistical power of 90%,
the sample size was estimated to be a minimum of 30 patients
in each group. The descriptive statistics for the quantitative
parameters are presented as median (Me) and interquartile
range [Q1; Q3]. The Pearson’s chi-square test was used
for intergroup comparisons of the categorical variables.
Differences were considered significant at a p-value <0.05.
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RESULTS

The two study groups were matched based on sex, age,
serological parameters (rheumatoid factor [RF] and anti-
cyclic citrullinated peptide antibody [anti-CCP] levels), and RA
activity parameters at baseline (Table 1).

After six months, RA activity was assessed in both
groups using DAS28 (Table 2). To achieve optimal RA control,
disease activity must be minimal, or the patient should
be in remission. By the end of the follow-up, Group 1
patients who used Telemedbot attained a state of low
disease activity or remission more frequently than those
in Group 2 (see Table 2, Fig. 3). In the remote monitoring
group, 9 (30.0%) and 11 (36.7%) patients achieved remission
and low disease activity, respectively, compared to 3 (10.0%)
and 8 (26.7%) patients in the in-person monitoring group
(see Table 2). Thus, the disease was effectively controlled
in 20 (66.7%) patients in Group 1, compared to 11 (36.7%)
patients in Group 2 (see Fig. 3).

Table 1. Clinical characteristics of the patients

P Remote In-person
arameter L o
monitoring monitoring
Number of patients, n 30 30
Male, n (%) 6 (20.0) 4(13.3)
Female, n (%) 24 (80.0) 26 (86.7)
Age, years, M £ SD 52.20 + 15.23 54.10 + 12.62
DAS28, Me [Q1-Q3] 4.46[3.76-5.62] 4.70[4.12-5.59]
Moderate RA activity* (%) 20 (66.7) 17 (56.7)
High RA activity (%) 10(33.3) 13 (43.3)
RF*+, n (%) 25(83.3) 22 (73.3)
anti-CCP*+, n (%) 10(33.3) 10(33.3)

Note. RA, rheumatoid arthritis; RF, rheumatoid factor; anti-CCP,
anticyclic citrullinated peptide antibody.

Table 2. Rheumatoid arthritis activity in the different group patients
after six months

. Remote In-person
bA(SR"St%IB monitoring, monitoring, | p-value
y n (%) n (%)
Remission 9(30.0) 3(10.0)
Low activity 11 (36.7) 8(26.7)
0.049

Moderate activity 10(33.3) 16 (53.3)
High activity 0(0.0) 3(10.0)

Note. DAS28 (Disease Activity Score), rheumatoid arthritis activity score
in 28 joints.
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Fig. 3. RA control in the groups after six months.

Observed intergroup differences were likely due
to earlier detection of worsening and absence of on-treatment
improvements in the remote monitoring group, which enabled
timely treatment modifications. During the follow-up period, 11
(36.6%) patients in the remote monitoring group had unfavorable
changes, such as increasing pain and tender/swollen joint
counts, which required an unscheduled consultation. One
(3.3%) patient required previous prescriptions to be explained
once more. Four patients (13.3%) received remote treatment
adjustments, whereas six (20%) patients were recommended
an unscheduled in-person appointment, follow-up examination,
and inpatient treatment adjustment.

The analysis of patient satisfaction with medical care
utilizing remote monitoring software indicated that most
Group 1(20 patients, 66.7%) patients were completely satisfied
with treatment outcomes, comparable to the proportion
of patients who achieved RA activity control. Most patients
(27 patients, 90.0%) reported that the physician responded
immediately. The convenience of the chatbot was rated
excellent by 24 (80.0%) patients and good by five (16.7%)
patients. One (3.3%) patient encountered difficulties in using
the software and considered it inconvenient. One patient (3.3%)
considered the time required to complete the questionnaires
to be excessive, while another patient (3.3%) deemed
it satisfactory. The remaining patients rated the application
as good (3 patients, 10.0%) or excellent (25 patients, 83.3%)
(Fig. 4). Three (10.0%) patients encountered technical issues
(temporary switch-off during the software update process,
patient mobile device issues) (Fig. 5).

A greater understanding of self-monitoring and self-
assessment while undergoing RA treatment was reported
by patients (25 patients, 83.3%) who utilized the remote
monitoring program. In total, 24 (80.0%) patients consented
to use the chatbot for continued monitoring (see Fig. 5).
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Fig. 5. Subjective patient assessment of the remote monitoring software (2).

DISCUSSION

In recent years, remote monitoring in RA patients has
become a convenient and accessible tool for enhancing
treatment outcomes. Although the number of available
monitoring applications and software is rapidly expanding,
only a few of them have been scientifically proven
to be effective and safe. A systematic review of mobile
applications for RA patients by Luo et al. revealed that
only seven of the 20 assessed applications were designed
in consultation with healthcare professionals [16]. Very
few applications are assessed in clinical studies prior
to release, and software proven to be effective in clinical
studies is not widely available. The lack of information

DOL: https://doi.org/ 10.1/816/DD634074

on data transfer and storage makes it challenging to evaluate
the confidentiality of the available mobile applications. There
have been few studies on technical solutions for the remote
diagnosis of relapses [17]. According to most studies
in a systematic review by Marques et al., the management
of RA patients employing dedicated applications provides
comparable or superior outcomes compared to conventional
in-person appointments in terms of efficacy, safety,
compliance, and user experience. Publication bias cannot
be excluded in more than half of the analyzed randomized
clinical studies, as positive outcomes are more likely
to be published than negative ones [15]. Remote monitoring
applications can boost patient engagement in therapy.
Greater awareness of the disease and treatment modalities,
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confidence in the outcome from following physician advice,
and improved self-assessment skills contribute to favorable
treatment outcomes [18]. Notably, all remote monitoring
studies in RA patients focused on clinical safety. However,
the lack of knowledge on the storage and transfer of patient
data makes it nearly impractical to evaluate cybersecurity,
especially personal data security.

Our study demonstrates that monitoring RA
patients with moderate or high disease activity using
the Telemedbot personal messenger facilitates the timely
accomplishment of treatment goals: remission or minimal
disease activity. The treatment efficacy after six months,
as determined by evaluating RA activity using DAS28,
was significantly greater in the remote monitoring group
than in the conventional in-person monitoring group. One
significant advantage of telemonitoring is the possibility
to maintain the obtained results via regular monitoring
of patients for deterioration and inadequate improvements
while on treatment. The method has demonstrated high
patient satisfaction with treatment outcomes, increased
patient engagement in therapy, and boosted the user-
friendliness of the messenger.

Study limitations

Despite the reliability of the findings, the study exhibits
several limitations. Although the study sample can be
considered representative, the sample size precludes
a multivariate analysis of the impact of individual patient
characteristics, such as drug therapy variations, on treatment
efficacy. The study findings can serve as a basis for future,
more extensive randomized controlled studies of remote
digital monitoring in RA patients.
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CONCLUSION

This study confirms the efficacy of the RA treatment
monitoring program developed at Sechenov University.
Telemedbot exhibits the potential to enhance access
to medical care by facilitating direct communication
with physicians and providing patients with information
support. The software promotes more frequent monitoring
of changes in the condition, early detection of elevated RA
activity, and timely treatment. Moreover, remote monitoring
mitigates the need for in-person appointments, which
is especially crucial for patients with mobility issues
and those residing in remote areas.
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Use of radiomics and dosiomics to identify predictors
of radiation-induced lung injury

Nikolay V. Nudnov'2?, Vladimir M. Sotnikov', Mikhail E. Ivannikov', Elina S-A. Shakhvalieva',
Aleksandr A. Borisov', Vasiliy V. Ledenev*, Aleksei Yu. Smyslov', Alina V. Ananina'

! Russian Scientific Center of Roentgenoradiology, Moscow, Russia;

2 Russian Medical Academy of Continuous Professional Education, Moscow, Russia;
% Peoples’ Friendship University of Russia, Moscow, Russia;

“ Central Clinical Military Hospital, Moscow, Russia

ABSTRACT

BACKGROUND: Radiomics is a machine learning-based technology that extracts, analyzes, and interprets quantitative features
from digital medical images. In recent years, dosiomics has become an increasingly common term in the literature to describe
a new radiomics method. Dosiomics is a texture analysis method for evaluating radiotherapy dose distribution patterns. Most
of the published research in dosiomics evaluates its use in predicting radiation-induced lung injury.

AIM: The aim of the study was to identify predictors (biomarkers) of radiation-induced lung injury using texture analysis
of computed tomography (CT) images of lungs and chest soft tissues using radiomics and dosiomics.

MATERIALS AND METHODS: The study used data from 36 women with breast cancer who received postoperative conformal
radiation therapy. Retrospectively, the patients were divided into two groups according to the severity of post-radiation lung
lesions. 3D Slicer was used to evaluate CT results of all patients obtained during radiation treatment planning and radiation dose
distribution patterns. The software was able to unload radiomic and dosiomic features from regions of interest. The regions
of interest included chest soft tissue and lung areas on the irradiated side where the dose burden exceeded 3 and 10 Gy.
RESULTS: The first group included 13 patients with minimal radiation-induced lung lesions, and the second group included
23 patients with post-radiation pneumofibrosis. In the lung area on the side irradiated with more than 3 Gy, statistically
significant differences between the patient groups were obtained for three radiomic features and one dosiomic feature. In the
lung area on the side irradiated with more than 10 Gy, statistically significant differences were obtained for 12 radiomic
features and 1 dosiomic feature. In the area of chest soft tissues on the irradiated side, significant differences were obtained
for 18 radiomic features and 4 dosiomic features.

CONCLUSION: As a result, a number of radiomic and dosiomic features were identified which were statistically different
in patients with minimal lesions and pulmonary pneumofibrosis following radiation therapy for breast cancer. Based on texture
analysis, predictors (biomarkers) were identified to predict post-radiation lung injury and identify higher-risk patients.

Keywords: dosiomics; radiomics; radiation therapy; texture analysis; post-radiation pneumonitis.

To cite this article:
Nudnov NV, Sotnikov MV, Ivannikov ME, Shakhvalieva ES-A, Borisov AA, Ledenev VV, Smyslov AYu, Ananina AV. Use of radiomics and dosiomics to identify
predictors of radiation-induced lung injury. Digital Diagnostics. 2024;5(4):752—764. DOI: https://doi.org/10.17816/DD629352

Received: 23.03.2024 Accepted: 15.05.2024 Published online: 20.11.2024
V-2
ECOSVECTOR Avrticle can be used under the CC BY-NC-ND 40 International License

© Eco-Vector, 2024


https://creativecommons.org/licenses/by-nc-nd/4.0/deed.en
https://doi.org/10.17816/DD629352
https://doi.org/10.17816/DD629352

753

OPUTVHAJIBHBIE ICCIEAOBAH/A Tom 5, Ne 4, 2024 Digital Diagnostics
DOI: https://doi.org/10.17816/DD629352

OnbIT NnpUMeHeHUs MeTOA0B PagUOMMUKH
W BO3MOMUKMN ANA HAaX0XKAEHUA NpeaUKTOpOB
Ny4eBbIX NOBPEXAEHUN NErkux

H.B. HyaHos'2?, B.M. CotHukos', M.E. MeanHukos', 3.C-A. Llaxsanuesa', A.A. bopucos',
B.B. Jlepenés’, A.10. CMbicnos', A.B. AHaHbMHaE'

! PoccuiicKuiA HayuHbIN LeHTp peHTreHopaamonorii, Mocksa, Poccus;

2 Poccuiickast MeMUMHCKas aKafeMust HenpepbiBHOro npodeccuoHanbHoro 06pasosatms, Mocksa, Poceus:;
3 Poccuiickuii yHuBepcuTeT Apymbbl Hapoaos uMenHn Matpuca JlyMymbLI, Mocksa, Poccus;

“ LleHTparbHblit KIIMHUYECKUA BOBHHBIN rociuTank, Mockea, Poccus

AHHOTALIUA

O6ocHoBaHWe. PafvoMMKa — 3TO TEXHONOTUS W3BJIEYEHUS, aHanM3a U MHTEpPNpeTaLMn KOJIMHECTBEHHBIX XapaKTepUCTUK
13 UMdPOBLIX MELMULMHCKUX M300paXeHuii, OCHOBaHHas Ha MalMHHOM obyueHuu. B nocnepHue ropbl B inTepatype BCE
yallle BCTpeYaeTcs TEPMUH «[03MOMUKa», 0003HaYaloWMA HOBOE HampaBneHue B paguMoMuke. [lo3MoMMKa — 3T0 METOA
TEKCTYPHOrO aHanu3a NnaHoB pacrpefeneHus [o3bl 061y4eHns npu nyyeBoii Tepanun. bonbluas yacTb onybaMKOBaHHbIX MC-
CNe0BaHUii B 061aCTM LO3MOMUKM NOCBALLEHA €€ NPUMEHEHMIO B MPOrHO3MPOBAHMM JTY4EBOr0 NOBPEXAEHUS NETKMX.

Lieno — BbisiBNEHME NpeaMKTOpoB (61MOMapKEPOB) NIy4eBbIX NOBPEXAEHUA NIEMKUX C MOMOLLbIO TEKCTYPHOrO aHanu3a (MeTo-
AaMW PafMOMUKU W [LO3MOMMKM) U30BpaXKeHNN NETKNX, @ TaKKe MATKUX TKaHeW rpyaHON KIEeTKW, NOJTYYeHHBIX C MOMOLLbIO
KOMMbIOTEPHOI ToMorpadum.

Marepuanbl u MeToabl. B uccnefoBaHuM UCMonb3oBanM AaHHble 36 MEHLMH C PaKOM MOJIOYHOW XKene3bl, NpoLlefwmx
MocnieonepaLmoHHbIi Kypc KOHPOPMHOM NyyeBoii Tepanuu. PeTpocneKTMBHO NALMEHTOK pasfenuiun Ha fiBe rpynnbl no cre-
MEeHN NOCT/yYeBbIX M3MEHEHWUN NETKMX. Pe3ynbTaTbl KOMMbIOTEPHOW TOMOrpaduy BCeX MaUMEHTOK, MOJTyYeHHbIE Ha 3Tane
MNaHUPOBaHWA NIy4eBOi Tepanum, U MiiaHbl pacnpeaenieHus fo3 06nyyYeHns aHanM3UpoBaK € NOMOLLbK NporpaMMHoro obe-
cnevenms 3D Slicer ¢ GpyHKUMel BbIFPY3KM NOKa3aTenen paguoMMKM W [03MOMMKM U3 obnacTeii uHTepeca. B KadecTse 06-
nacTei uHTepeca Bblbupanu 06acTb MATKUX TKaHel rpyaHOM KNeTKU M 06nacTv NErKoro Ha CTopoHe 06nyyeHuns, fo30Bast
Harpyska Ha Kotopble npesbiwana 3 1 10 Ip.

Pesynbtathl. B nepByto rpynny Br4MamM 13 nauMeHTOK ¢ MUHMMANbHBIMU MOCTYYEBLIMU U3MEHEHUAIMU B JIErKUX, BO BTO-
pyto rpynny — 23 naumMeHTKM C MocTny4eBbIM MHeBMOGMOpo3oM. B obnact nérkoro Ha cTopoHe 06y4eHMs ¢ 4030BOVA
Harpyskoi bonee 3 [p CTAaTUCTUYECKU 3HAYMMBIE Pa3NUuMs MeXAY rPynnaMu NauMeHTOK NOJTydeHbl N0 TPEM MoKasaTenam
pagMOMMKM WM OOHOMY MOKa3aTenlo A03MOMUMKW. B obnactu nérkoro Ha ctopoHe 06ayveHMs c [030BOW Harpyskon bonee
10 I'p cTaTUCTUYECKM 3HAUMMbIE pa3nnyMA NoydeHbl No 12 nokasatensam paauoMukn U 1 nokasartento 403vMoMUKK. B obna-
CTU MSATKUX TKaHel rpyLHON KNETKM Ha CTOpPOHe 06/1y4eHUs 3HaUMMbIE pPasnuuMs noyyeHbl no 18 nokasatenam pagvoMuKu
U 4 noKasatensm LO3MOMUKM.

3aksioyeHune. B pesynbTate BbIMOMHEHHOrO MUCCNEA0BaHWA NONYYEH pAL, MOKasaTeneid pagvoMUKW U LO3MOMUKK, CTaTu-
CTMYECKM Pa3NNYaOLLMXCA Y NALMEHTOK C MUHUMANbHBIMW NOCTYYEBbIMU U3MEHEHWAMMW M NOCTAYYEBLIM MTHEBMOGUOPO30OM
NETKWX Nocne NPOBEAEHNS JTy4eBOi TePanuW No NOBOAY paka MONOYHOM Xene3bl. [TpeauKkTopsl (BOMapKEpDI), BbISBNIEHHbIE
HaMU Ha OCHOBE TEKCTYPHOTO aHanW3a, MOXHO WUCMOMb30BaTb A/ MPOrHO3MPOBaHMS MOCTNYYEBbIX MOBPEXAEHUIA NETKUX
U BbISIBNIEHUS NALMEHTOB C 60s1ee BHICOKUM PUCKOM UX PasBUTUA.

KnioueBble cnoBa: 103M0OMUKa; paAMOMUKa; nyyeBana TepanuA; TEKCTyprIVI aHalns; I'IOCTﬂy‘-IEBOVI MHEBMOHUT.

Kak uutupoBartb:

HynHos H.B., CotHukos B.M., MBanHukoB M.E., LLlaxBanmnesa 3.C-A., bopucos AA,, Jlepenés B.B., CMbicnos Al0., AHaHbmHa A.B. OnbiT npumeHeHns Me-
TOAOB PafiMOMUKM U [JO3MOMWKW ANsl HAaXxOXOEeHUs NPeauKTOpoB NydeBblx nospexaeHuin nérkux // Digital Diagnostics. 2024. T. 5, N® 4. C. 752764
DOI: https://doi.org/10.17816/DD629352

Pykonucb nonyyena: 23.03.2024 Pykonucb opno6peHa: 15.05.2024 Ony6nukoBaHa online: 20.11.2024

A
9KOe®BEKTOP Cratba goctynHa no nuuer3un CC BY-NC-ND 4.0 International
© 3Ko-BekTop, 2024


https://creativecommons.org/licenses/by-nc-nd/4.0/deed.ru
https://doi.org/10.17816/DD629352
https://doi.org/10.17816/DD629352

ORIGINAL STUDY ARTICLES Vol. 5 (4) 2024 Digital Diagnostics
754

DOI: https://doi.org/10.17816/DD629352

e AFIFISEFES R REHR AT E LS ERY R A
258

Nikolay V. Nudnov'23, Vladimir M. Sotnikov', Mikhail E. Ivannikov', Elina S-A. Shakhvalieva',
Aleksandr A. Borisov', Vasiliy V. Ledenev’, Aleksei Yu. Smyslov', Alina V. Ananina’

! Russian Scientific Center of Roentgenoradiology, Moscow, Russia;

2 Russian Medical Academy of Continuous Professional Education, Moscow, Russia;
¥ Peoples’ Friendship University of Russia, Moscow, Russia;

“ Central Clinical Military Hospital, Moscow, Russia

WHE

Wik. UM — PR THLE 2 I NHF BB R T AR 8 BRI BOR
IR,  “HIRHS” — AR BRI E W, AR TBUN H R T R Bt —
U SO v oy o R A B R A R AT S AT B v . SR SRR E R R R 2 A
B FCERE T AR T AR 5 51 R R 45340 I S o

BB — RIS 808 5 B E G A E A 2= a8, U SN E SRR 1
PR AR 2R, AT o i 0 e S 402 0 B Tl PR . CAE AR &)

PRI R . BT, A T 36 %A G E U AT M FLIRE i EdE . ARIERUT R
A8 Ak PR B [ P Mok B 7 . fEA3D Slicer®AFXT A B AE U7 vHRIFT B
RIS HICTHH 45 AN ER 5 75 B o0 AT vERIEAT 20 b, 3 B AR 78 XIS T8O 240 2 0 7
AR PR I TN RE o 15358 R S — (0] P i 308 2 4, R i 58 X 3l A A BT 0 IX 3, 791) 2 A7 A 0 )
i3 GyF110 Gy.

GR. B AR I3ARUT EMEHE RN EE, B HERE23R T A4 i S
o MEAIEARGEIES Gy RREHIG X, —IUBC 2H 25 1 b A1 — T 77 & 2H 2 FR A AE 28 3 2 ()
AL ESI S ER. EFEAMEE10 Gy ISR, 1250580 4 2% 8 bn A1 17 & 20
PR EREZEG I ER . ERES— O I B 2R X I8, 18T 2H 27 48 b A A T 71 &
HEFRIAEREZE R

k. W RRY, EIMEROT R M EYT BN SRR S 4eie ) g, —
RIS H R R F IR ARG 22 7. BRATRIE S 2 Hr i e 7l R 4 (B
FrEY) AT T O R A, IR e AR Bt A 14 e R 3 e ) BB

REEE: SR WUHAHY BUT SO YT RIMR

SIHAX:
Nudnov NV, Sotnikov MV, Ivannikov ME, Shakhvalieva ES-A, Borisov AA, Ledenev VWV, Smyslov AYu, Ananina AV. J5 5 25 2% F0 751 8 2H S 1F 53R i 5
50455 T 00 DR 5 T P 8 P £2.56:. Digital Diagnostics. 2024;5(4):752-764. DOI: https://doi.org/10.17816/DD629352

IR 23.03.2024 H:5%: 15.05.2024 RATHH: 20.11.2024
&
ECOeVECTOR Avrticle can be used under the CC BY-NC-ND 40 International License

© Eco-Vector, 2024


https://creativecommons.org/licenses/by-nc-nd/4.0/deed.en
https://doi.org/10.17816/DD629352
https://doi.org/10.17816/DD629352

755

ORIGINAL STUDY ARTICLES

BACKGROUND

Radiation therapy is a widely used method in cancer
treatment [1]. However, it carries the risk of radiation-induced
lung injury, particularly in patients with thoracic tumors.
To mitigate this complication, various studies have explored
the development of prognostic models using clinical,
radiomic, and other relevant parameters [2].

Radiomics is an emerging technique based on texture
analysis that evaluates quantitative image features to support
the interpretation of medical images. It extracts image
biomarkers that reflect abnormal changes from DICOM-format
medical images. In this study, radiomic features were
extracted using the open-source PyRadiomics library (AIM,
USA). Radiomic features are generally categorized into two
groups: first-order statistics and texture matrices related
to co-occurrence and uniformity. These texture matrices
include the following:

» Gray Level Co-occurrence Matrix (GLCM)

» Gray Level Run Length Matrix (GLRLM)

» Gray Level Size Zone Matrix (GLSZM)
 Neighboring Gray Tone Difference Matrix (NGTDM)
 Gray Level Dependence Matrix (GLDM) [3, 4].

A comprehensive explanation of these parameters
and the formulas used for their calculation is available
at pyradiomics.readthedocs.io [4].

Current evidence supports the utility of radiomics
in predicting disease progression and treatment-related
complications [5].

The term dosiomics, introduced by Gabrys et al. [6],
is now widely used to describe a subfield within radiomics.
Dosiomics applies texture analysis techniques to assess
patterns in radiotherapy dose distributions. Similar to radiomic
features, dosiomic features include co-occurrence
and uniformity matrices that represent spatial relationships
among pixels and voxels within an image. Most international
studies on dosiomics have concentrated on its application
in predicting radiation-induced lung injury [7].

The reported incidence of radiation-induced lung injury
varies between 5% and 58% [8]. Risk factors for this condition
can be categorized into two main groups. The first group
comprises treatment-related factors, such as total radiation
dose, dose fractionation, the volume of lung tissue exposed,
the irradiation technique used, and the administration
of chemotherapy or immunotherapy. The second group
includes patient-related factors, such as age, smoking status,
preexisting interstitial lung disease or chronic obstructive
pulmonary disease, the location of the irradiated tumor,
and individual, genetically determined radiosensitivity [9].

Radiation-induced lung injury progresses in two stages [10].
The first stage, known as postradiation pneumonitis or
pulmonitis, is characterized by acute interstitial inflammation
of lung tissue and typically occurs within 3-6 weeks
after radiation therapy [11]. The second stage develops
over the following 6 months, during which the acute changes
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may completely resolve or, especially at doses =30 Gy, evolve
into chronic changes of varying severity. In such cases,
edema and infiltration may lead to irreversible postradiation
pneumofibrosis [12, 13]. The diagnosis of postradiation
pneumonitis is based on three key criteria: a prior history
of radiation therapy; the presence of symptoms such as fever,
cough with mucoid sputum, and dyspnea; and characteristic
findings on computed tomography (CT) scans [14]. Typical
CT features include initial ground-glass opacities, followed
by areas of consolidation, fibrous bands, and in some cases,
aerial bronchograms and traction bronchiectasis [12, 15].
Postradiation pneumonitis negatively impacts both quality
of life and survival in cancer patients [9]. Enhancing radiation
therapy techniques to achieve effective local tumor control
while minimizing radiation exposure to surrounding lung
tissue can reduce the risk of radiation-induced lung injury [16].

AIM

To identify predictors of radiation-induced lung injury
by performing texture analysis of CT images of the lungs
and chest soft tissues obtained prior to radiation therapy,
using radiomic and dosiomic methods.

MATERIALS AND METHODS
Study design

This was a single-center, retrospective study involving
the analysis of chest CT scans from patients with breast
cancer.

Eligibility criteria

The study included patients with breast cancer
who underwent postoperative conformal radiotherapy
at the Russian Scientific Center of Roentgenology
and Radiology between 2022 and 2023. The inclusion criterion
was the availability of follow-up chest CT data obtained at least
6 months after radiation therapy, recorded in the Radiology
Information System of the same center. These CT scans were
used to assess the extent of postradiation lung changes.
Participants were grouped based on the severity of these
changes, as determined by the conclusions of an independent
radiologist.

Intervention

Pre-radiation preparation included a chest CT scan
performed on a SOMATOM Definition AS scanner (Siemens,
Germany), followed by volumetric dosimetric planning
for radiation therapy. Irradiation of the chest wall and tumor
bed was carried out using the TrueBeam system (Varian
MS, USA) with a total equivalent radiation dose ranging
from 50 to 60 Gy. A follow-up chest CT scan was conducted
no earlier than 6 months after the completion of radiation
therapy.
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Main study outcome

The study’s null hypothesis assumed no statistically
significant  differences between groups in any
of the 107 evaluated radiomic and dosiomic features.

Outcomes registration

CT images acquired during radiation therapy planning,
along with corresponding dose distribution data, were
processed using 3D Slicer software (3D Slicer Community).
This software enabled the extraction of radiomic and dosiomic
features from defined regions of interest [17]. Features were
calculated for chest soft tissues within the irradiation zone
along the anterior surface, as well as for lung regions that
received radiation doses exceeding 3 Gy and 10 Gy. Regions
of interest were identified semi-automatically using Varian
software (Varian, USA). For each region, 107 radiomic
and dosiomic features were extracted, including first-order
statistics, shape descriptors, and texture matrices related
to co-occurrence and uniformity.

Subgroup analysis

Participants were retrospectively divided into two groups
based on follow-up chest CT findings obtained 6 months
after radiation therapy. Group 1 consisted of patients
with minimal postradiation changes, while Group 2 included
those with pronounced postradiation pneumofibrosis.

Ethics approval

The study protocol was reviewed and approved
by the Independent Ethics Committee of the Russian Scientific
Center of Roentgenology and Radiology on March 1, 2024
(Meeting Minutes No. 2).

Statistical analysis

The sample size was not predetermined. Data processing
and statistical analysis were performed using Microsoft
Office Excel and R-Studio, an open-source development
environment for the R programming language (Posit, USA).
The Mann-Whitney U test and Fisher’s exact test were
used to evaluate differences in quantitative and qualitative
variables, respectively. Data are reported as the median
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along with the 25th and 75th percentiles (first and third
quartiles). A p-value of <0.05 was considered statistically
significant.

RESULTS

Participants

The study analyzed pre-radiation therapy CT scans
of the lungs and chest soft tissues from 36 patients
with breast cancer.

Group 1 consisted of 13 patients who exhibited minimal
postradiation changes (Fig. 1a), while Group 2 included
23 patients with severe postradiation pneumofibrosis (Fig. 1b).

Quantitative and qualitative parameter comparisons
between the two groups are shown in Tables 1 and 2.

The results support the validity of the intergroup
comparisons.

Primary results

For the calculation of radiomic and dosiomic features,
regions of interest on CT scans were selected based
on a radiomic dose threshold of 3 Gy. This threshold was
chosen based on previous studies showing that doses
between 0 and 3 Gy do not lead to radiation-induced lung
injury [13]. Additionally, some international studies consider
a 3 Gy dose as a potential predictor of pneumonitis [18].
In texture analysis involving large tissue volumes, radiomic
features are averaged, which can obscure significant differences
and occasionally lead to missing relevant texture parameters
in small regions of interest. Therefore, an additional threshold
dose of 10 Gy was used to improve accuracy.

In the lung regions exposed to radiation doses greater
than 3 Gy, significant differences were observed in three
radiomic features and one dosiomic feature. The comparisons
of these parameters—including median values, first and third
quartiles, and statistical significance levels—are presented
in Table 3.

The GLSZM Size Zone Nonuniformity values suggest
that patients in Group 2 (with postradiation pneumofibrosis)
exhibited more uniform gray level zone volumes. This
is in line with findings for NGTDM Busyness, which measures

Fig. 1. Chest computed tomography at 6 months postradiation therapy: a, minimal postradiation changes in the left lung; b, severe

postradiation pneumofibrosis in the right lung.
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Table 1. Comparison of study groups by quantitative parameters

(4) 2024 Digital Diagnostics

Parameter | Group 1 (minimal postradiation changes) | Group 2 (postradiation pneumofibrosis) | p-value
Age, years 61 [54; 67] 65 [55; 72] 0.179
Irradiated lung >3 Gy 945.94 [781.81; 1175.68] 828.67 [668.27; 1032.38] 0.190
volume, cm’, >10 Gy 613.88 [420.02; 694.52] 527.27 [403.10; 611.62] 0.344
radiation exposure >30 Gy 330.36 [239.15; 449.71] 354.03 [248.07;447.64] 0.771
Note. Data are presented as Me [Q1; Q3], where Me is the median, Q1 is the first quartile, and Q3 is the third quartile.
Table 2. Comparison of study groups by qualitative parameters
Number of patients (% of the total number of patients in the group)
Parameter Group 1 (minimal postradiation Group 2 (postradiation p-value
changes) pneumofibrosis)
Smoking status 0 0 -
Concomitant lung diseases 177 0 0.361
Concomitant heart disease 5(38,5) 10 (43.5) 0.526
History of chemotherapy 8 (61,5) 15 (65.2) 0.821
Affected mammary  Left 6 (46.1) 12 (52.2) 05
gland Right 7(53.8) 11 (478) '
) T1-4N1-3M0 10 (76.9) 12 (52.2)
Disease stage 0.175
T1-3NOMO 3(23.1) 11 (47.8)
Radical mastectomy 7(53.8) 15 (65.2)
Surgery type ) 0.480
Partial mastectomy 6(46.1) 7(30.4)

Note. Disease stage is indicated according to the TNM staging system, whe

re T0-4 (tumor) represents the size of the primary tumor, NO-3 (nodes)

refers to the degree of spread to regional lymph nodes, and M0-1 (metastasis) indicates the presence of distant metastasis.

Table 3. Comparison of the two patient groups by radiomic and dosiomic features in lung fields with radiation exposure exceeding 3 Gy

Parameter . GrouP 1. . _Group 2 . p-value
(minimal postradiation changes) (postradiation pneumofibrosis)
Radiomic features
GLRLM Gray Level Nonuniformity 17 464.52 [12199.53; 26481.37] 11 904.86 [7059.69; 20646.00] 0.05
GLSZM Size Zone Nonuniformity 19 096.83 [15693.52; 23905.24] 13 307.97 [11842.68; 19368.63] 0.043
NGTDM Busyness 74.81 [55.15; 102.73] 56.56 [34.50; 78.11] 0.047
Dosiomic features
GLCM Maximum Probability 0.60[0.55; 0.68] 0.55[0.53; 0.61] 0.05

Note. Data are presented as Me [Q1; Q3], where Me is the median, Q1 is the first quartile, and Q3 is the third quartile. GLRLM, Gray Level Run Length
Matrix; GLSZM, Gray Level Size Zone Matrix; NGTDM, Neighboring Gray Tone Difference Matrix; GLCM, Gray Level Co-occurrence Matrix.

the heterogeneity of adjacent pixels and was higher
in Group 1 (patients with minimal postradiation changes).
These results may indicate that lung tissue in Group 1, which
demonstrates better recovery from radiation injury, has more
distinct gray level variations and is less likely to form large
homogeneous areas. Early postradiation pneumonitis on CT
is typically characterized by local interstitial inflammation
and damage to the microvascular endothelium [19, 20].
The baseline condition of the pulmonary microvasculature
may influence the tissue’s ability to recover from radiation
injury, and the observed texture features may reflect
the degree of vascular development.

DOl https://doiorg

In the lung regions receiving more than 10 Gy of radiation,
significant differences were identified in 12 radiomic
features and 1 dosiomic feature. The comparisons for these
parameters are summarized in Table 4.

For instance, the GLCM Cluster Shade, which reflects
the heterogeneity of gray level cluster distribution, was
approximately 44% higher in patients with postradiation
pneumofibrosis. This is further supported by the GLCM Cluster
Prominence values, which indicate that in Group 1 (patients
with minimal radiation-induced injury), the gray levels
within clusters are closer to the overall average for lung
tissue. In contrast, Group 2 (patients with postradiation
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Table 4. Comparison of the two patient groups by radiomic and dosiomic features in lung fields with radiation exposure exceeding 10 Gy

Parameter . Group 1. . _Group 2 . p-value
(minimal postradiation changes) (postradiation pneumofibrosis)
Radiomic features
Flatness 0.23[0.22; 0.25] 0.26 [0.24; 0.29] 0.040
E‘;\sntaggier Mean Absolute 112.38 [97.82; 152.24] 129.81 [118.67; 153.71] 0.048
GLCM Cluster Prominence 186 230.89 [148727.18; 306231.09] 321 625.90 [23087779; 417140.54] 0.028
GLCM Cluster Shade 3366.36 [2860.31; 5779.96] 5998.08 [4269.97; 6497.98] 0.037
GLCM Cluster Tendency 105.53 [84.37; 171.43] 156.66 [122.25; 179.47] 0.048
GLCM Correlation 0.55 [0.49; 0.40] 0.59 [0.55; 0.63] 0.048
GLCM Sum Squares 34,48 [27.65; 54.08] 46,15 [3778; 55.89] 0.044
GLDM Dependence Entropy 7.10[6.95; 7.21] 719 [7.03; 7.34] 0.056
E;F:Jh“:;'s'gh Gray Level Run 149.91 [129.33; 200.75] 176.32 [159.08; 199.05] 0.064
GLRLM Run Entropy 1,85 [4.70; 5.00] 5.01 [4.85; 5.08] 0.02
E;F:Jh“:sisshm Run High Gray Level 143.26 [121.04; 193.03] 168.49 [152.61; 191.58] 0.048
GLSZM Zone Entropy 6.63[6.55; 6.73] 6.75 [6.67; 6.81] 0.031
Dosiomic features
NGTDM Flatness 0.23[0.22; 0.25] 0.26 [0.24; 0.30] 0.040

Note. Data are presented as Me [Q1; Q3], where Me is the median, Q1 is the first quartile, and Q3 is the third quartile. GLCM, Gray Level Co-occurrence
Matrix; GLDM, Gray Level Dependence Matrix; GLRLM, Gray Level Run Length Matrix; GLSZM, Gray Level Size Zone Matrix; NGTDM, Neighboring Gray

Tone Difference Matrix.

pneumofibrosis) showed over 40% greater variability in gray
level distribution within individual clusters. These results
suggest that, at baseline, patients in Group 2 had more
areas of increased density and heterogeneity compared
to the more uniform lung tissue in Group 1. The GLRLM
High Gray Level Run Emphasis shows that Group 2 had
15% more regions with high gray levels, suggesting denser
lung tissue at baseline in patients who later developed
significant postradiation changes. This observation aligns
with previous studies [13]. Morphologically, this could be
associated with a greater presence of fibrotic lung areas
before treatment.

In the irradiated chest soft tissues, significant differences
between groups were found in 18 radiomic features (Table 5)
and 4 dosiomic features (Table 6).

As shown in Table 5, significant intergroup differences
were observed in the texture parameters. For instance,
GLSM autocorrelation, which measures texture fineness
or coarseness, was 42% higher in Group 2. GLSZM Large
Area Emphasis, which indicates coarser texture in large
areas, was 46% higher in Group 1. NGTDM Busyness, which
reflects intensity changes between neighboring pixels, was
31% higher in Group 1. The latter two parameters suggest
that Group 1 has a less uniform texture with sharper intensity
changes.

Table 6 shows that Group 2 had higher total GLCM
Entropy, indicating more significant intensity variations

DAl https://doi.org/10.17816/DD629352

in the image. The GLRLM Long Run Low Gray Level Emphasis,
which reflects the distribution of low gray level values, was
higher in Group 1, suggesting a greater number of low gray
level values in the image. The larger number of parameters
with intergroup differences (Tables 5 and 6) suggests that
the condition of chest soft tissues and mammary glands
could serve as predictors of lung tissue recovery following
radiation therapy. However, the underlying mechanisms
and nature of this association require further study.

DISCUSSION

The variety of risk factors for radiation-induced lung injury
allows for the use of different quantitative and qualitative
parameters to predict this complication. For instance, Zhao
et al. [21] found that elevated levels of transforming growth
factor beta (TGF-B) in the blood within the first 4 weeks
of radiation therapy could predict the risk of lung injury
with 66.7% sensitivity and 95.0% specificity. Chen et al. [22]
developed a model based on an artificial neutral network
to predict the risk of postradiation pneumonitis using factors
such as the volume of lung tissue exposed to >16 Gy,
cumulative equivalent uniform dose, forced expiratory
volume in 1 s, diffusing capacity for carbon monoxide,
and chemotherapy history. Additionally, many researchers
have applied radiobiological models to predict the risk
of radiation-induced damage to healthy tissues [23].
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Table 5. Comparison of the two patient groups by radiomic features in irradiated chest soft tissues

Parameter Group 1 Group 2 p-value
(minimal postradiation changes) (postradiation pneumofibrosis)
GLCM Autocorrelation 327,37 26.23; 716.81] 778.92 [250.21; 1299.00] 0.04
GLCM Joint Average 1792 [5.00; 26.57] 2783 [15.66; 36.00] 0.04
GLCM SumAverage 35.85[10.00; 53.15] 55.67 [31.32; 72.01] 0.04
GLDM High Gray Level Emphasis 330.75 [26.84; 722.33] 785.17 [252.23; 1301.19] 0.04
GLDM Large Dependence High 34,520.55 [4229.63; 90 474.35] 94,735.42 [36,425.42; 178,891.14] 0.031
Gray Level Emphasis
GLDM Small Dependence 0.04 [0.04; 0.05] 0.06 [0.04; 0.06] 0.031
Emphasis
GLDM Small Dependence High 15.94 [1.32; 36.06] 40.80 [14.16; 69.29] 0.034
Gray Level Emphasis
GLRLM High Gray Level Run 33714 [29.46; 731.67] 786.90 [257.09; 1312.39] 0.044
Emphasis
ELRLM Long Run High Gray Level 1047.96 [132.06; 2600.37] 2816.82 [992.76; 5222.59] 0.028
mphasis
ELRLM Short Run High Gray Level 259,01 [20.99; 561.86] 573.11 [186.60; 970.35] 0.048
mphasis
GLSZM Gray Level NonUniformity 0.13 [0.09; 0.20] 0.10 0.07: 0.11] 0.031
Normalized
GLSZM Large Area Emphasis 1,738,981.12 [415,642.22; 3,268,243.47] §15,272.55 [212,074.06; 1,20739763] 0048
GLSZM Large Area Low Gray 8843.95 [1392.9; 148,364.17] 1025.44 [474.68; 4267.21] 0.011
Level Emphasis
GLSZM Small Area High Gray 232.12 [27.48; 493.15] 517,89 [205.88; 828.21] 0.044
Level Emphasis
GLSZM Zone Percentage 0.03 [0.03; 0.04] 0.04 [0.03; 0.05] 0.044
GLSZM Zone Variance 1,737,696.14 [614,536.61; 3,266,421.34] 814,359.34 [211,603.3; 1,206,631.61] 0.048
NGTDM Busyness 2552 [9.61; 135.47] 8.10 [4.51; 17.92] 0.012
NGTDM Strength 0.09 [0.05; 0.25] 0.28 [0.15; 0.54] 0.037

Note. Data are presented as Me [Q1; Q3], where Me is the median, Q1 is the first quartile, and Q3 is the third quartile. GLCM, Gray Level Co-occurrence
Matrix; GLDM, Gray Level Dependence Matrix; GLRLM, Gray Level Run Length Matrix; GLSZM, Gray Level Size Zone Matrix; NGTDM, Neighboring Gray

Tone Difference Matrix.

Table 6. Comparison of the two patient groups by dosiomic features in irradiated chest soft tissues

Parameter Group 1 Group 2 p-value
(minimal postradiation changes) (postradiation pneumofibrosis)

GLCM SumEntropy 1.10 {0.55; 1.23] 1.26 [0.65; 1.31] 0.05
ELRLM Long Run Low Gray Level 64.07 [39.55; 120.07] 38.78 [25.75; 55.68] 0.028

mphasis
GLRLM Short Run High Gray Level 0.40 [0.25; 0.49] 0.47 [0.42; 0.94] 0.026
Emphasis
NGTDM Complexity 0.06 [0.04; 0.07] 0.08 [0.06; 0.25] 0.05

Note. Data are presented as Me [Q1; Q3], where Me is the median, Q1 is the first quartile, and Q3 is the third quartile. GLCM, Gray Level Co-occurrence
Matrix; GLRLM, Gray Level Run Length Matrix; NGTDM, Neighboring Gray Tone Difference Matrix.

Radiomics may enhance the prognostic value of predictive
models. For example, Wang et al. [24] developed a radiomics
nomogram with a concordance index of 0.921. Several studies
on predicting the risk of radiation-induced lung injury have shown
that models incorporating radiomic and dosiomic features are

DAl https://doi.org/10.17816/DD629352

highly effective [7]. A key study by Huang et al. [18] reported
a prognostic model that combined dosiomic and radiomic
features with a high prognostic value (AUC 0.9). Importantly,
including clinical findings in prognostic models further improves
their performance [25]. Comparative studies examining
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the effectiveness of dosimetry parameters (which describe
the radiation therapy received) versus dosiomic features suggest
that dosiomics can be integrated into prognostic models [26—28].
Adachi et al. [29] found that combining dosimetry parameters
with dosiomic features enhanced the prognostic value
of models. Based on international research, combined models
using dosiomics, radiomics, clinical findings, and dosimetry can
be a powerful prognostic tool [25, 30].

The studies mentioned above support our results,
showing significant differences in radiomic and dosiomic
features between patients with minimal postradiation
changes and those with postradiation pneumofibrosis.
These differences, identified before radiation therapy, were
predictive of the risk of postradiation pneumofibrosis.

Study limitations

This study has several notable limitations. First,
the sample size is small, and we plan to address this in future
research. Second, the study utilized images from a single
CT scanner. This limitation could be overcome by conducting
a multicenter study or using external datasets, though this
would require additional standardization of image generation
and processing. The third limitation is the lack of universally
accepted criteria for differentiating between minimal
postradiation changes and postradiation pneumofibrosis. This
could be addressed by employing computer vision techniques
to measure the volume of affected and unaffected lung
tissue. While this is an experimental, pilot study, it provides
promising results for future development.

CONCLUSION

The study identified several radiomic and dosiomic features
that significantly differed between patients with minimal
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ABSTRACT

BACKGROUND: Lung cancer is the second most common cancer worldwide, accounting for approximately 20% of all
cancer-related deaths and having a <10% 5-year survival rate for very late-stage cases. For the prevalent non-small cell lung
cancer (NSCLC), recent guidelines advise staging based on the 8" edition of the TNM classification, highlighting the importance
of mediastinal lymph node involvement. While noninvasive methods are generally accurate, they often lack sensitivity,
and invasive methods may not be suitable for all patients. Advances in deep learning present potential in solving such
problems. However, most research focuses on algorithm development more than clinical relevance. Moreover, none of them
addressed individual lymph node malignancies, limiting comprehensive analysis and interpretability and leaving clinicians
without sufficient means to validate the results effectively.

AIM: To develop a local data-trained and validated algorithm for segmenting each mediastinal lymph node in chest computed
tomography (CT) and assessing the probability of its involvement in metastasis.

MATERIALS AND METHODS: Initially, IASLC lymph node stations are segmented, providing a bounding box of the mediastinum
for further processing. Next, the image is cropped to this box and passed through a second network to identify and mask all
visible lymph nodes. Finally, each detected lymph node is extracted, stacked with its mask, and evaluated by a feed-forward
network to determine malignancy probabilities.

RESULTS: The pipeline achieved an average recall and object Dice Score of 0.74+0.01 and 0.53+0.26 for the clinically relevant
lymph node segmentation task. Further, it recorded a 0.73 ROC AUC for predicting a patient’s N-stage, outperforming traditional
size-based criteria.

CONCLUSION: The proposed algorithm enables new research algorithms to optimize the management of patients with
nonenlarged intrathoracic lymph nodes, thus improving the quality of medical care for patients with cancer.

Keywords: lung cancer; lymph nodes; medical imaging; deep learning.
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O6ocHoBaHMe. Pak nérkoro — BTOPOI MO PacmpoCTpaHEHHOCTM TMN paka BO BCEM Mupe. Ha paHHoe 3aboneBaHue npuxo-
pvtcs npubnusutensHo 20% Bcex CrlydaeB CMepTM OT paKa, a MATUNETHAA BbXKMBAEMOCTLIO Ha MO3[HWX CTaaMsaX — MeHee
10%. [ins cTapmpoBaHUs HEMENKOKIETOYHOMO paKa NIErKOro, XapaKTepu3yHoLLEerocs BbICOKOW pacnpoCTpaHEHHOCTbIO, B HOBEW-
LUMX KITMHUYECKUX PEKOMEeHaLMAX NpeafiaraloT UCnonb3oBath Knaccudiukaumio TNM (8-e usnaHue). 310 NoAYEPKMBAET 3HAU-
MOCTb OLLEHKM NOpaeHus IMMdaTUHecKmuX y3NoB cpeocTeHms. HemHBasuBHbIe MeToAbl 06ce0BaHms B LieNoM 0becreynBatoT
TOYHYI0 OLIEHKY, OJHaKO 4acTo 06/1aflalT He0CTaTOYHOM YyBCTBUTENILHOCTLIO, B TO BPEMSA KaK MHBa3MBHbIE — MOTYT ObITb
MPOTVUBOMOKa3aHbl OTAESbHLIM NauueHTaM. bnaroaaps coBepLUEHCTBOBaHMIO TEXHONOMIA FTyBoKoro 0byyeHms nosBuIack BO3-
MOXHOCTb NPEO0S0ETb 3TU CIOKHOCTU. TeM He MeHee B BOJIbLLIMHCTBE MCCe0BaHMiA N0 AaHHOMY BOMPOCY OCHOBHOE BHUMaHMe
yAENsT pa3paboTKe anropuTMOB, a He KIIMHUYECKOH 3HAUYMMOCTH pe3ysibTaToB. KpoMe TOro, HYM B OHOM W3 TaKWX UCCNeao-
BaHWN He OLIEHUBAIOT NOPaXKEHME OTAENbHBIX IMMBATUHECKUX Y3/I0B, YTO OrpaHNUIMBAET BO3MOKHOCTY KOMIJIEKCHOMO aHan13a
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Llenb — paspabotaTb BanMAMPOBaHHLIA anropuT™, 00Y4eHHbIA Ha BHYTPEHHUX AaHHbIX, LIS CErMEHTaLMUM OTAENbHbIX M-
(haTUYeCKNX Y3108 CPELOCTEHUA MO AaHHBIM KOMMbIOTEPHOM TOMOrpadmm OpraHoB rpyAHON KIIETKY, @ TaKXKe OLLeHWUTb BEpo-
ATHOCTb MX METACTaTMYECKOr0 NOPaKeHMs.

Matepuanbl M MeTofbl. BbinonHeHWe cerMeHTaumu rpynn NMMQaTUYECKUX Y3N0B B COOTBETCTBUM C PeKOMeHAaLUAMM
MexayHapoaHO# accoumaumum No U3y4EeHWH paKa JIErKoro, 4Tobbl NOTyYUTb OrpaHNYMBAIOLLMIA NPSMOYTONBHUK A1s 0bacTy
CpefoCTeHMsA C Lieflblo nocneaytoLen 0bpaboTky AaHHbIX. 3aTeM U300paxeHre KaapupyoT NpX UCMONb30BaHWM 3TOT0 Orpa-
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(aTUYeCcKMX Y3M0B M reHepaumn MacoK. Ha 3aKknioumTeNibHOM 3Tane BblLeNAT Kaabli BU3yaan3upyeMbin IMMpaTnyecKuii
y3en, NPMMEHSAIOT COOTBETCTBYIOLLYYIO MacKy W OLIEHMBAIOT C UCMONIb30BaHWMEM CETW MPAMOro PacnpocTpaHeHus, Ytobkl onpe-
LeNUTb BEPOATHOCTb METACcTaTUHECKOMO NOPaXKEHMS.

Pesynbtathl. B aaHHOM nocnepoBaTenbHOCTU AEWCTBUM CPeRHMiA OTKIMK UM 3HadeHue Dice Score obbekTa coctaBuam
0,7420,01 n 0,530,26 cooTBETCTBEHHO ANSA 3a4a4M KIMHWUYECKW 3HAYMMOW CErMeHTaumn amMdatnyeckux ysnos. Kpome
TOro, 3HaueHue nnowaam nog ROC-KpuBoW AnA NPOrHO3MPOBaHMA CTEMEHW NOpaXKeHWs peroHapHbIX TMMQaTUUECKNX Y3108
coctasmno 0,73, 4To NpeBOCXOAMT TPAAMLMOHHLIE KPUTEPUM, OCHOBAHHbIE Ha pa3mepe.

3aknioueHue. MpeanoxeHHbIN anroput™ obecneymBaeT ONTUMM3aLMIO IEYEHNS NaLMEHTOB be3 yBenMyeHNsa BHYTPUIPYAHbIX
nMMpATMYECKMX Y3/10B 3a CHET HOBBIX aNifOPUTMOB MCCNEA0BAHMI, YTO MOBLILIAET Ka4ecTBO MeAMLMHCKOro 06cnyxmBaHms
MaUMeHTOB C OHKOJIOrMYeCKUMU 3ab0/1eBaHUAMM.
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BACKGROUND

Lung cancer is the second most prevalent cancer globally.
In 2018, 2.1 million new lung cancer cases were reported,
with 1.8 million deaths, representing approximately 20% of all
cancer-related deaths [1]. The 5-year survival rate for early-
stage lung cancer is 68%-92%. However, in advanced
disease, it drops to <10%, accounting for 42% of lung cancer
cases [2]. Thus, an early diagnosis and timely treatment are
crucial for improving survival and lowering treatment costs.

Screening examinations are crucial for detecting
early-stage lung cancer because they can identify the disease
in asymptomatic high-risk patients. These examinations
are recommended in patients aged over 50 vyears
who are currently smoking or who have quit smoking
within the last 15 years (smoking index >20) [3]. Low-dose
computed tomography (CT) is used to screen for lung
pathology because it has been proven effective in multiple
randomized prospective studies [6—11]. However, this
noninvasive technique, while associated with minimal risks,
provides insufficient information.

It is recommended to utilize minimally invasive biopsies or
noninvasive positron emission tomography with CT (PET/CT)
to acquire initial results [4, 5]. For patients with confirmed
lung cancer, staging is crucial for determining the degree
of metastasis and selecting the best treatment strategy
based on the cancer type.

Recent guidelines recommend using the TNM staging
system (8th edition, 2017) for staging non-small cell lung
cancer (NSCLC), the most prevalent lung cancer, where T
indicates the primary tumor size and invasiveness,
N the degree of spread to thoracic lymph nodes,
and M represents distant metastasis [12]. This system
enables the determination of disease stage based
on clinical examination findings (typically prior to surgery,
using noninvasive methods), histopathological findings,
and repeated staging following treatment.

Since thoracic lymph node involvement is frequent
in lung cancer, evaluating regional lymph node involvement
is essential for staging the disease and selecting appropriate
treatment approaches. Whether aggressive surgery or
adjuvant therapy is employed in NSCLC patients depends
on the extent of mediastinal lymph node involvement [4, 5].
There are currently two main types of treatment strategies
for NSCLC patients:

« Perform PET/CT followed by diagnostic surgery [5, 13, 14];
» Perform diagnostic surgery irrespective of the PET/CT

findings [4].

The National Comprehensive Cancer Network guidelines
recommend radical surgery as a preferable therapeutic
option in patients with early NSCLC, while radiotherapy
or chemotherapy is considered appropriate for patients
with advanced NSCLC [15].

Despite the wide range of approaches for detecting
mediastinal lymph node involvement, it can be challenging
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to confirm or rule out the presence of metastases. Studies
performed by Roberts et al. [6] and Kanzaki et al. [17] reveal
that compared to histological examination, which is considered
the gold standard, the misdiagnosis and false-negative
rates are higher when PET/CT is used for detecting lymph
node involvement compared with histological examinations.
Moreover, PET/CT is not accessible to most patients in remote
areas [18]. Diagnostic surgeries, even minimally invasive
ones, require anesthesia, which may be contraindicated
in some patients. This necessitates the use of noninvasive,
cost-effective techniques for predicting mediastinal lymph
node involvement in patients with primary NSCLC.

Advancements in deep learning technologies make
it possible to address these challenges [19]. Published studies
have demonstrated encouraging outcomes for single or group
lymph node segmentation [20-22]. However, most studies
focus on algorithm development rather than on the clinical
relevance of the findings. Moreover, to the best of our
knowledge, no studies have assessed individual lymph node
involvement, which limits the possibilities of integrating
and independently validating the findings in clinical
practice [23-25].

Determining the extent of lymph node involvement
is crucial for administering effective treatment in patients
with NSCLC. Clinicians employ two main groups of methods:
+ Noninvasive: techniques that do not physically affect

the patient’s body;

« Invasive: diagnostic surgeries.

Despite their high sensitivity and low rates
of post-operative tumor grade changes, invasive techniques
necessitate anesthesia and surgical intervention [14, 26].
This calls for more affordable and accessible noninvasive
techniques.

Several studies have revealed that this technique has
limitations when the short axis diameter is the only parameter
for determining the histological status of lymph nodes based
on CT or magnetic resonance imaging (MRI) findings [27-29].
For example, Brown et al. [27] reported that mesorectal MRI
findings do not differentiate between histologically benign
(2-10 mm) and malignant (3-15 mm) lymph nodes.
The same problem arises in MRI of the head and neck,
where the standard threshold of 10 mm yields a sensitivity
and specificity of 0.88 and 0.39, respectively [28, 29].
However, additional morphological criteria such
as irregular boundaries or mixed signal intensity raise
the sensitivity to 0.85 (95% confidence interval [CI]:
0.74-0.92) and specificity to 0.97 (95% Cl: 0.95-0.99).
Although a recent study identified the classification accuracy
for various combinations of criteria, it did not propose
a standardized approach [30]. To address this issue, Elsholtz
et al. [31] developed the Node-RADS lymph node assessment
system. It assesses the visible lymph nodes based on their
short axis diameter, texture, border, and shape, using five
categories. Moreover, it considers other factors such
as the anatomical site.
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When used with PET, CT with contrast yields precise results.
Significant differences (p < 0.05) in sensitivity and specificity
were observed when ascertaining the degree of lymph node
involvement using PET/CT compared to CT with contrast
(0.78 and 0.92 vs. 0.56 and 0.73, respectively) [32]. However,
this technique is expensive and not available to patients
in remote areas [18].

Algorithmic Approach

Mediastinal lymph node segmentation and classification
remain unexplored because of the lack of publicly available
high-quality datasets. However, several studies have explored
the algorithm components proposed in this paper.

Lymph Node Segmentation

Over the last 5-10 years, several approaches to volumetric
medical image segmentation have emerged. Some
architectures, such as DeepMedic3D U-Net or V-Net, provide
credible results when assessing publicly available medical
image sets [33-37]. The proposed pyramid convolutional
neural networks are optimal for lymph node segmentation.
Employing fourfold cross-validation, luga et al. [21] discovered
that the detection rate for large lymph nodes was 0.77; however,
the false positive rate was 10.3 per case [21]. Furthermore,
this approach has low sensitivity (0.34) for lymph nodes
measuring 5-10 mm, with a total Dice Score of 0.44.

Identification of Lymph Node Groups

luga et al. [21, 22] used a multiclass classification
to analyze the distribution of mediastinal lymph nodes
by group, building on their earlier work. Tops-1, -2, and
-3 classifications demonstrated high accuracy values
of 0.86, 0.94, and 0.96, respectively. Despite these findings,
the proposed algorithm lacks sensitivity for critical lymph
node groups and only partially meets the recommendations
of Goldstraw et al. [2]. In contrast, Guo et al. [20] reported
effective segmentation with a Dice score of 0.81 + 0.06.
However, the authors did not ascertain the accuracy
of the lymph node distribution and its influence on the extent
of regional lymph node involvement.

Classification of lymph node involvement

Previous studies have proposed algorithms for the indirect
analysis of mediastinal lymph node involvement using
primary tumor image features, without indicating specific
groups or individual lymph nodes [23-25]. This is partially
due to the difficulties in acquiring precise reference labels.
Determining the location of each lymph node on CT images
after receiving the biomaterial can be challenging. In this
scenario, the simplest solution was to assign labels to each
lymph node, similar to the method employed for grading
pulmonary nodules. Simple patch-based convolutional
neural networks exhibit an area under the ROC curve (AUC)
of 0.928 + 0.027 for classification. Pretraining a convolutional
autoencoder for picture fragment reconstruction and employing
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an encoder as a basis for metastatic classification improves
outcomes, with an AUC of 0.936 + 0.009 [38]. However,
using weak supervision, it is possible to establish a shared
histological label for many lymph nodes from the same
group. Dubost et al. [39] proposed the innovative concept
of using a single label for training, with a prognostic map
generation when receiving outputs. However, max-pooling
can result in the loss of significant information for small
targets, such as lymph nodes, limiting the efficacy of their
histological status assessment.

AIM

To develop and validate a CT-based algorithm trained
on internal data for individual mediastinal lymph node
segmentation and to predict the probability of metastasis
for each lymph node.

MATERIALS AND METHODS

Study Design

This was an observational, single-center, retrospective
study.

Eligibility Criteria
Inclusion criteria:

« Histologically confirmed NSCLC;

« Availability of data acquired using contrast enhanced-chest
CT (venous phase), slice thickness <1 mm;

» Presence of a two-month interval between the CT
and surgery.
Non-inclusion criteria:

» Lack of data obtained through chest CT with contrast
(venous phase) or lymph node biopsy;

 More than two months between the CT and surgery.
Exclusion criteria:

« CT artifacts preventing reliable assessment;

+ Low diagnostic value of the biopsy findings.

Study Site

Patients who had undergone chest CT with contrast
and thoracic lymph node biopsy were enrolled at the City
Clinical Oncology Hospital No. 1 (Moscow).

Intervention

The proposed algorithm for lymph node segmentation
and metastasis classification involves a three-stage process:

First stage: identification of lymph node groups
and mediastinum segmentation in the region of interest are
essential for determining the extent of regional lymph node
involvement [12];

Second stage: cropping the input image and segmentation
of all visible lymph nodes using a bounding box
for the mediastinum;
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Third stage: analyzing all identified lymph nodes
using a feedforward network to determine the probability
of metastasis.

The results provide information on lymph node
involvement in specific groups, enabling evaluation
of the degree of involvement based on the tumor site.
Subsection 3.1 addresses the segmentation of lymph
node groups; subsection 3.2 examines the segmentation
of individual lymph nodes; and subsection 3.3 discusses
the classification of lymph node involvement.

Segmentation of the lymph node groups

In patients with NSCLC, the affected lymph nodes are
located in a narrow range (mediastinal area). The anatomical
and primary tumor sites dictate the extent of regional
lymph node involvement [12]. The International Association
for the Study of Lung Cancer (IASLC) guidelines recognize

/ Input Image
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ten lymph node groups in the mediastinum [40]. Lymph node
groups near the trachea and bronchi are divided into left
and right groups. No additional specialized classification
system is used for the subcarinal lymph nodes. During
diagnostic procedures, biopsies are not typically performed
for Groups 1, 8, and 9 lymph nodes. Therefore, they were
excluded from this study.

This study used a two-component U-Net model
for the 3D segmentation of lymph node groups
(Fig. 1) [41]. While the first component distinguished
between the mediastinum and the background, the second
component classified each voxel within the mediastinal mask
to a specific lymph node group. Advanced deep learning
technologies, such as ResBlocks, batch normalization,
and the RelU activation function, were used after each
convolution, except for the data output [42—44].

LN Stations Mask

U-Net

U-Net
Extracted Patches LNs Malignancy Probas
. n NN+ 3
=]~ ‘

Fig. 1. Three-stage algorithm for lymph node segmentation and metastasis classification: a, segmentation of lymph node groups;
b, image coding based on the bounding box and processing using a second network; ¢, marking each identified lymph node, applying
the respective mask, and assessment through a feedforward network. LN, lymph node.
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Lymph node segmentation

To preserve computing resources during the second
stage, the region of interest should be marked employing
the bounding box for the mediastinum obtained in the first
stage. If the size in the axial view exceeds 128 pixels, filling
is used to achieve the minimal size of 128 pixels.

During this stage, the architecture was comparable
to the one used for the segmentation of the lymph node
groups. However, it offers a pooled binary data output
for a lymph node segmentation prognostic map with more
channels and fewer levels (see Fig. 1). This design is adapted
to individual lymph nodes that are substantially smaller
than the groups; thus, a large receptive field is not required.
The design provides for additional characteristics that boost
segmentation accuracy.

Classification of lymph node involvement

In weak supervision, a metastasis label is assigned
to a lymph node group, and the probability of metastasis
for each lymph node is predicted. Lymph nodes are marked
on 32 x 32 image fragments for study purposes. They are
merged with respective masks to combine all identified
objects in a single dataset. Data is processed using
convolutional neural networks with a five-level ResNet
architecture, followed by max-pooling to minimize spatial
dimensions [42]. During the final stage, data is analyzed
using the sigmoid and fully connected layers to assess
the probability of metastasis for each lymph node.

This is further complicated by the fact that in contrast
to benign lymph nodes, metastases might be present or absent
in malignant lymph node groups. Thus, a benign lymph node
group has no affected lymph nodes, whereas a malignant group
must have at least one. To satisfy this requirement, a unique loss
function is used. The binary cross-entropy loss function was
used for training to assess the probability of metastasis in all
benign group lymph nodes. For lymph nodes with metastasis,
training is only performed if the prognostic data indicates that
is all lymph nodes in this region are benign (see Fig. 1). This
method has both advantages and disadvantages.

EXPERIMENT

Data

The publicly available dataset exhibited several
limitations [45]:
« It contains inadequate information on the diagnosis

and histological status of the mediastinal lymph nodes;
« The groups are not specified, and the annotation only

includes lymph nodes with a short axis diameter of >10 mm;
« Contrast-enhanced CT images were likely obtained

during the arterial rather than the venous phase.

Thus, a private dataset for 60 patients with confirmed
NSCLC who underwent diagnostic surgery to assess specific
lymph node groups was used.
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The following inclusion criteria were applied to the dataset:

» presence of CT images acquired during the venous
contrast phase, which allows the most effective
differentiation between the lymph nodes and surrounding
structures (particularly blood vessels);

« diagnostic surgery performed within two months
after the previous examination, which included the venous
phase contrast-enhanced CT images;

« contrast-enhanced CT slice thickness of <1 mm, with eight
image series selected for annotation.

Lymph node groups

The same radiologist annotated the lymph node groups,
meticulously adhering to the IASLC guidelines for generating
prognostic maps for the mediastinum [40]. The annotation
protocol required that large blood vessels, such as the aorta,
pulmonary trunk, and azygos vein, as well as the esophagus,
be differentiated from the lymph node groups (Fig. 2).

Lymph nodes

Two radiologists annotated the mediastinal lymph nodes
and assigned binary masks to all the identifiable lymph
nodes. If the boundaries between several lymph nodes were
uncertain, a single mask was assigned.

Degree of lymph node involvement

Lymph node group involvement was determined based
on the outcomes of video-assisted mediastinoscopic
lymphadenectomy (VAMLA) [14]. A biopsy of the dissected
lymph nodes was performed to establish their status. During
the final stage, each group was assigned one of the three
labels based on the histological examination findings:
 No data for lymph node groups that were not resected;
« benign;

» malignant.

The statistics for the training dataset are presented

in Table 1.

Training

All experiments were performed using a standard
pre-processing method, with input images amplified
to a fixed voxel spacing (1, 1, 1). The CT images were scaled
at 0-1 HU for intensity and set to the soft tissue window
level (160-240 HU) for window level. Goncharov et al. [46]
used a pretrained neural network to crop the input image
to match the lung area, then adjusted it to fit the mediastinal
area. Given the small dataset, high amplification was used
during training, including 10° and 90° rotation, random shifts,
and vertical and horizontal flip (Fig. 3).

Segmentation of lymph node groups

The first stage involved training with 30,000 iterations using
the Adam optimizer, including mixed precision and gradient
scaling. The first component was binary cross-entropy
with adaptive foreground voxel reweighting. For the second
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Chest Apex Level

Table 1. Training dataset: biopsy findings for the lymph node groups

Digital Diagnostics

Lymph node groups |

Benign

Malignant

No data

Right low cervical, supraclavicular, and sternal notch nodes
Left low cervical, supraclavicular, and sternal notch nodes
Right upper paratracheal nodes

Left upper paratracheal nodes

Prevascular nodes

Prevertebral (retrotracheal) nodes

Right lower paratracheal nodes

Left lower paratracheal nodes

Subaortic nodes

Paraaortic nodes

Subcarinal nodes

Paraesophageal nodes

Pulmonary ligament nodes

Right hilar nodes
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Note. Regional lymph node classification according to the International Association for the Study of Lung Cancer (IASLC) guidelines.
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Fig. 3. Example of assigning the assessed statistical parameters to different connected components of the sample mask (a)
and the respective logit mask (b); self-logit and hit-logit, personal statistics for each connected component; hit-dice, shared parameters

for a pair of connected components with a positive value (c).

component, cross-entropy was employed. Throughout
the training, the learning rate remained consistent at 0.003.

Lymph node segmentation

In the second stage, training was performed
with 70,000 iterations using the Adam optimizer, incorporating
mixed precision and gradient scaling. Like the first stage,
the second stage was aimed at minimizing the binary
cross-entropy and adaptive foreground voxel reweighting.
The learning rate was 107 at the beginning of training
and gradually decreased by 3, 3, 2, and 2 times during 5,000,
15,000, 50,000, and 60,000 iterations, respectively.

Classification of lymph node involvement

The classification network was trained with 40,000 iterations
using the Adam optimizer, with loss minimization using positive
class example reweighting (coefficient 100). The learning rate
was 3 x 107 at the beginning of the training and remained
constant throughout the training.

Parameters

To assess the first stage, the accuracy of assigning
lymph nodes to respective groups was ascertained,
as conventional segmentation parameters were
of little relevance in this case. Moreover, prognoses based
on the final outcome were assessed for the third stage.
Patients with and without metastases had their regional
lymph node involvement levels evaluated using the AUC.

FROC method

The FROC method developed by Van Ginneken et al. [36]
was used to assess the quality of lymph node detection.
The FROC curve represents the relationship between the model
response to the object (Y-axis) and the average false positive
rate in the image (X-axis).

The FROC curves were plotted employing a sample mask
for the entire image (Fig. 3a) and the respective logit map,
which was converted to binary form using the threshold
of 0 to obtain a logit mask (Fig. 3b). Both masks were then
divided into interconnected components. Each connected
component was assigned three statistical parameters:

DOl https://doiorg/

self-logit: maximum logit value within the connected

component; is set to infinity if the connected component

is within the sample mask;

+ hit-dice: maximum Dice score between the selected
connected component and another mask (Fig. 3c);

« hit-logit: the same statistical parameter as self-logit;
however, it is derived from a connected component
within another mask that matches the first mask
in terms of the hit-dice value; is set to negative infinity
if hit-dice = 0.

These statistical parameters enable the hit-logit value
to be used plot an FROC curve by selecting different
[ thresholds. Moreover, the hit-dice value was considered
when the curve points were obtained to check the hit
condition. The hit condition for two connected components
was considered to be met if the hit-dice value was positive.
Thus, for the selected { threshold:

o The false positive value was defined
as the number of connected components within a logit
mask with a self-logit > [ threshold, but with hit-dice = 0;

« The true positive value was defined as the number
of connected components within a sample mask
with hit-logit > threshold and hit-dice > 0;

» The false negative value was defined as the number
of connected components within a sample mask
with a self-logit <[ threshold or hit-dice = 0.

In experiments, we used [ thresholds in the range of 0.1
to max-logit, where the max-logit value is the maximum logit
value for the control sample of the predictions.

In contrast to traditional approaches for plotting such
curves, this approach ensures uniformity because each
connected component within a prognostic mask appears
in full or does not appear at all, preventing the separation
or merging of the connected components. Given the limited
accuracy of the floating point calculations, we used a logit
value search instead of using a classical probability search.
It allows plotting curves for the whole range, because large
logit values can be found with greater accuracy than large
probabilities, which are usually rounded to 1.
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Table 2. Lymph node detection rates for groups based on the short axis diameter

Group Mean response Dice score
d>0mm 0.48 + 0.01 0.53+0.24
d>5mm 0.74+0.01 0.53+0.26
d>10mm 0.95+0.01 0.56 +0.26

Note. d, short axis diameter.

Mean response

The FROC method vyields comprehensive analysis
results; however, their interpretation can be challenging.
We used an additional parameter to simplify and integrate
the data derived from the FROC curves. This paper presents
the mean values for false positive points in the range
of 0 to 5, with an increment of 0.01. Because it identifies
a crucial clinical characteristic—the number of detected
lesions per case—this method establishes the detection
efficacy and functions as the primary quality criterion in this
investigation.

Dice Score of an object

The Dice score is the most frequently employed
approach for analyzing segmentation [37]. However, applying
its average value for multiple objects in several images may
cause small objects to be obscured by large ones, which
is a significant drawback. This paper reveals the average Dice
score for an object:

N 1 M 2.
0bjDSC ="
(1 i=1

Tl

where N is the number of images in the control sample;
Mis the number of lesions within the sample mask; ¥jis the set

Table 3. Patient status by the degree of regional lymph node
involvement for the maximum short axis diameter; predicted
probability of metastasis

Patient _Lymph node Maximum d, Maximum
involvement mm p-value
0 0 11 0.29
1 0 14 0.41
2 + 38 1.00
3 + 14 0.54
4 + 14 0.54
5 0 21 0.83
6 + 15 0.61
7 + 11 0.96

Note. Lymph nodes selected by diameter can differ from the lymph
nodes with the highest probability of metastasis. d, short axis diameter.

B0l https://doi.org/ 10

of voxels associated with the j-th connected component
within this mask; and Y7 is the respective connected
component for the prognostic mask with the greatest hit rate
for the Dice Score (DSC).

RESULTS

Lymph Node Segmentation

In the second stage, the parameters for different size
ranges are presented:
« All lymph nodes;
« Lymph nodes >5 mm in size: clinically significant
according to the guidelines;
» Lymph nodes >10 mm in size: are used as a baseline
parameter of potential metastasis [31].
The results are presented in Table 2 and Table 3.
Despite the low detection rate in the first group,
the convolutional neural networks demonstrated optimal
sensitivity for the highest risk (last) group, as evidenced
by a low false positive rate (three per case) (Fig. 4, 5).

Classification of Lymph Node Involvement

The metastasis classification outcomes are consistent
with those obtained using a simplified approach, where

=<0 4 2 1 0 0 0 0 0 0 0
5% 0 3 0 0 0 0 0 0 0O 60
83 3 6 0 0 0 3 0 0 0 0 50
&2 2 1.5 ‘ 0 0 0 0 0 0 0
g S0 0 1 0 2 0 0 2 4 0 40
1 3 0 0 ?ﬂ 000 1 0 0 .
w-0 0 2 0 0 1 3 0 0 1 0
0 0 0 00 0 2[3 0 00 2
~1 0 0 0 0 0 0 0 n 0
20 0 0 0 2 0 1 0 1 . 0 10
0 0 0 0 0 1 0 1 n
2L R 3a 3 4 R 5 6 owR

Ground Truth

Fig. 4. Accuracy of assigning lymph nodes to groups in accordance
with the International Association for the Study of Lung Cancer
(IASLC) guidelines.
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Fig. 5. Detection results during lymph node segmentation. 04 —— p-based
FP, false positive; d, short axis diameter. , , , , , ,
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a lymph node with the greatest short axis diameter was
considered a marker of metastasis. Using a threshold
of 10 mm, this straightforward criterion produced three false
positive findings. However, the proposed algorithm is more
effective than this approach (Fig. 6) because it provided
a larger AUC compared to the simplified approach (0.73 vs.
0.53). The Node-RADS classification indicates that lymph
nodes with a short axis diameter of >30 mm be definitely
considered as lymph nodes with metastasis. The only error
was detected in patient 5: the selected lymph node had a very
high probability of metastasis (Fig. 7).

DISCUSSION

The proposed loss function exhibits both advantages
and disadvantages. It allows a convolutional neural network
to independently determine the relationship between lymph
nodes classified as malignant groups, using prior experience

Patient 0 (NO) Patient 1 (NO)

FPR

Fig. 6. Comparison of baseline criteria derived from the short
axis diameter for predicting patient status regarding the degree
of regional lymph node involvement and the proposed algorithm.
TPR, true positive rate; FPR, false posi-tive rate; SAD, short axis
diameter.

to make modifications. Conversely, it is limited in its capacity
to assign respective probabilities to positive class examples
because specific information for each lymph node
in the malignant group is unavailable. This training method
can improve sensitivity but can also increase the false
positive rate.

The clinical classification of lymph node locations places
stringent requirements on the method. However, its main
disadvantage is the small dataset, which lacks examples
of different lymph nodes with and without metastasis. This
is primarily due to the labor- and time-intensive process
of establishing the boundaries of the lymph node groups

Patient 2 (N+) Patient 3 (N+)

13mm

/ 38 mm
i - \\\
I

) O

21 mm

)l

p=029 p=0.41 p=100 p=0.54
Patient 4 (N+) Patient 5 (NO) Patient 6 (N+) Patient 7 (N+)
=

p=054 p=083

p=0461 p=09%

Fig. 7. Lymph nodes with the highest probability of metastasis for each patient. N0, no metastasis; N+, metastasis.
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and individual lymph nodes from scratch. For one patient,
mapping lymph node groups and individual lymph nodes takes
approximately 1 hour and 2-3 hours, respectively. Ambiguous
human anatomy criteria further complicate the process,
making it unfeasible to establish broad guidelines. Thus,
it is essential to augment the efficacy of the algorithm
parameters by expanding the training dataset by including
new cases of lymph node involvement without enlargement
and enlarged lymph nodes without metastasis for each group
of thoracic lymph nodes.

Multiphase CT images can significantly boost
the capability to determine the degree of lymph node
involvement by providing detailed information on each lymph
node with and without intravenous contrast enhancement.
The venous contrast phase is especially valuable [25].
However, the potential benefits of multiphase CT, including
the native (without contrast), arterial, venous, and delayed
intravenous contrast phases, are poorly understood. Their
assessment can provide further insight into the mechanism
of contrast uptake and distribution in the lymph nodes.

CONCLUSION

This paper presents a three-stage algorithm for lymph
node segmentation and metastasis classification in patients
with NSCLC. Training was conducted using the histological
confirmation results for the lymph node groups. The proposed
algorithm has an overall response of 0.74 + 0.01 and a Dice
score of 0.53 + 0.26 for the segmentation of clinically
significant lymph nodes (with a short axis diameter of 5 mm).
It also has an AUC of 0.73 for predicting patient status
regarding the degree of regional lymph node involvement.
Thus, the proposed three-stage algorithm is superior
to the conventional size-based methods. In enlarged lymph
nodes (with a short axis diameter of 10 mm), segmentation
was more effective, with an overall response of 0.95 and a Dice
score of 0.56. This provides an opportunity for future studies
to improve the quality of cancer therapy and the treatment
of patients without thoracic lymph node enlargement.

Moreover, the proposed algorithm can be incorporated
into the current management protocol for patients
with confirmed NSCLC as a transitional step between the initial
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Challenges and henefits of using texture analysis
of computed tomography and magnetic resonance
imaging scans in diagnosis of bladder cancer
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ABSTRACT

Radiomics and texture analysis is a new step inthe evaluation of digital medicalimages using specialized software and quantitative
assessment of signs invisible to the eye. The textural parameters obtained through mathematical transformations correlate
with morphological, molecular, and genotypic characteristics of the examined area.

This article reviews scientific studies on challenges and benefits of using texture analysis in diagnosis of bladder cancer.
The authors describe the practical value of this approach, and consider the challenges and potential of using it. Forty publications
published between 2016 and 2024 were selected using keywords from PubMed and Google Scholar.

Multiple studies demonstrate high accuracy of radiomics in local staging of bladder cancer, morphologic assessment
of the tumor, and prediction of long-term clinical outcomes.

Therefore, texture analysis of medical images can provide additional information to diagnose bladder cancer in uncertain cases.
Standardization of the method is currently one of the key issues to accelerate implementation of radiomics analysis in clinical
practice.

Keywords: radiomics; texture analysis; bladder cancer; magnetic resonance imaging; computed tomography.
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TpyAHOCTH U NepcneKTUBbI NPUMEHEHUS

TEKCTYPHOro aHaNIM3a KOMMNbIOTepHO-TOMOrpadpuyecKux
U MarHUTHO-Pe30HAHCHbIX U306parkeHUH

B AAMarHOCTUKe paKa MO4eBOro nysbips
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AHHOTALINA

PanuoMWKa v TEKCTYPHBbIN aHanu3 — HOBBI LUIAr B M3y4eHUW LMQPOBbIX MeOULMHCKUX M300paeHui, 0CHOBaHHBIA Ha UC-
Mob30BaHMU CMELUanM3MpPOBAHHOTO NPOrpaMMHOro obecreveHus U KOIMHECTBEHHOW OLLEHKW HEBUAMMBIX r1a3y noKasare-
nei. N3BnexkaeMble MyTEM MaTeMaTyeckux Npeobpa3oBaHW TEKCTYPHbIE NOKa3aTeNu KOppenupyT ¢ MOpGhOorMyecKuMHm,
MOMNEKYNSAPHBIMU W FEHOTUMMYECKUMM XapaKTepUCTUKaMKW uccneayeMoii obnacTu.

B Hacroswei cTaTbe npoBeféH 0630p HayyHbIX UCCNEAOBAHNMN, NOCBALLEHHBIX BO3MOXHOCTAM U TPYAHOCTAM MPUMEHEHMS
TEKCTYPHOrO aHanW3a B AMarHOCTUKE paka MOYeBOro Mny3bips. ABTOpaMM OnKUcaHa NpaKTU4ecKas 3HaYMMOCTb JaHHOT0 MeTo-
3, PacCMOTPEHbI CIIOXHOCTW M NEPCNEKTUBLI €ro UCoNb30BaHMA. C noMoLLbio nouckoBbIx cuctem PubMed n Google Scholar
Mo KIIo4eBbIM CNoBaM 0TobpaHbl 40 nybnukauwii, u3aaHHbIx 3a nepuog ¢ 2016 no 2024 rr.

Pe3ynbTaTbl MHOrOYMCAEHHBIX MCCEA0BAHNN LEMOHCTPUPYIOT BBICOKYI0 TOUHOCTb PaMOMMKM B MECTHOM CTaJMpOBaHWM paKa
MOYEBOr0 Ny3bIps, OLeHKe MOphOIOrMYeCcKon KapTUHBI OMYX0/U W MPOrHO3MPOBaHUM OTAANEHHBIX KIIMHUYECKUX UCXOL0B.
TakuM 06pa3oM, TEKCTYPHbIA aHaN3 MeaMLMHCKUX M30bpaxeHnid cnocobeH NpefocTaBUTb AOMNOSHUTENBHYIO MHpOPMaLMIO
B IMarHOCTMKE paKa MOYEBOr0 Ny3bipsi B HEOAHO3HAYHBIX KIIMHUYECKUX ciyyasx. CerofHs cTaHaapTM3aums MeTosa ABNseTcs
O[LHOW M3 KJKOYEBbIX 334 [J1 YCKOPEHUS BHEAPEHUS PafUOMUYECKOr0 aHann3a B KIMHUYECKYI0 NPAKTUKY.

KnioueBble cnoBa: pasvoMWKa; TEKCTYPHbIM aHanW3; paK MOYEBOr0 Ny3blps; MarHUTHO-Pe30HaHCHas ToMorpadus;
KOMMbloTepHas ToMorpadus.
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DIFFICULTIES IN DIAGNOSING
BLADDER CANCER WITH
CONVENTIONAL IMAGING
AND THE ROLE OF RADIOMICS

Accurately predicting muscle invasion is essential
for determining an appropriate treatment approach. Magnetic
resonance imaging (MRI) with intravenous contrast serves
a critical role in the noninvasive diagnosis and staging
of bladder cancer. The Vesical Imaging-Reporting and Data
System (VI-RADS) is a standardized framework widely
applied for interpreting MRI findings during local staging
of bladder cancer [1].

Despite advances in multiparameter imaging and enhanced
imaging techniques, assessing the extent of local disease
remains difficult. Staging tumors based on MRI findings
is particularly challenging when the lesion is located
in the bladder trigone, urethral neck, or urethral orifice due
to the complex anatomy of these regions. Patients classified
as VI-RADS 3 present the greatest uncertainty regarding
tumor grade. For instance, morphological assessments
in this group revealed absence of muscle invasion in 53%
of cases and presence of muscle invasion in 47% [2].

The reliability of morphological evaluations obtained
through invasive diagnostic procedures heavily depends
on the quality of transurethral resection (TUR) of the tumor.
Incomplete resection and coagulation-related tissue damage
during TUR contribute to the risk of understanding.
A systematic review reported that up to 32% of patients
experienced disease upstaging and were subsequently
diagnosed with muscle invasion following repeat [3].
Furthermore, up to 50% of specimens collected after an initial
TUR lacked a muscle layer [2].

The tumor risk category, which partially relies on tumor
grade, guides the selection of adjuvant chemotherapy
regimens for non-muscle-invasive bladder cancer.

Texture analysis (TA) has emerged as a promising
method to enhance the accuracy of bladder cancer staging
and address limitations associated with conventional invasive
and noninvasive diagnostic approaches.

PROCEDURE AND PRACTICAL ASPECTS
OF TEXTURE ANALYSIS

TA is a technique for postprocessing digital medical images
that utilizes specialized software to extract texture features
(TFs). Several TA software programs have been developed,
including PyRadiomics, MaZda, MATLAB, 3D Slicer, and LIFEx.

TA involves a sequence of stages:

» Stage 1: acquisition of medical images and storage
in the Digital Imaging and Communications in Medicine
format

 Stage 2: selection of the region of interest (ROI) and image
segmentation
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 Stage 3: extraction of TFs
» Stage 4: statistical analysis using predictive models

followed by model testing [4]

Segmentation may be performed manually,
semi-automatically, or automatically and can involve either
a single slice (2D ROI) or the entire region of interest
(3D RQI). The extracted TFs and study outcomes are closely
influenced by image quality and segmentation accuracy.
The presence of artifacts or specific morphological features
(such as calcifications, hemorrhages, or coagulation areas)
within the ROI, or analysis extending beyond the ROI, can
affect the results [5].

Image preprocessing is an intermediate step
between segmentation and TF extraction. This optional process
is intended to homogenize images, which is particularly
important when dealing with heterogeneous datasets resulting
from the use of different imaging equipment and parameters.
A wide range of image preprocessing techniques is available.
The most commonly used methods include the following [5]:
« Interpolation to achieve isotropic voxels
+ Intensity level filtering
+ Sampling of cell (bin) number and width
« Application of various filters (such as Laplace—Gaussian

and wavelet filters)

Image preprocessing plays a crucial role in standardizing
and enhancing the reproducibility of TFs [6-8].

The extracted TFs are generally categorized into several
groups. First-order features refer to histogram-based
characteristics that describe the distribution of voxel
intensities within an image. These include kurtosis, entropy,
skewness, intensity, skewness ratio, and uniformity.
Second-order features are derived from the relationships
between voxels within the ROl and describe the spatial
distribution of gray-level intensities, using matrices such
as the Gray-Level Run Length Matrix, Gray-Level Zone Length
Matrix, Gray-Level Co-Occurrence Matrix, and Neighborhood
Gray-Level Difference Matrix. Higher-order features are based
on specific mathematical transformations, such as wavelet
filtering and Fourier transforms [4].

In clinical practice, TA is applied across various imaging
modalities, including computed tomography (CT), PET/CT,
X-ray, MRI, and ultrasound. Most studies have investigated
the role of radiomics in cancer management for the following
objectives [5]:

« |dentifying the type of neoplasm (benign or malignant)

 Evaluating the tumor’s morphological and biological
characteristics (grade, invasiveness)

« Comparing the tumor’s texture profile with its genetic
profile (radiogenomics)

+ Monitoring the response to treatment

Most researchers agree that TA can enhance
the effectiveness of localization diagnosis in cancer. Combined
predictive models that incorporate TFs along with clinical,
laboratory, genetic, and histological data can support
personalized patient assessments [9, 10].
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TA, similar to a virtual biopsy, is used to assess tissue
heterogeneity [11, 12]. However, traditional biopsy assesses
heterogeneity in a specific anatomical site, which may offer
limited diagnostic value due to the low number of sampled
cells. In contrast, radiomics enables noninvasive analysis
of the entire tumor. Additionally, radiomics can help predict
overall survival and treatment response [13-16].

TEXTURE ANALYSIS OF MRI IMAGES
FOR BLADDER CANCER DIAGNOSIS

In recent years, radiomics has been increasingly applied
to the interpretation of MRI findings and the identification
of new characteristics and clinically relevant data in bladder
cancer. Most published studies on radiomics in bladder
cancer focus on identifying TFs that can predict muscle
invasion and tumor grade. A three-dimensional ROI (3D ROI)
is the preferred segmentation approach among most
researchers. The findings of key studies on the TA of MRI
images in bladder cancer are summarized in Appendix 1.

Radiomics shows greater effectiveness in bladder cancer
diagnosis when combined models incorporating TFs, clinical
(morphological) variables, and data from multiple MRI
sequences are used [17-19]. For instance, Xu et al. conducted
TA on three MRI sequences: T2-weighted imaging (T2ZWI),
diffusion-weighted imaging (DWI), and apparent diffusion
coefficient (ADC) maps. Their analysis demonstrated that
a model integrating T2WI and DWI TFs was the most effective
in distinguishing muscle-invasive from non-muscle-invasive
bladder cancer, achieving an area under the curve (AUC)
of 0.98, accuracy of 96.3%, sensitivity of 92.6%, and specificity
of 100% [18]. Subsequently, Xu et al. reported that combining
TUR results with TFs further increased the sensitivity
for predicting muscle invasion to 0.96 [17].

Published data indicate that final predictive models
capable of differentiating muscle invasion and tumor grade
generally incorporate both first- and second-order TFs
[20, 21]. However, some studies have concentrated exclusively
on histogram features as key TFs [22-24].

Razik et al. reported that only two first-order features—
the mean value of positive pixels and kurtosis—extracted
from non-preprocessed images were effective in distinguishing
high-grade from low-grade tumors. Contrary to expectations, no
predictive features were identified when using Laplace-Gaussian
filters. Additionally, the study did not identify any TFs capable
of differentiating muscle-invasive from non-muscle-invasive
bladder cancer. Possible explanations include the use
of two-dimensional (2D) segmentation, analysis limited to ADC
images, a small sample size (40 observations), standardized
machine learning classifiers, and variability in MRI scanners
and study protocols [24].

Segmentation can be performed using various
methods. Zheng et al. were the first to segment both
the tumor and its base. A 3D analysis of T2WI identified
23 discriminative features distinguishing muscle-invasive
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from non-muscle-invasive bladder cancer, with 10 (43%)
of these features in the tumor base. The AUC for the training
and test samples was 0.913 and 0.874, respectively. When
tumor size (a morphological parameter) was added to the TFs,
the AUC slightly improved to 0.922 and 0.876, respectively [21].

Lim et al. assessed data from 36 patients to compare
the effectiveness of T2WI and ADC TA for local disease
staging. Notably, the study employed two 2D segmentation
approaches: the tumor and the adjacent paravesical fat [23].
Multivariate regression analysis showed that entropy was
the only feature with significant differences between <T2 and
=T3 tumors, as well as between T1 and >T2 tumors. Unlike
the findings of Razik et al., the agreement rates for TFs in this
study were not influenced by the use of Laplace—-Gaussian
filters. The authors concluded that entropy correlates directly
with tumor heterogeneity and aggressiveness and that TA can
be applied for local staging of bladder cancer. Limitations
of the study included MRI scans performed on all patients
after TUR, as well as variations in magnetic field strength
between the scanners (1.5 and 3 T) [23].

TEXTURE ANALYSIS OF CT IMAGES
FOR BLADDER CANCER DIAGNOSIS

The role of CT in assessing the extent of tumor spread
beyond the bladder is limited. CT scans remain primarily used
for detecting distant metastases. However, some recent large
studies have explored the application of TA in diagnosing
bladder cancer.

Cui et al. used TFs from the venous phase as prognostic
markers for muscle-invasive bladder cancer. The study
included data from 188 patients, divided into training and test
samples. The accuracy of the model was 0.98 [25].

Similarly, Zhang et al. assessed 196 CT scans
during the nephrographic phase. The authors used axial scans
for 3D segmentation, selecting the largest tumor for analysis
when multiple tumors were present. A total of 851 TFs were
extracted for each tumor. Ultimately, 12 first-order (original_
shape_Sphe-ricity, original_shape_Elongation, original_
shape_Least-AxisLength) and second-order TFs were chosen
for the models. The authors concluded that the risk of muscle
invasion was higher in spherical tumors. Three models were
developed: clinical, radiomics, and combined. The combined
model was the most accurate for predicting muscle invasion,
with an AUC of 0.89, whereas the radiomics model also
performed well, with an AUC of 0.85. The combined model
incorporated radiomic attributes (RadScore) and tumor grade
(high-grade/low-grade) [26].

In contrast to previous studies, Ren et al. investigated
the potential of radiomics analysis of CT urograms, alongside
excretory phase evaluation. The authors analyzed 296 images
after preprocessing with a fixed voxel size (1 x 1 x 1 mm?)
and pixel size scaling to 0.1. The artificial neutral network-based
model showed a sensitivity of 0.89 and specificity of 0.93
in diagnosing muscle-invasive bladder cancer [27].
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Jing et al. conducted multiphase TA of 204 thick-slice
CT scans. The authors used 54 features from the native,
corticomedullary, and nephrographic phases (8 first-order
features, 3 shape features, and 43 second-order features)
to differentiate between low-grade and high-grade bladder
cancer, achieving an AUC of 0.79, accuracy of 0.71, sensitivity
of 0.68, and specificity of 0.73. Additionally, three models
were developed based on the analysis of each phase
individually, with the following results: AUCs of 0.70, 0.74,
and 0.75 for the native, corticomedullary, and nephrographic
phases, respectively. To enhance efficacy, the authors created
a combined clinical and radiomics model, which outperformed
the radiomics-only model (AUC 0.90, accuracy 0.79, sensitivity
0.81, specificity 0.77). Based on logistic regression, the combined
model included two independent predictors of bladder cancer
grade: the patient’s age and RadScore. Limitations of the study
included the use of thick CT slices (5-6 mm) and the absence
of image preprocessing, which could have led to lower AUC
values in models based solely on TFs [28].

TEXTURE ANALYSIS FOR PREDICTING
RESPONSE TO TREATMENT

AND LONG-TERM OUTCOMES

IN PATIENTS WITH BLADDER CANCER

Despite advancements in endoscopic imaging (such
as photodynamic diagnosis and narrow-band imaging)
and improved surgical methods, the prognosis for patients
following cystectomy remains poor, with an overall 5-year
survival rate of about 60% [29].

Two models are commonly used to assess the risk
of relapse and progression in non-muscle-invasive bladder
cancer after a macroscopically complete TUR. These are
the European Organization for Research and Treatment
of Cancer and Club Urologico Espafiol de Tratamiento
Oncologico (CUETO) [30, 31] classifications. However, these
models, which rely on clinical and histological parameters,
have limitations, such as low discriminative ability
for predicting relapses and a tendency to overestimate risk.

Currently, there is no reliable method for predicting
the response to neoadjuvant chemotherapy (NACT) before or
during treatment.

These issues highlight the need for research into radiomics
as a novel approach for assessing clinical outcomes in bladder
cancer. ldentifying up-to-date prognostic markers is crucial
for more accurately selecting patients likely to respond
to NACT, particularly due to the high toxicity of cisplatin,
a chemotherapy drug recommended for treatment.

Several studies have explored the potential
of TA in monitoring therapy [32, 33]. Cha et al. were the first
to investigate the use of radiomics to predict the response
to NACT in bladder cancer. The authors analyzed CT scans
from 82 patients before and after three chemotherapy
cycles, with the model achieving an accuracy of 0.7. Although
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the analysis was based on follow-up CT scans after three
chemotherapy cycles, the authors suggest that trained
models could be applied at any clinically significant time point
to facilitate timely treatment adjustments or discontinuation,
before toxic effects occur [34].

Cai et al. developed a nomogram to predict relapse-free
survival in patients after partial or complete cystectomy.
The study included data from 80 MRI scans, analyzing four MRI
sequences (T2WI, DWI, ADC, and post-contrast images) [35].

LIMITATIONS, CHALLENGES,
AND PROSPECTS FOR RADIOMICS

The absence of a standardized and unified workflow
hinders the broader clinical application of TA [34, 36].
A study assessing the reproducibility of MRI TFs found
that the preprocessing settings needed for reliable feature
extraction may vary depending on the MRI sequence [37].

Segmentation is a crucial and debated aspect of radiomics.
Semi-automatic segmentation is generally preferred
over manual segmentation due to its better reproducibility of TFs
and faster analysis time. The reproducibility of segmentation
is mainly influenced by the tumor type and location [38].

The reproducibility of specific TFs or groups of TFs can
differ based on the image standardization method used [39].

TF agreement rates can vary by software, which limits
the interchangeability of software tools. Specialized software
packages may be designed to analyze specific pixel ranges or
tissue types; therefore, images outside the defined analysis
framework may not accurately reflect the tissue texture [40].

CONCLUSION

Radiomics is an emerging noninvasive diagnostic tool.
In urologic oncology, it shows promise for local disease
staging, tumor grade assessment, and long-term prognosis.
However, before routine clinical implementation, multicenter
randomized studies are necessary.
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Remote monitoring of patients with chronic heart
failure: a non-invasive approach

Aleksei V. Emelianov, Maria V. Kozhevnikova, Elena A. Zheleznykh, Anastasia L. Panova,
Elena V. Privalova, Yuri N. Belenkov

Sechenov First Moscow State Medical University, Moscow, Russia

ABSTRACT

Remote monitoring of patients, including those with chronic heart failure, has been actively used in recent years. Unlike
invasive methods, non-invasive methods are not associated with surgical risks and offer a wide range of patient management
options such as telemonitoring, virtual visits, emergency department pre-triage, in-hospital telemedicine, telemedicine
rehabilitation, psychological support, etc. Previously, remote monitoring required a multidisciplinary medical team to ensure
high efficiency, and attempts to use advanced technology to reduce human involvement were often unsuccessful. However, all
electronic and telemedicine technologies in healthcare have been dramatically transformed by the COVID-19 pandemic. There
is currently a wide variety of remote monitoring methods and technologies. But it is still impossible to clearly assess their
effectiveness due to a lack of common standards, inadequate legislation, and regional, social, and economic differences in the
availability of these technologies. However, in 2021, remote monitoring was included in the European Society of Cardiology
clinical guidelines for the diagnosis and management of acute and chronic heart failure (llb). This review describes the history
of modern remote monitoring methods and the problems they are designed to solve in order to improve outpatient health
monitoring for patients with chronic heart failure.
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ucTaHumMoHHOe HabnoaeHUe 3a COCTOSAHUEM
NnaLueHToB C XpPOHUYECKOW cepAeyvHOM
He0CTaTOYHOCTbIO: HEeMHBa3UBHbIA NOAX0A

A.B. EMenbsHoB, M.B. KoxesHukoBa, E.A. enesHoix, AJ1. lNaHoBa, E.B. lpuBanosa,
t0.H. benenkos

MepBbiii MockoBCKMI rocyAapCTBEHHbINA MeauUMHCKUIA yHuBepeuTeT umMenn U.M. CeueHoBa, MockBa, Poccus

AHHOTALIUA

[uctaHumoHHoe HabnofeHWe 3a COCTOSHUEM 3[0POBbA MALMEHTOB aKTMBHO WCMOMb3YHOT B MOCNEAHUE FOAbI, B TOM YuCHe
Yy NaLMEHTOB C XPOHUYECKOW CepLeYHON HEA0CTAaTONHOCTLIO. B 0TnMuMe OT MHBA3WBHBIX METO0B, HEMHBA3WBHLIE HE COMpS-
JEHbI C OMEPALMOHHBIMU PUCKaMU U NPeSOCTaBNSIT LUMPOKUE BO3MOXHOCTU [ BEAEHUS MALMEHTOB: TENEMOHUTOPUHT,
BMpTyasnbHble BU3UThI, NpeBapUTeNbHas COPTUPOBKA Ha NyTU B MPUEMHOE OTAENEHME, BHYTPUTOCMIMTaNbHAA TeneMeuLMHa,
TeneMeauUMHCKasA peabunutaums, ncuxonoryeckan nojaepKa U MHoroe apyroe. PaHee guctaHumoHoe HabnoaeHue ocy-
LLECTBAANM C NPUBNEYEHNEM MyNBTUAMCLMNIMHAPHON KOMaHAbl M3 MeApaboTHMKOB pa3HbIX CreuuanbHocTen, YTo obecne-
UMBano BbICOKYH 3PEKTUBHOCTb, @ MOMbITKW BHEAPEHWUS COBPEMEHHBIX TEXHOMOTUN 11 CHUMEHMUS Y4acTUA NIOAEeN YacTo
OKasbiBanucb 6e3ycnewHbiMu. OgHako naHaemua COVID-19 nofgTonkHyna K paauKanbHOMY M3MEHEHMIO BCEX 3NIEKTPOHHbIX
W TeneMeULIMHCKUX TEXHOOMN B 3paBooXpaHeHnu. Ha ceroHALLHWIA AeHb CYLLECTBYET OFPOMHOE pa3Hoobpasue MeToL0B
W TEXHOMOMMIA OMUCTaHLUMOHHOMO HabniofeHus, Ho U3-3a OTCYTCTBUA efMHbIX CTaH4APTOB, HECOBEPLUEHCTBA 3aKOHOAATENb-
CTBA, PErMOHabHbIX, COLMATBHBIX U 3KOHOMUYECKUX PasfuyMiA B JOCTYMHOCTW 3TUX TEXHONOMN BCE eLUE HeMb3A 0AHO3HAYHO
cyanTb 06 ux adppexTmBHoCTU. TeM He MeHee B 2021 rogy AMCTaHUMOHHOE HabMOAEHUe BKITIOUYUIM B KITMHUYECKWE PEKOMEH-
Aauun EBponelickoro obLecTBa KapA100roB Mo AMarHOCTUKE U JIEYEHMI0 OCTPOM U XPOHUYECKO CepLeYHOM HeloCTaTouHO-
ctu (I1b). JaHHbIA 0630p NOCBALLEH UCTOPUM PA3BUTUS COBPEMEHHBIX METOAO0B AUCTAHLUMOHHOMO HabMlofeHus, a TaKKe npo-
BnemaM, KOTOpbIE OHW MPU3BaHbI PELUMTB C LieMbHo NOBbILLEHNS 3¢ deKTMBHOCTH aMbynaTopHOro HabnAeHUs 3a COCTOSHUEM
3[,0p0Bbs NALUMEHTOB C XPOHUYECKOW CepAeYHON HEL0CTAaTOYHOCTbIO.

KnioueBble cnoBa: XpoHM4eCKada cepaevyHad HeA0CTAaTOYHOCTb; AUCTAHUUOHHOE HabnoaeHue; TeneMeanULMHa; INIeKTPOH-
HO€e 3[1paBO0XpPaHeHUe.
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INTRODUCTION

Globally, chronic heart failure (CHF) affects approximately
60 million individuals and continues to be a major healthcare
concern [1]. In Russia, the overall prevalence of CHF is 8.2%.
The most frequent causes of CHF include hypertension,
coronary artery disease, or their combination, which occurs
in half of the patients [2]. Research indicates that the 5-year
survival rate in CHF is 50%; however, it declines further
in decompensated heart failure patients. The outpatient or
inpatient treatment is associated with a significant economic
burden [1].

Only sodium-glucose cotransporter-2 (SGLT2) inhibitors
have been demonstrated to be effective in heart failure
with preserved or moderately reduced ejection fraction (EF).
Quadruple therapy, including angiotensin-converting enzyme
inhibitors, B-blockers, mineralocorticoid receptor antagonists,
and SGLT-2 inhibitors, is indicated in heart failure patients
with reduced EF. This therapy lowers the readmission rate
for decompensated CHF and the cardiovascular (CV) mortality
rate by 72% [3].

Given the challenges of ongoing monitoring
and the concern about adverse effects, including hypotension
and hyperkalemia, only 16.2% of patients in Russia receive
optimal drug therapy [4]. However, the revised dose titration
guidelines may result in a decrease in the incidence of these
adverse effects [1, 5].

Another crucial element is compliance, which depends
on individual patient characteristics and comorbidities. Poor
compliance is typically linked to an unfavorable prognosis
and decreased physical activity and quality of life [6, 7].
Studies show that the compliance rates vary from 10%
to 98%, depending on the assessment technique. Negative
factors impacting compliance include inadequate medical
assistance, lack of funding, asymptomatic disease, cognitive
impairment, adverse reactions, depression, low awareness,
polypharmacy, and inconveniences associated with diuretic
therapy [8].

Other crucial elements of effective treatment include
the doctor—patient relationship, training, rehabilitation,
and outpatient follow-up. These issues require complex,
modern strategies that consider the current challenges
and trends. One of these approaches is remote monitoring.

POTENTIAL SOLUTION

Technological advancements have enabled patients
to transmit data regarding their condition that was collected
using invasive or noninvasive devices and receive specialist
consultations at any time and from any location.

Invasive approaches assess various parameters
with remarkable accuracy and respond even to any minor
alterations in patients with CHF . There are devices that
evaluate pulmonary artery pressure (CardioMEMS), right
ventricular pressure (Chronicle IHM), left atrial pressure
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(The HeartP0OD), cardiac rhythm and conduction, lung tissue
bioimpedance, and other deterioration markers [9, 10].
However, the study findings and meta-analysis data
demonstrate that these devices are ineffective in patients
with CHF. This is due to a lack of standard remote monitoring
protocols and the inconsistency of the assessment techniques
and parameters. The benefits of devices that measure
hemodynamic parameters—particularly pulmonary artery
pressure, a well-established marker of clinical deterioration
are evident [11]. Invasive techniques demonstrate drawbacks,
including the need for surgical intervention, risk of infections,
having a limited power supply, and being expensive. These
devices are primarily employed in high-risk patients requiring
close monitoring and are not suitable for routine practice [12].
Conversely, there are diverse noninvasive devices
and techniques for patient monitoring and management.
The simplest solutions include devices that evaluate
multiple parameters (scales, tonometers, pulse oximeters,
smart watches, fitness trackers, etc.). More complicated
monitoring techniques include phone interviews and various
software. These strategies enable one to collect and process
subjective and objective patient data, exchange information
with other devices, maintain feedback, provide training
and rehabilitation, and facilitate lifestyle adjustments.
The spectrum of alternative monitoring methods is expanding,
increasing availability and lowering costs, and the cumulative
experience demonstrates the efficacy of this approach [12].

DEVELOPMENT OF NON-INVASIVE
REMOTE MONITORING

Rich et al. [13] discovered that multidisciplinary
management (MDM) of patients aged >70 years was effective.
MDM includes training, consultations with social services
and geriatric cardiologists, additional interactions, and phone
interviews. This strategy lowers the overall readmission
rate, including for decompensated CHF patients, enhances
the quality of life, and saves $460 per patient.

Fonarow et al. [14] validated the advantages of MDM
in a study involving transplant-eligible patients with the New
York Heart Association (NYHA) Class llI-IV CHF. Training
patients and family members as well as conducting additional
visits and phone interviews improved functional status,
lowered readmission rates, and saved $9,800 per patient.
Cline et al. [15] demonstrated that while there were no
differences in survival rates, training and remote nurse
monitoring lengthened the time to readmission.

In 1999, patients with EF < 45% participated in the Pharmacist
in Heart Failure Assessment Recommendation and Monitoring
Study, the first study to be conducted without face-to-face
visits. The treatment group was followed up by a clinical
pharmacologist via telephone interviews. The study included
status assessment, information, training, discussions
with an attending physician, and therapy modifications.
The treatment group had considerably lower all-cause
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mortality and CHF-associated events, and the patients
were more likely to attain the target dose with the same
prescription rate [16].

Over time, the inclusion requirements expanded,
and the number of publications increased. In 2004, McAlister
et al. [17] published a large systematic review of 29 studies
in 5,039 patients. The review revealed that MDM was
the only approach that lowered the overall readmission rates
(including for decompensated CHF patients) and mortality
rates. Self-care improvement programs had no impact
on mortality. Phone interviews and recommendations
to contact a physician in the event of worsening condition
improved the readmission rate for decompensated
CHF, but all-cause hospitalization and mortality rates
were unaffected. The Trans-European Network—Home-
Care Management System (TENS-HMS), a landmark
randomized clinical study conducted in 2005, demonstrated
the potential of telemonitoring (TM). Diuretic-treated patients
with an EF < 40% following a decompensation episode were
divided into three groups based on the monitoring technique.
In Group 1, TM was performed employing specialized devices
that collected data on patient status, including body weight,
blood pressure (BP) parameters, heart rate (HR), and cardiac
rhythm, and transmitted them to a server. In Group 2, patients
were followed up by trained nurses via phone interviews.
In Group 3, conventional monitoring was conducted.
Although the study demonstrated no differences in mortality
rates or intensive care admission rates, the one-year
mortality in patients belonging to Groups 1 and 2 was lower
than in those from Group 3 [18]. The outcomes of the CHANCE
study, the first Russian multicenter study to assess training
with subsequent follow-up (scheduled phone interviews
and three face-to-face visits) for 12 months, were published
in 2007. The study revealed reduced all-cause mortality
and readmission rates for patients with decompensated CHF,
increased six-minute walk distance (6MWD), lowered use
of diuretics, and enhanced quality of life. Application of this
approach mitigated the relative risk of death by 37% [19].

Available data indicates that MDM is the primary contributor
to the enhanced efficacy of remote monitoring in patients
with CHF. However, this strategy requires skilled professionals
and is linked to an increased workload as well as significant
training and labor expenditures. Physicians invest a significant
amount of their professional and leisure time in data analysis,
and the scarcity of healthcare workers is a global issue [20].
Working after hours has been shown to significantly raise
the risk of professional burnout [21]. Patient monitoring
in remote areas and low-income countries is another issue [22].
Given the increased workload, novel approaches aimed
at identifying effective patient management strategies that
reduce the personal engagement of healthcare professionals
and financial expenses are garnering substantial attention.

However, studies frequently yield inconsistent
results. A meta-analysis of 20 randomized clinical trials
(6,258 patients) and 12 cohort studies (2,354 patients)
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conducted between 2000 and 2008 verified that remote
monitoring is effective in lowering mortality and readmission
rates [23]. However, it also included studies that used
MDM [17]. The subsequent research findings were not
promising. For example, Chaudhry et al. [24] assessed
the efficacy of remote monitoring using phone interviews
to gather data on complaints and body weight, as well
as for follow-up physician consultations. This approach had
no influence on readmission rates, including for patients
with decompensated CHF, duration of hospitalization, and all-
cause mortality. The Telemedical Interventional Monitoring
in Heart Failure (TIM-HF) study used devices for at home
ECG, BP, and body weight monitoring. The devices were
connected via Bluetooth to a digital assistant, which
provided data to the telemedicine centers. All-cause
mortality, cardiovascular mortality, and hospitalization rates
for decompensated CHF patients were unaffected by this
strategy [25]. Lynga et al. [26] assessed the efficacy of TM
based on body weight changes in two groups of patients.
In Group 1, electronic scales were used to transmit data
to a clinic; in Group 2, patients kept track of their own body
weight. The mortality and readmission rates did not differ
between the groups, according to the study. The multicenter,
randomized, controlled study Telemonitoring in Heart
Failure used a device with a display and four buttons. Data
on BP and HR were collected, and interviews with preset
questions were conducted. The buttons were used to submit
responses, which were subsequently transmitted to a server,
and displayed on the nurse’s desktop. If any anomalies were
found, a consultation was offered. There were no differences
in hospitalization and mortality rates, which is due to the small
sample size and carefully selected groups. However, there
was a reduction in the number of events requiring interaction
with a nurse [27].

Additionally, some encouraging outcomes were observed.
The Telemonitoring in the Management of Heart Failure
(TEMA-HF) study assessed the effectiveness of BP, HR,
and body weight monitoring using electronic devices that were
connected via Bluetooth to a telephone for data transfer. If there
were any abnormalities, a physician was notified to determine
the further treatment strategy. For decompensated CHF,
the readmission rate, days lost from hospitalization, dialysis,
or death, and all-cause mortality all decreased (p = 0.06) [28].
In 2015, Inglis et al. [29] published a systematic review of 41
studies, comprising structured phone interviews (n = 25)
and non-invasive TM (n = 18). The review found that remote
monitoring can lower all-cause mortality and readmission
rates for decompensated CHF, as well as enhance the quality
of life, self-care, and awareness of the disease. Most patients,
including older adults, mastered the technologies easily
and expressed high satisfaction levels. The review revealed
the absence of a uniform structure, heterogeneity of studies,
and impact on all-cause mortality and readmission rates
for patients with decompensated CHF. The European Society
of Cardiology’s position was reflected in a document published
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in 2016 as remote monitoring gained popularity, more research
was conducted, and its efficacy was established [30]. This
seminal document underscored the significance and efficacy
of remote monitoring, considered current issues and potential
solutions, and outlined the future development strategy.
The issues included a lack of awareness and trust in eHealth
solutions, insufficient evidence of cost-effectiveness, absence
of clear legal regulations for healthcare mobile applications
and transparency regarding data use, including those
stored abroad, as well as regional, social, and economic
disparities in technology availability [30]. However,
the results of the Better Effectiveness After Transition—Heart
Failure (BEAT-HF) study were unsatisfactory. Post-training
phone interviews and TM were utilized for monitoring.
TM employed equipment that tracked BP, HR, symptoms,
and body weight, and trained nurses performed monitoring
and phone interviews and recorded the actions. There were
no intergroup differences in the readmission and all-cause
mortality rates; however, there were differences in the quality
of life [31].

In 2017, Grebennikova et al. [32] assessed the potential
of enhancing self-care via mobile application-based remote
monitoring. The study showed a significant improvement
in self-care, as evidenced by a decrease in the mean
score on the Russian version of the European Heart Failure
Self-care Behavior Scale.

The Telemedical Interventional Management in Heart
Failure Il (TIM-HF2) study evaluated remote monitoring
in patients with NYHA Class II-Ill CHF and EF < 45%
(or >45% in combination with oral diuretic therapy) who
were hospitalized for decompensated CHF in the previous
12 months. While there were no intergroup differences in CV
death rates, remote monitoring lowered the number of days
lost due to hospitalization for decompensated CHF and all-
cause mortality [33]. Mareev et al. [34] reviewed clinical
studies on telemetry in CHF. The outcomes were inconsistent
due to inadequate compliance without direct interactions
with healthcare professionals, parameters with insufficient
sensitivity, and participants with a stable disease that did not
require TM in multiple studies.

Zhu et al. [35] performed a meta-analysis of controlled
studies in 10,981 patients conducted between 1999 and 2018.
The analysis revealed that remote monitoring mitigated
all-cause readmission rates, including for decompensated
CHF, all-cause and CV mortality, and length of hospitalization;
however, it had no effect on CHF-related mortality.
The meta-analysis revealed the heterogeneity of the included
studies. The publications that examined the need for MDM
corroborated its effectiveness; however, the meta-analysis did
not include the TIM-HF2 study results. More comprehensive
information is presented in Appendix 1.
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The model remains mostly unchanged, despite
numerous studies. It includes phone interviews, video
calls, and/or home-use devices that automatically
transmit data on the patient’s condition. The COVID-19
pandemic, during which remote monitoring technology
evolved rapidly, had a significant impact. It was found
that many tasks and areas can be effectively and safely
supplemented, as well as partially or totally replaced. Along
with TM advancements, strategies such as virtual visits,
preliminary triage on the way to the emergency room,
inpatient telemedicine, telerehabilitation, and psychological
support have been implemented [36]. Nasonova et al. [37]
performed a systematic review of invasive and noninvasive
TM for 2010-2020. The review revealed that the heterogeneity
of the studies made it impossible to make direct
comparisons of remote monitoring systems and to determine
an unambiguous efficacy assessment, highlighting the need
for standardization. However, noninvasive TM was included
in the guidelines of the European Society of Cardiology
in 2021 (recommendation class lIb, evidence level B) [1].
Furthermore, novel examination techniques and results
continue to be published.

A MODERN NON-INVASIVE
TELEMONITORING MODEL

Contemporary non-invasive TM comprises data collection
and feedback, server-side data storage and processing,
and a healthcare professional interface for data analysis
to evaluate the patient’s status (Fig. 1) [10].

Interactions with patients are also important, as evidenced
by the last mile problem. This problem is common in various
sectors and describes how the success of the whole system
depends on this particular stage, which includes interactions,
data collection method, data type, and user convenience
for patients. If the service is costly, the solution is complicated,
and the use is challenging and too intrusive, patients will
be reluctant to use the system regardless of its worth
and complexity. Thus, the quest for an effective, convenient,
secure, and inexpensive solution remains relevant.

One option is an application that enables a wide
range of possibilities, restricted only by the intended use
and the creators’ imagination. Web applications and mobile
applications serving as digital assistants are already
available to patients for teleconsultation, feedback, and data
collection via surveys and devices at home, including Russian
software’, training, rehabilitation, and other services.
Available publications exhibit strong compliance and high
satisfaction levels, improved self-care, and decreased
readmission rates for decompensated CHF and all-cause
mortality [38-40].

! Zingerman B.V., Demkina A.E., Fistul |.A., Borodin R.A. [software No. 2021613872] Medsenger. Cardio: A Customizable Script-Based Remote Monitoring

System for Patients with Cardiovascular Diseases, 2021
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Fig. 1. A modern noninvasive telemonitoring model.

Game models require particular consideration. They are
being actively tested as a tool for patient training, behavior
modification, and enhanced quality of life, motivation,
and self-care. Individual preferences, availability concerns,
and computer proficiency are among the limitations.
The model must represent real-world challenges that
patients encounter during self-care. Moreover, reward-based
strategies must be carefully planned to avoid unforeseen
consequences [41, 42].

Questionnaires and noninvasive devices linked
to an application or telemedicine hub are still convenient.
The Heart failure Events reduction with Remote Monitoring
and eHealth Support study, one of the landmark studies,
demonstrated that an application with video feedback,
BP and body weight monitoring, and questionnaire
functions mitigates CV mortality rates and the incidence
of decompensated CHF by 50% and 64%, respectively.
Moreover, it lowers all-cause readmission rates, healthcare
resource consumption, all-cause mortality, and CHF
mortality. This is especially relevant for patients hospitalized
for decompensated CHF during the "vulnerable phase," which
lasts for six months following discharge [43].

Voice assistants are also gaining popularity.
Moreover, research is exploring alternatives
to applications that can be problematic for older patients,
as well as the use of questionnaires to gather subjective
and objective information. High satisfaction levels have been
demonstrated; however, significant variability of responses
and the lack of correlation between the severity of symptoms
and the risk of readmission necessitate a patient-specific
approach to ensure the reliability of acquired data and fully
unlock the potential of this technique [44].

Chatbots, which are messenger-based applications
controlled by question/answer text commands that are
suitable for surveys, are another popular option. These
approaches have been shown to boost the quality of life
and lower healthcare resource utilization. The disadvantages

Storage
transmission and processing

00l https://doi.org/10.]

Digital Diagnostics

Analysis
and response

include the high heterogeneity of the questionnaires, small
sample sizes, and brief follow-up periods [45].

Due to the substantial economic and social disparities,
tried-and-true, low-cost methods are still applicable. For
example, SMS reminders, both monthly and unscheduled,
have been proven to augment quality of life, self-care
questionnaire scores, and compliance [46]. The Kansas City
Cardiomyopathy Questionnaire, completed online or sent
by e-mail, assisted researchers in identifying CHF symptoms
following myocardial infarction and determining high-risk
groups. The most crucial factors included impaired gait,
pedal edema, and the progression of symptoms [47].

In addition, numerous gadgets are being actively
researched and extensively used. For example, an ECG sensor
with accelerometry, impedancemetry, and skin thermometry
capabilities allowed for the prompt detection of deteriorating
conditions, as well as their prediction with a high sensitivity
(comparable to that of implantable devices) [48]. Remote
monitoring of CHF patients in rural areas using a tonometer
and the Russian ECG recorder CaRe 1.0 decreased the rate
of emergency room visits and readmissions [49]. The INME-01
tonometer lowered the hospital admission and CV mortality
rates [50]. Lung water measurement is considered
a promising method. Impedance and dielectric meters have
demonstrated high efficacy, comparable or superior to that
of other indicators such as N-terminal prohormone of brain
natriuretic peptide (NT-proBNP), body weight, X-ray findings,
NYHA class, auscultation findings, edema, and jugular venous
pressure. There was a documented decrease in the duration
of hospitalization, readmission rate, all-cause mortality,
and decompensated CHF mortality [51-53]. Although these
devices are still undergoing testing, their relative ease of use
and safety are considered additional benefits, and they will
eventually be made available to patients.

Decompensated CHF can also be predicted based on fluid
accumulation in the lungs, larynx, and vocal cords, as well
as voice and breathing changes. A pilot study revealed that
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euvolemia is marked by a clearer voice, better articulation,
and more fluent speech with longer sentences compared
with decompensated CHF. The rate of silent pauses was 14.9%
higher in patients with acute heart failure, regardless of sex,
age, and EF. This phenomenon persisted in patients with mild
edema and dyspnea, which can be interpreted as a marker
of deteriorating condition, especially in the absence of typical
clinical signs. Moreover, a direct correlation with NT-proBNP
levels has also been demonstrated [54, 55].

Applications of telemedicine for rehabilitation are emerging
rapidly. Their functionality includes multimedia content, TM
activity, patient status assessment with home-use devices
and smart watches, motivational messages, and progress
reports. These methods are highly valued by patients for their
ease, acceptance, and enjoyment, all of which boost physical
activity. One disadvantage is the lack of a patient-specific
approach that considers individual goals, physical activity,
and environmental factors. Patients with lower functional
capacity and less experience at baseline were more likely
to think favorably of the intervention [56, 57]. However,
the Telerehabilitation in Heart Failure Patients (TELEREH-HF)
study revealed no differences in mortality and readmission
rates when employing invasive TM [58]. Efficacy studies
of remote monitoring using various techniques are
ongoing [59].

Inpatient TM is a recent area of research. Currently
available data indicates that it has no effect on treatment
quality. Only one in nine patients receives optimal drug therapy
recommendations at discharge. This necessitates further
improvements in notifications and physician incentives [60].
Appendix 2 contains more detailed information.

Although there are diverse TM techniques, only 20%
of them comply with regulatory requirements and are tested
in clinical studies [61]. However, active development in this
area is beyond doubt; it is becoming a vital component
of patient management, as evidenced by the current
guidelines.
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Digital stethoscope: a new era of auscultation
Andrey A. Garanin, Olesya Yu. Aydumova, Anatoly 0. Rubanenko, Elena G. Bibikova

Samara State Medical University, Samara, Russia

ABSTRACT

The article reviews modern electronic and digital stethoscopes. The publications of the last 10 years were analyzed using
eLIBRARY.ru, PubMed, Google Scholar with “ayckynbtaums” (“auscultation”), “anexTpoHHbiii cTetockon” (“electronic
stethoscope”), “undposoii ctetockon” (“digital stethoscope”), and “renemepuumHa” (“telemedicine”) keywords. New ways
to auscultate using digital stethoscopes were considered. Products from the most popular manufacturers were briefly
characterized. Improved functionality and versatility of a digital stethoscope (ability to evaluate heart, lung, bowel, and other
organ sounds), noise reduction and sound filtering make digital stethoscopes an even more attractive tool. If these challenges
are met, a digital stethoscope will undoubtedly become an indispensable tool in the diagnosis, monitoring and treatment of
diseases and in patient self-monitoring. Telemonitoring of patients with cardiovascular and respiratory diseases is a promising
area of application for modern models of digital stethoscopes. Auscultation is especially important to evaluate changes during
long-term follow-up, for early detection of complications and decompensated chronic non-infectious diseases such as chronic
obstructive pulmonary disease, asthma, myocardial infarction, etc.
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U,Md)pOBOﬁ CTeTOCKOoNn — HoBasA 3pa ayCKyJibTalluum
A.A. TapanuH, 0.10. Anpgymosa, A.O. PybaHeHko, E.I'. bubukosa

CaMapckui rocynapcTBeHHbIN MeAMUMHCKUIA YHuBepcuTeT, CaMapa, Poccus

AHHOTALINA

B cratbe npeactaBneH 0630p COBPEMEHHbIX 3NEKTPOHHBIX U LMGPOBLIX CTETOCKOMOB. [lpoBeféH aHamu3 nybauKauui
3a nocneptue 10 neT ¢ ucnonb3oBaHMeM nomckosbix cucteM eLIBRARY.ru, PubMed, Google Scholar no kntoyeBbiM cnoBam:
«@yCKymnbTaLms», «3NeKTPOHHBIA CTETOCKOMN», «LM(POBOIN CTETOCKONY, «TefleMeauLIMHa». PaccMOTpeHbl HOBbIE BO3MOXHOCTH
ayCKynbTaLuW NpyU UCMOb30BaHWM LMGPOBBIX CTETOCKOMOB. [JaHbl KpaTKMe XapaKTepuCTUKKU U3fenumin Haubonee BocTpebo-
BaHHbIX Ha pblHKe Npou3soauTenieit. MoBbilieHue GyHKUMOHaNa U YHUBEPCANbHOCTU LIMPPOBOro CTETOCKOMNA (BO3MOXKHOCTb
aHanM3npoBaTh 3BYKW CepALa, NErKUX, KULLEYHUKA W LPYrUX OPraHoB), @ TaKKe YNyylleHue LWyMonoAaBneHns u ¢punbTpa-
LMW NONyYeHHOro 3BYKa MO3BONIAT CAeNaTb LUMPpoBbIe CTETOCKONbI elé Bonee npuBneKaTeNbHbIMUA A1 UCMONb30BaHMA.
Mo Mepe pelleHus aTUX 3afad LUMGOPOBON CTETOCKON OMPEAEnEHHO CTaHET HE3AMEHUMBIM MHCTPYMEHTOM B [MarHOCTUKe,
MOHUTOPUHIE 1 NleyeHnn 3aboneBaHmiA, a TakKe CaMOKOHTPOJIe MauMeHTOB. [lepCneKTUBHBIM HampaBneHneM MCNosib30BaHKA
COBpEMEHHBIX MofieNlel LMPPOBLIX CTETOCKOMOB ABNSAETCSA TENEMOHUTOPUHI NaLMeHTOB ¢ 3abonieBaHUAMM CepLevH0-CoCyau-
CTOM U AbixaTenbHoi cucteM. OcobeHHO BaXHa OLEHKA ayCKyNbTAaTUBHOWM KapTUHBI MALMEHTOB B AMHAMMKE, MPU LITUTENIBHOM
HabMOAEHWM, YTO MOXKET crocobCTBOBAaTb PAHHEMY BbISBIEHMIO OCNIOMHEHUI U AEKOMMEHCALMN Pa3fMiHbIX XPOHUYECKUX
HeMHbEKUMOHHBIX 3ab0n1eBaHuiA, HanpMMep XPOHUYECKON 0BCTPYKTUBHOM BONe3HM NErKUX, BPOHXManbHOW acTMbl, HapKTa
MWOKapAa 1 T.A.

KnioueBble cnoBa: adyCKynbTauuma; 3J'IEKTp0HHbIl71 CTeTocKom, LLMCIJpOBOﬁ cTeTocKkon; TeneMeanUnHa.
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INTRODUCTION

auscultation of sound phenomena accompanying
the functioning of internal organs is one of the most
important stages of the objective examination of a patient.
Indirect auscultation has been used for almost 200 years,
since the invention of the first stethoscope by Laennec in 1816.
The funnel with a membrane he introduced made it possible
to amplify the volume of sound signals. In 1940, Rappaport
and Sprague improved the design of the stethoscope by proposing
a dual-head configuration combining a bell and a diaphragm [1].
For a long time, the stethoscope remained unchanged in form.

The simplicity of use, cost-effectiveness, and wide
availability make the classical stethoscope a popular tool
among healthcare professionals [2]. It should be noted
that, despite the simplicity and reliability of the classical
auscultation method, it has a number of limitations. First
and foremost are the distortions of transmitted sound signals
caused by the acoustic properties of the stethoscope head,
the flexibility of the tubing walls, and individual patient
characteristics (chest wall thickness). In addition, sound
perception is subjective and depends on the age and experience
of the examiner [3, 4]. Finally, classical auscultation does
not allow other specialists to analyze the detected sounds
without direct patient presence, and the resulting data cannot
be stored or reviewed [5]. This creates challenges in consulting
patients using telemedicine technologies, as well as in remote
monitoring and interpretation of physical examination findings
in controversial clinical situations or legal proceedings [6].

The COVID-19 pandemic also highlighted the need
to develop a new approach to auscultation using stethoscopes
that can provide remote monitoring and minimize
the risk of infection for healthcare workers during patient
examination [7].

Electronic Stethoscope

New opportunities for auscultation emerged
with the development of the electronic stethoscope.
An electronic stethoscope consists of three modules
providing for data acquisition, preprocessing, and signal
transformation. The data acquisition module performs
filtering, buffering, and amplification of the auscultated
sounds, and converts the acoustic signal into a digital one.
The preprocessing module filters the signal and removes
artifacts. The signal transformation module then clusters
the data for clinical decision-making [8].

Several types of electronic stethoscope sensors are
distinguished based on the mechanism used to convert sound
into an analog electrical signal.

Dual-diaphragm sensor: sound vibrations are captured
by the stethoscope diaphragm and transmitted to a diaphragm
within the microphone. However, the two diaphragms,
separated by an air channel, may lead to excessive
amplification of ambient noise and inaccurate transmission
of the sound signal.
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Piezoelectric sensor: sounds captured by the diaphragm
alter the structure of a crystalline substance, converting
the sound signal into an electrical signal.

Microelectromechanical system. The diaphragm
of the stethoscope is located in a nominal capacitance field,
which changes in accordance with the pressure of the sound
wave. This change in capacitance converts the sound signal
into an electrical one [9, 10].

Environmental noise suppression is also a critical function
of the electronic stethoscope. Cain et al. [11] tested electronic
stethoscopes in simulated helicopter noise conditions
at 70-100 dB to determine the noise threshold for auscultation
of heart and lung sounds. The noise threshold was 85 dB
for heart tones and 75-80 dB for breath sounds. This
implies the need for a signal-to-noise ratio improvement
of at least 30 dB, which can be achieved by enhanced noise
suppression. This would allow electronic stethoscopes to be
used during natural disasters and patient transportation. This
problem has been addressed using a digital filter capable
of isolating the desired frequency range from the signal [1, 2].
The sound phenomena of internal organ function span
different frequency ranges. Existing digital stethoscopes
offer adjustable frequency modes for optimal auscultation
of specific sounds, such as breath or heart sounds. For
instance, the Welch Allyn Elite™ electronic stethoscope
(Welch Allyn, USA) uses a 20-420 Hz frequency mode for heart
auscultation and a 350-1900 Hz mode for lung auscultation.
Thus, electronic stethoscopes enhance both sound quality
and volume. The 3M™ Littmann® CORE stethoscope (3M, USA)
with a piezoelectric sensor amplifies sound up to 40 times,
whereas the Thinklabs One™ stethoscope (Thinklabs, USA)
with a MEMS sensor amplifies sound up to 100 times [12, 13].

Undoubtedly, the electronic stethoscope increases
the diagnostic value of auscultation [14]. In 2016, Azimpour
et al. [15] investigated the potential of using an electronic
stethoscope for acoustic diagnosis of hemodynamically
significant (>50%) coronary artery stenosis by detecting
intracoronary murmurs caused by turbulent blood flow
within the artery in the presence of such stenosis.
The coronary anatomy, as well as the presence and severity
of atherosclerotic lesions, were verified using coronary
angiography. The sensitivity and specificity of coronary
artery stenosis detection by auscultation using an electronic
stethoscope were 70% and 80%, respectively (p < 0.001).
Several electronic auscultation test systems have been
proposed for detection of obstructive coronary artery
disease: CSA SonoMedica model 3.0™ (SonoMedica, USA),
CADence Ironman™ (AUM Cardiovascular, USA), and CADScor
System™ (Acarix AB, Sweden). In experimental studies,
these test systems showed statistically significant detection
of obstructive coronary artery lesions with a sensitivity
of 81%-89.5% and specificity of 53%—-83% [16].

In general, electronic stethoscope use expands
auscultation capabilities by enhancing sound amplification
and suppressing background noise.
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Digital Stethoscope

The vast majority of modern electronic stethoscopes
are equipped with a function to record and transmit sound
to a computer or smartphone. By instructing the patient
on how to position the stethoscope head, the physician
can remotely auscultate and analyze the sounds. This
enables remote monitoring of patients under quarantine
(e.g., due to COVID-19) or in hard-to-reach areas, as well
as the simultaneous interpretation of auscultatory sounds
by multiple specialists to improve the quality of telemedicine
consultations [17].

Another advantage of the digitalization of auscultation
is the improved quality of medical student training.
Auscultation simulators reproduce pre-recorded sounds
from patients with various heart and lung diseases, allowing
an entire audience to listen to the same recording [18].
The ability to display signals graphically as a spectrogram
makes auscultation training more visual and facilitates
the identification of spectrographic “patterns” associated
with specific diseases [19].

The digitization of data has also enabled the use
of artificial intelligence (Al) algorithms for sound analysis,
opening new possibilities for auscultation. The most common
method for sound processing is the Fourier transform, which
analyzes the frequency components of the signal. A machine
learning algorithm based on an artificial neural network can
further process obtained information and correlate different
frequencies with specific auscultatory findings. Gurung
et al. [20] conducted a meta-analysis of studies to assess
the predictive potential of combining digital lung auscultation
with computational data analysis algorithms. The sensitivity
and specificity of detecting pathological lung sounds using
computational algorithms were 85% and 80%, respectively.

The next step in the development of digital auscultation
was the ability not only to detect pathological sounds
produced by internal organs, but also to diagnose diseases
using computational algorithms. For example, Kaddoura
et al. [21] analyzed the potential for diagnosing pulmonary
hypertension based on heart and lung auscultation.
Auscultatory findings obtained with a digital stethoscope
were compared between healthy individuals and patients
with pulmonary hypertension. The computer algorithm
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diagnosed pulmonary hypertension based on auscultation
data in 74% of cases.

Thus, the modern digital stethoscope offers the following
advantages [22]:

High-quality sound signals. Amplification of sounds
produced by internal organs and ambient noise suppression
facilitate auscultation in high-noise environments, such
as in the field, in emergency zones, overcrowded hospital
wards, and during patient transportation.

Remote patient examination. The absence of direct
contact is essential when patients are geographically remote
or when clinicians must use personal protective equipment
under radiation, biological, or chemical hazard conditions.

Monitoring of acoustic phenomena in outpatient settings.
Continuous auscultation during rest and daily activities,
including physical exertion, as well as data collection
from multiple sensors placed on different body regions,
enable over-time patient assessment.

Auscultation data storage. The ability to reassess recorded
data improves the effectiveness of telemedicine consultations
and supports resolution of disputes in forensic practice.
A database of auscultatory recordings typical of various
diseases can be used in the training of medical students.

Disease diagnosis using Al algorithms.

A comparison between traditional and electronic
stethoscopes is presented in Table 1.

All digital stethoscope models currently available
on the market are equipped with sound amplification
and noise reduction functions, as well as the ability to record
and transmit acquired data to a personal computer or
smartphone via Bluetooth. The 3M™ Littmann® 3200
stethoscope (3M Littmann, USA) is one of the most
widely used tools for digital auscultation (Fig. 1a). This
device amplifies the sound signal 24-fold and features
two auscultation modes (for low- and high-frequency
sounds). A backlit liquid crystal display shows heart rate
(HR), auscultation mode, volume level, and battery status.
The device records data in 30-second tracks, which are
saved as audio files. The recorded sounds can be visualized
as phonocardiograms using StethAssist™ software [23].
Digital stethoscopes manufactured by 3M™ are the most
commonly used tools for evaluating the advantages of digital

Table 1. Comparative characteristics of traditional and electronic stethoscopes

Feature |

Traditional stethoscope | Electronic stethoscope

Sound amplification

Noise reduction

Versatility for auscultation of internal organs
Data recording and transmission

Use of Al algorithms

Dependence on power supply

Cost of the device and replaceable parts

No Yes
No Yes
Yes Not all models
No Yes
No Yes
No Yes
Low High

Note. Al, artificial intelligence.
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Fig. 1. Appearance of the most popular electronic stethoscopes
currently on the market: @, 3M™ Littmann 3200 stethoscope
(USA), http://stetoskopy.ru/shop/3m-littmann/3200_BK_27.html;
b, M3DICINE Stethee Pro™ stethoscope (Australia),
https://m3dicine.com/#deeper_level; ¢, Thinklabs One™
stethoscope (USA), https://www.thinklabs.com/stethoscopes;

d, eKuore Pro™ cardiology stethoscope (Spain),
https://www.deal-med.ru/stetoskop_elektronniy_ekuore_pro.html;
e, StethoMe™ stethoscope (Poland), https://www.stethome.com/
en-gb/; f, Sensors of the CADence™ system for cardiac disease
diagnostics (USA), https://evercare.ru/cadence;

g, Ekoscope™ stethoscope with ECG recording capability (USA),
https://ekoscope.com/ekoscope; h, Healthy Networks Lung
Passport™ stethoscope (Belarus), https://cetez.ru/lungpass/;

i, Laeneco™ stethoscope (Russia), https://laenecocom.tmweb.ru/.

auscultation [24]. The Stethee Pro™ stethoscope (M3DICINE,
Australia) amplifies sound 24-fold during direct auscultation
and 96-fold when used with the Stethee Pro™ application.
It captures and analyzes sounds in the frequency range
from 20 Hz to 2 kHz, followed by Al-based interpretation
using the AIDA™ algorithm (Fig. 1b). Like the previous device,
it features the ability to visualize sound as a phonocardiogram
on the screen of the receiving device. It is also equipped
with a lithium battery with fast USB charging. Another
advantage is the compact size of the model [25].

The most compact and lightweight digital stethoscope
on the market with the highest sound amplification
(up to 100-fold) is the Thinklabs One™ (Thinklabs,
USA) (Fig. Tc). It supports multiple auscultation modes
and features customizable noise filtering with the option
to disable it entirely. This stethoscope allows clinicians
to examine patients using personal protective equipment,
such as in infectious disease units treating COVID-19 patients,
and integrates with most videoconferencing and telemedicine
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systems [12]. The eKuore Pro™ stethoscope (eKuore,
Spain) is another device suitable for both in-person and remote
auscultation (Fig. 1d). The device analyzes data using Al
and easily integrates with any computer or smartphone
software. Its distinctive features include the ability to replace
the part that contacts the patient’s body and data transmission
via Wi-Fi [26]. The StethoMe™ stethoscope (StethoMe,
Poland) is designed for home care services and patient
self-monitoring in cases of cardiac and respiratory diseases,
such as bronchial asthma (Fig. 1e). This stethoscope detects
pathological breath sounds using the StethoMe AI™ system
and automatically transmits the data to a physician, enabling
remote monitoring of disease changes in the patient.
A unique feature of this stethoscope is its capability
to measure body temperature [27]. The CADence™ diagnostic
system (AUM Cardiovascular, USA) combines a stethoscope
and an electrocardiograph, with built-in sensors for recording
electrocardiogram data (Fig. 1f). This system operates
with the CADence Software™ application for clinical decision
support, which assists clinicians in analyzing auscultatory
findings in combination with ECG results. Data collection
takes approximately 8 minutes, after which a report
is automatically sent via email within 12 minutes [28].
The Ekoscope™ device (Ekoscope, USA) is another
multifunctional medical tool that enables simultaneous
cardiac auscultation and six-lead ECG recording (Fig. 1g).
It is equipped with a microUSB port for battery charging
and data transfer [29]. The Lung Passport™ stethoscope
(Healthy Networks, Republic of Belarus) is intended
for home-based diagnosis of respiratory diseases (Fig. 1h).
The device is equipped with a mobile application that uses Al
algorithms to analyze the recorded sounds, compares them
with those characteristic of pneumonia, chronic obstructive
pulmonary disease, bronchial asthma, and several types
of bronchitis, and then generates a preliminary diagnosis.
To improve diagnostic accuracy, the application also includes
a patient questionnaire [30]. The Russian Laeneco™
stethoscope (Laeneco, Russia) is designed for both
self-diagnosis and remote physician assessment based
on audio recordings (Fig. 1i). Al-based data analysis takes
2 minutes, after which the device provides a conclusion
regarding the presence or absence of pathological sounds,
without issuing a diagnosis [31]. A comparative overview
of various digital stethoscope models is presented in Table 2.

Thus, the devices described above offer varying
functionalities. Some are suitable for patient self-diagnosis,
whereas others are intended exclusively for physician
use. Additional features of these stethoscopes—such
as ECG recording, sound visualization, and body temperature
measurement—are particularly noteworthy. Undoubtedly,
a significant limitation of several digital stethoscope models
is their specialization in auscultation of either the lungs
or the heart only. Another obstacle to the widespread
adoption of digital stethoscopes is the relatively high cost
of the devices and their replaceable components, as well
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Table 2. Comparative characteristics of the most popular digital stethoscope models on the market

Stethoscope model

(manufacturer, country) Advantages

Disadvantages

3M™ Littmann 3200 o Heart rate (HR) recording
(Littmann, USA) « Phonocardiogram visualization
« Auscultation of the heart and lungs

Stethee Pro™ .
(M3DICINE, Australia) duration monitoring
Phonocardiogram visualization
Auscultation of the heart and lungs
Use of Al-based data analysis

Compatible with PPE use

Lithium battery
Thinklabs One™ « Auscultation of the heart and lungs
(Thinklabs, USA) » Compatible with PPE use

Lithium battery

eKuore Pro™
(eKuore, Spain)

Auscultation of the heart and lungs
Compatible with PPE use

Wi-Fi connectivity

Remote monitoring capability
Lithium battery

StethoMe™
(StethoMe, Poland)

Auscultation of the heart and lungs
Use of Al-based data analysis
Compatible with PPE use

Remote monitoring capability
Suitable for patient self-diagnosis
Body temperature measurement
Lithium battery

CADence™ (CADence, USA)  « ECG recording
o Lithium battery

Ekoscope™ « ECG recording
(Ekoscope, USA) « Use of Al-based data analysis
« Lithium battery

Lung Passport™ « Use of Al-based data analysis
(Healthy Networks, Belarus)  Suitable for patient self-diagnosis
o Lithium battery

Laeneco™ « Use of Al-based data analysis
(Laeneco, Russia) « Suitable for patient self-diagnosis
« Lithium battery

Respiratory rate, heart rate, systole and diastole .

No Al-based data analysis

Not suitable for patient self-diagnosis
Not compatible with PPE use

No rechargeable battery (powered by AA
batteries)

Not suitable for patient self-diagnosis

« No Al-based data analysis
« Not suitable for patient self-diagnosis

« No Al-based data analysis
« Not suitable for patient self-diagnosis

« No headphones

« No lung auscultation
« Not suitable for patient self-diagnosis

« No lung auscultation
« Not suitable for patient self-diagnosis
« Not compatible with PPE use

« No heart auscultation

« No heart auscultation

Note. HR, heart rate; Al, artificial intelligence; PPE, personal protective equipment; RR, respiratory rate; ECG, electrocardiogram.

as the complexity and expense of repairs due to the low
geographic density of service centers. Nevertheless, the rapid
development of clinical decision support systems and Al
algorithms, along with the growing need for technologies
that enable remote monitoring and telemedicine, position
these devices as a promising segment in the medical device
industry and market.

Over the past few decades, the development of Al has
profoundly transformed key areas of everyday life, including
healthcare. It has been shown that healthcare digitalization
improves the quality of medical care, enhances treatment
adherence, and enables early detection of diseases or their
exacerbations [32]. The use of a digital stethoscope allows

DOl https://doiorg/10.17816/DD632499

auscultation findings to be recorded and stored, thereby
eliminating subjectivity in data interpretation. Market
analysis indicates that an increasing number of medical
devices are patient-centered, enabling self-diagnosis
at home. Digital stethoscopes are no exception: home-use
digital stethoscopes equipped with Al-based diagnostic
algorithms represent a distinct market niche. Furthermore,
the use of such devices by patients in outpatient settings
may help reduce the burden on primary healthcare services.
For instance, preliminary assessments suggest that the use
of the Lung Passport device may reduce the number of doctor
visits by 35% [7]. Remote patient monitoring and examination
using personal protective equipment contributes to reducing
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contact between the patient and the healthcare professional,
making the examination process as comfortable as possible
for both parties. The use of fast-charging, high-capacity
batteries and additional functions (ECG and thermometry)
may further enhance the competitive advantages of these
devices.

CONCLUSION

Enhancing the functionality and versatility of digital
stethoscopes (including the ability to analyze sounds
from the heart, lungs, intestines, and other organs) as well
as improving noise reduction and signal filtering, make
these devices increasingly attractive for clinical use. As
these challenges are addressed, the digital stethoscope
is set to become an indispensable tool for the diagnosis,
monitoring, and treatment of diseases, as well as for patient
self-monitoring. A particularly promising area of application
for modern digital stethoscope models is telemonitoring
of patients with cardiovascular and respiratory diseases.
Of particular importance is the changes assessment
of auscultatory findings over time, which may enable the early
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ABSTRACT

Innovative technologies have dramatically changed medical practice, particularly in cardiac surgery, which requires precision
and caution due to the challenging nature of procedures. The use of virtual reality (VR) and augmented reality (AR) in this area
has great potential to improve surgical planning, medical education and patient outcomes.

This review analyzes the literature on the role of VR and AR in modern cardiology and discusses possible directions for their
development.

The search retrieved 3,858 publications from PubMed/MEDLINE, 69 publications from eLibrary, and 1,115 publications from
Google Scholar. Searches included the following keywords and combinations thereof: virtual reality; augmented reality;
cardiology; cardiac surgery. Publications were searched from the time the relevant databases were created to May 2024.
Cardiac care today involves increasingly sophisticated procedures that require a high level of expertise. VR becomes a powerful
tool for both surgical planning and education. It opens new opportunities for educating and training cardiologists. It can be used
to create realistic simulations of situations healthcare professionals may encounter in their practice. Students are able to gain
hands-on experience with no risk to real patients. Integrating virtual reality into cardiology practice has great potential, but
several issues need to be addressed. Standards for safety and efficacy of the medical use of virtual reality should be developed.
Further research is also needed to assess the long-term health effects of VR use on patients.

Keywords: artificial intelligence; virtual reality; augmented reality; cardiology; imaging; training.
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AHHOTALINA

TexHonornyeckme MHHOBaLMKM NPOU3BENW PEBOIOLMI0 B MeAMLIMHCKOW NpaKTUKe, 0c0BEHHO B 06N1acTv KapAMOXMPYPruK, roe
C/IOXKHBIN XapaKTep BMeLLaTeNbCTB TPeBYET TOUHOCTU U NpeLycMOTpUTENbHOCTU. Mcnonb3oBaHue BUPTYanbHOMW U LOMNOSHEH-
HOM peanbHOCTW B 3TOW 061acTU OTKPLIBAET OrPOMHbIE MEPCMEKTUBLI A YYYLIEHUS NPeLonepaLmnoHHOro NiaHMpoBaHus,
MOBbILLUEHNSA KaYecTBa MeAMLMHCKOr0 06pa3oBaHuA U, B KOHEYHOM CYETE, YNyYLLEHUS Pe3ynbTaToB IeYeHUs NaLMEHTOB.

B paHHOM 0630pe npoaHanu3npoBaHa NuTepaTypa, NOCBALLEHHAsA POSIM BUPTYasbHOM M AONOHEHHOW peanbHOCTU B COBpe-
MEHHON KapAMONOruK, a Take 06CyKalnTca BO3MOKHbIE HANPaBeHNs pa3BUTUS AaHHOM obnacTu.

B pesynbrate noucka useneveHo 3858 nybnaukaumin ns PubMed/MEDLINE, 69 ny6nukaumii u3 elibrary u 1115 nybnmkauuy,
HalizieHHbIX ¢ nomoLbio Google Scholar. MonckoBble 3anMpockl BKIKYaNM cneaytoLMe KiloyeBble C0Ba M UX COYETaHMS: BUP-
TyanbHasi peanibHoCTb; [OMOSIHEHHasH peanibHOCTb; Kapanonorus; Kapavoxupypris; virtual reality; augmented reality; cardiology;
cardiac surgery. BpeMeHHo# MHTepBan NoMcKa: C MOMeHTa OCHOBaHWsl COOTBETCTBYHOLUMX 6a3 AaHHbIX no Maii 2024 roaa.
CoBpeMeHHas Kapamoormyeckas noMoLLb BKITKOYaeT B cebs BCE bonee cioxHble NpoLeaypbl, TPebytoLLmMe BLICOKOT0 YPOBHS
KBanuduKkaumu. BupTyanbHas peanbHOCTb CTAHOBUTCS MOLLHBIM MHCTPYMEHTOM KaK [71s NpeAnpoLeLypHOro NnaHMpoBaHus,
TaK 1 41 06pa3oBaTenbHbIX MeponpusThii. OHa OTKPLIBAET HOBbIE BO3MOXHOCTM AJ1s 00y4eHWs M NOArOTOBKU Creumani-
cToB B 0bnacTu Kapamonoruu. C eé NoMoLLbi0 MOXHO CO3AaBaTb PeaUCTUYHBIE CUMYMIALMM PasfIMYHbIX CUTYaUMid, C KOTO-
pbIMW BpauM MOTYT CTOJIKHYTBCA B CBOEW paboTe. 370 No3BoNAET 00yYaKOLMMCA NONYYMTb NPaKTUYECKUiA onbIT 6e3 pucka
ANS peanbHbIX NaLMeHToB. MHTerpaumns BUpTyanbHOW peanbHOCTV B KapAMONOTUYECKYI0 MPAKTUKY MMeeT 60MbLIOW NOTEHLM-
an, 0[iHaKo Ans aToro HeobxoauMo pewmnTb pap npobnem. Cnepyet paspabotath cTaHAapThl be3onacHocTH U A PeKTUBHOCTH
MCMOMb30BaHUS BUPTYanbHOM PeanbHOCTV B MeULIMHCKUX Liensix. Takke HeobxoauMo NpoBecTy AONONHUTENbHBIE UCCNEeA0-
BaHWs, YT0bbI OLIEHUTb AONTOCPOYHbIE NOCNEACTBUA €€ UCMONb30BaHUA ANS 34,0P0BbSA NALMEHTOB.

KnioyeBble cnoBa: MCKYCCTBEHHbIVI MHTEJIIEeKT; BUPTYaJibHAA peanibHOCTb; AONOJIHEHHAA peasibHOCTb; KapAnonorus;
BU3yasin3auuma; 06yquV|e.
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INTRODUCTION

Modern healthcare is seeing a global trend
toward the utilization of virtual, augmented, and mixed
reality [1]. Virtual reality (VR) systems use computerized
three-dimensional digital information visualization
to simulate real or virtual objects. VR technology was
invented in the 1950s [2]. It had undergone substantial change
by the 1980s and was the subject of in-depth preclinical
research [3]. Notably, the introduction of head-mounted
displays with a frontal screen (also known as VR headsets)
in the 1980s marked a shift in medical imaging [4]. During
the process, VR headset components continuously travel
back and forth to create 3D images [5].

Augmented reality (AR) is characterized by the seamless
integration of virtual elements and reality. Unlike VR,
which fully immerses the user in a simulated digital
reality, AR incorporates virtual information into the user
environment. AR functions are implemented via gadgets
like smartphones, tablets, and head-mounted devices
outfitted with transparent glasses or projectors that
project virtual images directly into the real world [6-8].
This difference serves as the foundation for investigating
the unique properties of both virtual and augmented reality
in the context of the advancement of cardiac surgery.

Innovative technologies have significantly altered medical
practice, particularly cardiac surgery, which requires precision
and caution due to the challenging nature of the procedures.
The application of VR and AR in this field has great potential
for improving surgical planning, medical education,
and patient outcomes.

DATA SEARCH METHODOLOGY

Publications were assessed in accordance with the PRISMA
guidelines. The selection algorithm is presented in Fig. 1.

Vol. 5 (4) 2024

Digital Diagnostics

The search yielded 3,858  publications
from PubMed/MEDLINE, 69 publications from eL/BRARY.
RU, and 1,115 publications from Google Scholar databases.
The search terms included the following keywords and their
combinations: supmyansHaa peansHocme (virtual reality),
donosiHeHHas peasnsHocms (augmented reality), kapduonoaus
(cardiology), and kapduoxupypeus (cardiac surgery).
Publications from the creation of pertinent databases to May
2024 were searched. All authors independently screened
the titles and abstracts of the identified publications. When
relevant studies were found, the full text of the respective
publications was retrieved. Duplicates and non-full-text
publications were excluded. Full-text publications were
assessed for compliance with the following inclusion criteria:
« Publications in either English or Russian;

« Publications in peer-reviewed journals;
» Reviews, experimental studies, and clinical studies
containing the specified keywords.

After screening, 55 publications were included
in the review.

ROLE OF VIRTUAL REALITY
IN INTERVENTIONAL CARDIOLOGY

Peri-procedural VR and AR technologies are modern
technologies that generate 3D images of anatomical
structures for facilitating pre- and postoperative planning.
VR enables radiologists to examine complex anatomy
in a virtual world [9, 10], whereas AR assists in applying digital
data to patients both before and after surgery. Rymuza et al.
described the preoperative use of Carnalife Holo in a patient
with bicuspid aortic valve stenosis [11]. Radiologists could
visualize a 3D hologram of the heart during a successful
transcatheter aortic valve replacement (TAVR). Both VR
and AR technologies enable the modeling of congenital

8 Identified studies (n = 5,431):
3 PubMed/MEDLINE (n = 3858) . . . _
g:g eLIBRARYRU (1 = 69) —> Duplicates excluded prior to screening (n = 735)
S Google Scholar (n=1115)
v
£
8 Studies with screened abstracts and titles (n = 4696) —>  Studies excluded based on the abstract and title (n = 4274)
3
z
;E Full-text articles (n = 422) > Do not fulfill the inclusion criteria (n = 367)
=
v
-
£
2 Articles included in the review (n = 55)
=

Fig. 1. Publication search algorithm.
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heart diseases as well as various phases of structural
heart interventions such as TAVR and other valvular
interventions [12—14]. Endovascular occlusion of the left atrial
appendage (LAA), electrophysiological ablation, and TAVR are
complex interventions that require a thorough understanding
of the cardiac anatomy [15]. TAVR can be modeled
by developing individual models and identifying the optimal
site for prosthetic aortic valve placement. Several factors can
be considered when determining this site, including valve
morphology and calcification, presumed distances to relevant
structures in cardiac conduction disorders, and coronary
ostia, which are useful in other interventions such as LAA
occlusion or transaortic reconstruction of the posterior mitral
leaflet. In these cases, mitral valve interventions can be
planned after determining the precise transseptal puncture
site [16]. VR simulators assist in selecting the optimal surgical
approach, thereby mitigating the risk of fatal complications
such as aortic perforation, mitral valve apparatus destruction,
left ventricular outflow tract obstruction, or coronary artery
damage. Additionally, radiologists employ real-time X-ray
imaging to assess the patient’s anatomy. Furthermore, they
can use alternative imaging modalities such as preoperative
computed tomography (CT), cardiac magnetic resonance
imaging (MRI), and echocardiography (ECG). These
techniques can also be useful for pericardiocentesis
and electrophysiological procedures [17].

In addition to the benefits of VR for physicians, it can
also be used to improve patient comfort during treatment.
For example, immersive VR promotes positive emotions
and improves mood by synchronizing and stabilizing electric
pulses in the prefrontal cortex, thereby reducing pain
and discomfort [18]. Several studies have assessed the impact
of VR on interventional cardiology procedures using different
applications and multimedia content.

Based on the State-Trait Anxiety Inventory score, Keshvari et
al. demonstrated that undergoing a 5-min VR session featuring
natural scenarios and sounds, such as quiet music and sounds
of birds and waterfalls, prior to coronary angiography (CAG)
reduced anxiety levels [19]. There were significant differences
in outcomes between the treatment group and the control
group participants who received the conventional treatment.
Moreover, the authors found that a 5-min VR session stabilized
the heart rate and blood pressure [19].

Aardoom et al. reported that the VR-based training
content administered one or two weeks before undergoing
CAG reduced the procedure-related anxiety. Patients used
a VR headset at home or in a clinic to virtually review all
surgical stages, from admission to the postoperative period.
The training addressed diverse medical care-related topics,
including behavior in a hospital ward, clothing for patients,
persons who can accompany them, and drugs prescribed
after surgery. Patients could interact with healthcare

Vol. 5 (4) 2024
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personnel avatars to obtain essential information about each
stage. The VR session lasted approximately 20 minutes;
however, the time spent in each module likely affected how
long it lasted [20].

Morgan et al. found a considerably greater decline
in anxiety in patients who received a 10-min VR training
session prior to CAG, which explained the pre-procedure
phase and the procedure, compared with the control group.
Moreover, compared to the control group, the treatment
group understood the procedure better and expressed greater
satisfaction with the outcomes. In a clinical study by Gokce
and Arslan, VR-based training for patients undergoing CAG
was more effective in lowering pain and anxiety, as well
as improving patient comfort, systolic blood pressure,
respiratory rate, and heart rate, compared to conventional
treatment in the control group [22].

VR has also been employed in patients who received
conscious sedation' during TAVR. Patients in the treatment
group received a 30-min VR session in a relaxing
environment of their choice. Overall, 91.3% of the patients
used VR prior to undergoing the procedure, while 37.5% used
it during the procedure. A significant decrease in anxiety
was noted on the visual analog scale (VAS) [23] compared
to the control group participants who received conventional
TAVR. However, these findings should be interpreted
with caution due to the small sample size (32 patients) [23].

VR can be used prior to administering catheter-based
ablation for atrial fibrillation (AF). The procedure boosted
patient awareness, self-efficacy, and satisfaction while
mitigating the anxiety associated with surgery [24-26].
Moreover, the use of VR prior to ablation effectively reduced
anxiety and pain during the surgery [26]. Brewer et al. used
VR in 40 patients who underwent unilateral radiofrequency
ablation of the great saphenous vein. All procedures were
successful, with no variations in the overall surgery time,
and every patient was largely satisfied with the treatment.
VR significantly reduced surgery-related anxiety compared
to the control group that received standard care. Moreover,
during surgery, anxiety increased in the control group
but decreased in the VR group. Finally, 85% of the VR group
participants indicated that they would recommend VR
to others undergoing this surgery [27].

ROLE OF VIRTUAL REALITY
IN HEART FAILURE TREATMENT

In addition to its use in interventional procedures, VR can
assist with the anatomical planning of mechanical circulatory
support. In the treatment of heart failure (HF), it is essential
to understand the interactions between hemodynamics
and the anatomy and function of the myocardium and valves.
One example is the use of ventricular assist devices (VADs)

! Conscious intravenous sedation is a technique that uses sedative drugs to induce light sleep.
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in patients with different ventricular shapes, sizes,
and functional characteristics. Modern VADs can be used
in children as a foundation for therapy prescription. VAD
implantation using VR simulation can assist in determining
both the design and the best position of the device
in a specific patient, considering anatomical features [28].
Specifically, virtual models enable the real-time testing
of VAD implantation and the determination of the appropriate
orientation of the cannula. The proper position of the cannula
(parallel to the septum, in line with the atrioventricular
valve) is crucial for achieving optimal outcomes. Improper
positioning can impede blood flow, resulting in thrombosis.
Preoperative assessment can be useful for preventing
complications, especially in children, who can develop
complications associated with left ventricular failure
following surgery. Patient-specific models can also provide
critical insights on the spatial relationship between a VAD
and major structures such as the interventricular septum
and coronary arteries, the orientation of cardiac valves,
and the interactions between extracardiac devices
and the chest wall and diaphragm.

Stepanenko et al. described their experience with 3D
printing and VR in 53 adult patients with progressive HF [29].
3D modeling facilitated optimal clinical decisions on the type
of mechanical circulatory support to be administered. Similarly,
Davies et al. [30] and Ramaswamy et al. [31] described
the use of VR to assess the placement of the HeartWare VAD
(HVAD; Medtronic, Dublin, Ireland) and HeartMate 3 (Abbott,
Chicago, Illinois) intrapericardial devices in children.

Furthermore, these models can be used for surgeon
training because they enable physical manipulation and implant
testing, boosting surgeons’ confidence during interventions.
Thus, VR reconstructions and specialized 3D models can
facilitate precise surgical planning, identify potential risks,
and assist in patient-specific medical emergency planning.

ROLE OF VIRTUAL REALITY
IN PREPROCEDURAL PLANNING

The advancement of digital technology continuously
modifies knowledge and opportunities in cardiac care [32].
It is now possible to use artificial intelligence (Al)
for performing automated ECGs and robot-assisted surgery
in minimally invasive mitral valve procedures. Complex
structural cardiovascular interventions require adequate
technical competence and preparedness for any unexpected
life-threatening complications. Progress in this area is based
on advancements in multimodal visualization, optimizing
measurements, calibration, and preprocedural planning.
VR technologies can play a significant role in this field
as a useful tool for both patients and physicians.

Interactive 3D images and VR simulators can facilitate
the imaging of complex heart anatomy for determining
the best treatment strategy (percutaneous or surgical
intervention).
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In cases where neighboring structures or severe
calcification can prevent the use of modern imaging tools,
VR in combination with other imaging techniques, such
as ECG and cardiac CT, allows for precise surgical planning
and the determination of appropriate implantation sites
for TAVR or MitraClip-based techniques [15, 16]. Similar
to flight simulators, modern VR systems can ensure patient
safety by predicting and preventing fatal complications,
such as implant displacement, aortic perforation, and acute
coronary syndrome [16].

INTRA-PROCEDURAL APPLICATION
OF VIRTUAL REALITY

VR is used in many complex cases, such as mitral
valve interventions with varied and complex mitral valve
anatomy, which typically require multimodal visualization
for optimal outcomes [26]. VR augments accuracy and lowers
the procedure time compared to conventional transesophageal
ECG. Moreover, VR can enhance paravalvular regurgitation
imaging following TAVR and assist in VAD selection [33, 34].

In congenital heart diseases, such as atrial septal
defects with abnormal pulmonary venous drainage, VR
prevented errors in transseptal puncture in combination
with CT and biplanar X-ray imaging [33, 35, 36]. Furthermore,
VR can facilitate the comprehensive assessment of the LAA
and adjacent structures, such as the pulmonary artery
and circumflex artery, in LAA occlusion associated with AF
and high-risk bleeding [33]. A holographic model of the heart
can be made utilizing a holographic environment made with 3D
pictures from an ECG or CT scan, allowing for interactive
device control using voice commands and movements.
This makes the platform convenient for performing cardiac
surgery [37].

ROLE OF VIRTUAL REALITY
IN CONGENITAL HEART DISEASE

Procedure planning in congenital heart diseases (CHDs)
can be challenging due to their wide spectrum and diverse
clinical manifestations. In cardiology, VR is utilized for training
and procedure planning. Its use began during the preclinical
stage of implantable device development. Moreover, it has
been used for creating and testing prototypes prior to animal
studies and subsequent strictly regulated tests for implanting
these devices in humans.

Because of their ease of cropping, surface mesh models
based on the manual segmentation of CT, angiography,
or cardiac MRI scans assist cardiac surgeons in surgical
planning [38]. However, their development can be challenging.
Raimondi et al. described the use of a novel VR technology
for cardiac MRI data processing without intermediate
segmentation stages. The average post-processing duration
for the VR models using this software was five minutes [39].
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Full-immersion VR significantly improved the diagnostic
accuracy in heart diseases compared to a 2D display and VR
software (by 54.49% and 146.82%, respectively). There were
no significant differences between the diagnostic data
provided to each study participant (t = -1.01, p = 0.31) [40].
Another study compared the efficacy of stereoscopic VR
and a monoscopic PC. The evaluation of the anatomy in CHDs
was not enhanced by stereoscopic VR (p = 0.11). The group
of patients receiving monoscopic PC reported that its interface
was more user-friendly than that of the stereoscopic VR
(p =0.01) [41].

Recent studies comparing VR and 3D-printed heart models
in CHDs revealed that VR was more useful in medical training
and preoperative planning than 3D-printed models; however,
the differences were not statistically significant [42]. Similar
findings were noted during a VR session while assessing
anatomical features in patients with CHDs. Healthcare
professionals with diverse expertise and experience
(cardiac surgeons, cardiologists, cardiac anesthesiologists,
pediatricians, and pathologists) and medical students
participated in the session. In total, 72% of the participants
rated the VR interaction methods (e.g., grasping objects, using
cutting tools) as “extremely intuitive,” and 94% were willing
to implement the VR system in their institutions, awarding
it four or five points on a 5-point scale [43].

A medical facility must make significant investments
in the necessary infrastructure, software, screens, and VR
headsets before implementing VR. However, compared to 3D
printing, the cost of the equipment and materials for 3D
printing, as well as the operating expenses, remain constant.
VR enables the editing and updating of visualized 3D models
and meshes as necessary, saving them in a digital format,
and linking them to medical records for future use [44].

VR is particularly beneficial in planning complex intra-
and extracardiac interventions. For example, a research group
of pediatric cardiac surgeons reported increased confidence
when planning and performing surgeries in two-thirds
of cases and improvements in the surgical strategy in 60%
of cases [38]. Davies et al. reported the use of VR to plan
adult VAD placement in a child (17 kg, 0.67 m?). This approach
preserved the atrioventricular valve function and reduced
the distortion of the cardiac structures [30]. The use of VR
is currently limited to a few centers; however, it is gaining
acceptance in academic and therapeutic organizations.

VIRTUAL REALITY EXPANSION USING
ARTIFICIAL INTELLIGENCE

Al is essential for complicated and multidomain
data processing in VR and AR, facilitating the adoption
of novel technologies. More specifically, Al contributes to VR
functionality in three areas:

Segmentation: Al facilitates accurate and rapid data
labeling. Deep learning algorithms enable structure
tracking, which can be totally automated or supervised.
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The pre-processing time is reduced from several days
to several minutes, making this step crucial for implementing
VR in clinical practice [38, 45].

Reconstruction: Al enables human model reconstructions
in VR for specific applications, such as coronary artery
modeling with automatic calculation of atherosclerotic plaque
volume or echocardiogram conversion into a VR model with 3D
anatomy and blood flow visualization for surgical planning [38].
This step allows the user to focus on the work in the virtual
environment rather than the application settings [46]. Franson
et al. developed a system that converts 2D MRI images
into interactive 4D structures that users can view in real
time, with the rendering speed exceeding the data collection
speed [47]. Similarly, the solution proposed by Bindschadler
et al. was further refined, making it possible to manipulate
cardiac models in AR. These models can be viewed on mobile
devices using simple gestures, a function optimized for patient
counseling [48].

Man-machine interaction: User interactions with VR can
generate vast volumes of multidomain data, which must
be integrated with reduced dimensions, upgraded machine
learning, and user—VR interactions. This function is primarily
employed in medical training [49, 50]. Moreover, this
technology can mitigate VR sickness, which many users find
to be a limitation. This is achieved by using a system with six
degrees of freedom, which boosts oculomotor responses
and reduces the spatial disorientation that induces nausea
and dizziness [51].

These features allowed systems like Immersive
and Elucis to create VR platforms. These platforms can
be used for a single examination with cardiac imaging,
procedure planning, remote communication between experts,
and patient counseling. Moreover, they allow preservation
of models for training, thus enabling delivery of high-quality
medical care.

PROSPECTS

The use of VR can immensely impact modern cardiology.
Integration of CT, MRI, and ECG findings is still a developing
area, with the possibility of real-time data fusion and generating
high-resolution 3D anatomical structures [52, 53]. Modern
cardiac surgery procedures are becoming increasingly
complex and demand excellent skills [53, 54]. VR can be used
as a training tool for acquiring the skills required for clinical
practice. Moreover, VR eliminates geographic barriers,
providing easy access to training programs and conferences
and offering practical experience. Patients can also benefit
from these educational opportunities, enhancing their
comprehension of human anatomy and surgical procedures.
VR-based technologies are ready to be incorporated
into standard treatment plans and be implemented in medical
institutions [53, 55].

However, several issues must be addressed before VR
is extensively used in clinical practice. Most published studies
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are small-scale, including a small number of cases,
and are performed in individual centers. Reliable VR efficacy
assessment in clinical practice requires large-scale studies
and randomized clinical trials. Moreover, the methods
must be standardized to ensure consistency and facilitate
widespread use. The integration of multimodal images
is ongoing, although it has not yet reached its full potential.
Furthermore, the use of diverse VR platforms, each requiring
developing special skills, can present users with additional
challenges. The introduction of VR in clinical practice can
add to the existing heavy workload. Despite the promising
future of VR in medicine, it is extremely important to conduct
randomized clinical trials to validate its utility.

Although difficulties exist, the value of VR
in clinical practice has become increasingly obvious. VR use
in healthcare requires ongoing technological advancements
and standardized applications to reach its full potential.

CONCLUSION

cardiac care today entails performing increasingly
sophisticated procedures that require a high level
of expertise. In this context, VR becomes a powerful tool
for both preprocedural planning and training. It opens new
opportunities for training cardiologists. It can be used
to create realistic simulations of various situations that
healthcare professionals may encounter in their practice.
Students can obtain practical experience without endangering
actual patients. Moreover, VR can be used for preprocedural
planning of complex cardiac surgeries. It allows
for the comprehensive assessment of patient anatomy,
surgical planning, and predicting potential complications.
This can significantly improve surgical accuracy and safety.
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ABSTRACT

Data processing methods based on neural networks are becoming increasingly popular in medical diagnostics. They are most
commonly used to evaluate medical images of human organs using computed tomography, magnetic resonance imaging,
ultrasound, and other non-invasive diagnostic methods. Disease diagnosis involves solving the problem of medical image
segmentation, i.e. finding groups (regions) of pixels that characterize specific objects in the image. The U-Net neural network
architecture developedin 2015 is one of the most successful tools to solve this issue. This review evaluated various modifications
of the classic U-net architecture. The papers considered were divided into several key categories, such as modifications of the
encoder and decoder; use of attention blocks; combination with elements of other architectures; methods for introducing
additional attributes; transfer learning; and approaches for processing small sets of real-world data. Different training sets
with the best parameters found in the literature were evaluated (Dice similarity score; Intersection over Union; overall accuracy,
etc.). A summary table was developed showing types of images evaluated and abnormalities detected. Promising directions
for further modifications to improve the quality of the segmentation are identified. The results can be used to detect diseases,
especially cancer. Intelligent medical assistants can implement the presented algorithms.

Keywords: U-Net architecture; segmentation; computed tomography; magnetic resonance imaging; medical diagnostics;
oncology diseases.

To cite this article:
Dostovalova AM, Gorshenin AK, Starichkova JuV, Arzamasov KM. Comparative analysis of modifications of U-Net neuronal network architectures in medical
image segmentation. Digital Diagnostics. 2024;5(4):833—853. DOI: https://doi.org/10.17816/DD629866

Received: 03.04.2024 Accepted: 06.06.2024 Published online: 21.11.2024
V-2
ECOCVECTOR Avrticle can be used under the CC BY-NC-ND 40 International License

© Eco-Vector, 2024


https://creativecommons.org/licenses/by-nc-nd/4.0/deed.en
https://doi.org/10.17816/DD629866
https://doi.org/10.17816/DD629866

834

HAYYHbIE 0B30PhI Tom 5, Ne 4, 2024 Digital Diagnostics
DOI: https://doi.org/10.17816/DD629866

CpaBHUTENbHbIW aHaNU3 MoaUPUKaL UK HeUpoceTeBbIX
apxutektyp U-Net B 3apaue cerMeHTaLum
MeAULUHCKUX U300parkeHuH

AM. [loctoBanosa'?, A.K. Fopwenun'?, 10.B. Ctapudkosa', K.M. Apsamacos'
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2 (DepepanbHblit MccneaoBaTeNbeKui LeHTp «MHdopMaTiKa v ynipasiieHne» Poccuickoii akapemun HayK, Mockea, Poccus;
¥ HayuHo-NpaKTUYeCKMiA KNMHUYECKUA LIEHTP AMArHOCTUKM M TeneMeaULMHCKIUX TexHonoruii, Mockea, Poccus

AHHOTALINA

MeToabl 06paboTkM AaHHBIX C UCMOMb30BaHMEM HEMPOHHBIX CeTel 3aBOEBLIBAIOT BCE 6OMbLUYKD NOMyNApHOCTb B obnacTu
MeAULMHCKOIM AnarHocTUkK. Hambonee yacTo Ux NpUMEHSAIOT NpW UCCNeLO0BaHUNA MeAULMHCKUX U306paXKeHuii OpraHoB ye-
NOBEKa C WUCMOMb30BaHMEM KOMMbIOTEPHOW M MarHUTHO-Pe30HaHCHOW ToMorpadum, yNbTpasByKOBbIX W UHbIX CPEACTB He-
WHBa3MBHbIX UCCNEL0BaHUIA. [IarHOCTMpPOBaHMe NaToNOTMM B TaKOM Clydae CBOAMTCA K PELLEHMI0 3a[ia4M CerMeHTaLmm Me-
LMLMHCKOr0 M306paXkeHus, To ecTb NoucKa rpynn (o6nacteit) NMKCENOB, XapaKTepPU3YIOLLMX HEKOTOpPLIE 0OBEKTHI Ha CHUMKE.
0auH 13 Hanbonee ycneLwHbIX METOAOB PeLLEHUS AaHHOM 3afa4u — pa3paboTaHHas B 2015 rofly HelipoceTeBas apXMTeKTypa
U-Net. B HacToswem 0630pe aBTOpbI MpoaHan13npoBany pasHoobpasHbie MoanduKaumMm Knaccudeckoii apxutekTtypbl U-Net.
PaccMoTpeHHble paboTbl pa3feneHbl Ha HECKOMbKO KIoYeBbIX HanpaBneHuit: MoaudUKaLmn KOAMPOBLLMKA U AEKOAWNPOBLLM-
Ka; ucnonb3oBaHue 610KOB BHUMAaHMS; KOMOUHMPOBAHME C 3NIeMEHTaMU ApYriX apXUTEKTYp; METOAbl BHELPEHUs LOMOSHM-
TesbHbIX MPU3HAKOB; TpaHChepHoe 0by4eHre 1 NOAXOAbI A51s 06paboTKM Manbix HabopoB peanbHbIX AaHHbIX. V3yyeHbl pas-
JYHble obyyatoLme Habopbl, A1 KOTOPBIX MPUBEAEHDI yuLLMe AOCTUTHYTHIE B IUTEPAType 3HaYeHWst METPUK (NoKasaTenb
cxoncrea Dice; nepeceyenne Hap 06beauHeHneM Intersection over Union; obLias TouHocTb M ap.). Takxe co3aaHa cBogHas
Tabnuua ¢ yKasaHueM TUNOB aHaNM3MUpyeMbIx U306paXeHNU 1 BbISBNSEMbIX NATONOrMIA Ha HUX. 0603HaYeHbI NepCNeKTUBHbIE
HanpaBneHus JanbHenwnX MoandUKaLmiA ANs NOBbILIEHNS KaYecTBa peLueHUs 3aAay cerMeHTaumm. PesynbTaTbl MoryT ObiTb
nonesHbl B 0611aCTH BbIABNEHWs 3ab0NeBaHuIA, NpeXae BCEro, OHKONOrUYeckux. lpeactaBneHHble anropuTMbl MOryT CTaTb
YacTbio NPodecCMOHaNbHbIX MEANLIMHCKUX MHTENNEKTYaNbHbIX aCCUCTEHTOB.

KnioueBble cnosa: apxutekTypa U-Net; cerMeHTaums; KOMNbloTepHas TOMOrpadms; MarHUTHO-pe30HaHCHas ToMorpagus;
MeAMLMHCKaA AMarHoCTMKa; OHKOJOrMYecKue 3aboneBaHus.
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INTRODUCTION

Image processing using artificial-intelligence
(Al)-based software plays a central role in modern medical
diagnosis. Advancements in computational technology
and machine learning algorithms have considerably expanded
the capabilities of image analysis in recent decades.
Comprehensive clinical decision support systems, including
autonomous models, have replaced the previous generation
of simple classification frameworks.

Medical image processing initially relied on basic imaging
modalities such as radiography and mammography. These
modalities have since evolved, and computed tomography
(CT) and magnetic resonance imaging (MRI) data are now
processed with high efficiency. In the context of diagnostic
radiology, Al-based software is applied to a range of tasks,
including data visualization, segmentation, recording,
classification, and interpretation.

Among these, medical image segmentation remains
among the most challenging tasks, as it involves identifying
clusters of pixels that correspond to specific image objects,
particularly in CT and MRI scans. Deep learning algorithms have
demonstrated promising performance in segmenting abnormal
regions (selecting target regions) and subsequently classifying
them. These algorithms notably outperform conventional
approaches in both processing accuracy and speed [1].
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Various neural network architectures have been employed
for segmentation tasks. These models differ in structural
characteristics, including the number of layers, neurons
per layer, activation functions, and optimization algorithms.
Among these architectures, frameworks such as U-Net,
V-Net, DenseNet, and Mask R-CNN have demonstrated strong
performance in segmentation tasks [2—6].

Since its introduction in 2015, the U-Net segmentation
network has become a standard tool in biomedical image
processing. Nevertheless, the basic U-Net architecture continues
to demonstrate strong performance in analyzing medical
images for detecting organ abnormalities, such as those seen
in kidney CT scans and lung changes associated with COVID-19
or obstructive pulmonary disease [7-9]. The U-Net3D
architecture extends the conventional U-Net by replacing
two-dimensional (2D) convolutions with 3D convolutions [10].
It is employed for the segmentation of 3D medical images. For
instance, Pantovic et al. used U-Net3D to analyze CT scans
of a brain containing neural implants to identify surgical sites
for epileptogenic zone removal [11]. Han et al. used the same
architecture to segment liver MRI scans and delineate both
the contours and internal structures of the liver [12].

The standard architecture of the U-Net neural network
consists of two primary components: the encoder and decoder.
The encoder compresses the input data and extracts
the most relevant features for subsequent recognition.

Internal encoder
and decoder

modifications
128 64 64 2
Decoder e
sle Output image
256 128
512 256 ' _
R I11 => 3 x 3 convolution, ReLU
2 Ml Copy and cut
512 ’ﬁ a # 2 x 2 max pooling
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features

Fig. 1. Classic U-Net architecture proposed in 2015 and the main categories of its modification methods.
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Segmentation tasks

Segmentation Semi-labeled
with insufficient data
training data segmentation

Non-specific
tasks

Transfer learning
(fine-tuning)

I

Semi-supervised

Training learning

on extremely
small datasets

Fig. 2. Segmentation tasks categorized by the availability and type
of training data.

Meanwhile, the decoder reconstructs a segmented image
from the compressed data generated by the encoder.
Since 2015, numerous modifications to the standard U-Net
architecture (referred to as the U-architecture) (Fig. 1)
have been developed to enhance its accuracy, speed,
and robustness. These modifications can be grouped into four
main categories: (1) modifying the encoder and decoder while
preserving the overall network structure; (2) combining
multiple U-architecture models through ensembling;
(3) integrating additional architectural components, such
as attention blocks; and (4) incorporating supplementary
features into the model.

These modifications have also been applied
to address image segmentation challenges arising
during semi-supervised learning or when training data are
limited (Fig. 2). The limited-training-data scenario can be
further categorized into cases involving small and extremely
small datasets. Specifically, when training on small datasets,
transfer learning and fine-tuning are typically applied
to networks pretrained on more diverse datasets.

Meanwhile, when training on extremely small datasets
(few-shot learning), pretraining is inadequate; such cases
generally require original architectures and data models.

This review explores the application of U-Net architecture
modifications in medical image processing. Section 1 outlines
the main modification strategies for the U-architecture,
including (1) changing the encoder and decoder internally,
(2) integrating additional architectural components such
as attention blocks, and (3) altering the network’s learning
process. Section 2 explores how these modifications can
be applied to address specific challenges in medical image
segmentation. The conclusion in Section 3 summarizes
the key findings of the review.

DATA SEARCH METHODOLOGY

The authors conducted a literature search using
the Web of Science, Scopus, and PubMed databases, covering
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publications from 2018 to 2024. The search results were

comparable across databases and reflected the primary

trends in U-Net architecture modification methods. The search
keywords included U-Net, medical images, and modification.

The initial search returned approximately 5,000 sources. This

was subsequently refined using additional terms, including

attention, few-shot, unsupervised, semi-supervised, ensemble,
stack, additional features, metadata, and DICOM data.

The selected publications were reviewed with a focus
on the use of specific architectures for medical image
processing. The inclusion criteria were as follows:

+ Quality of result validation (e.g., comparison with other
architectures, use of established evaluation metrics,
and study completeness);

Originality of the architectural modification in relation

to its intended application;

« Specificity of the task (e.g., type of abnormality detected
or organ segmented);

 Use of open datasets.

The U-Net architecture has substantially impacted medical
image segmentation owing to its effectiveness. Originally
proposed by Ronneberger et al. [2], U-Net has since evolved
into several notable variants, including U-Net++ [13], Attention
U-Net [5], 3D U-Net [10], EU-Net [14], NAS-U-Net [15],
U-Net 3+ [16], and SwinAttU-Net [17]. Appendix 1 provides
an overview of key studies on U-Net modification methods
and segmentation accuracy evaluations, as well as datasets
used for testing. It also includes studies wherein U-Net
was applied to address specific segmentation challenges.
The following abbreviations are used for performance
metrics: DC, Dice coefficient; loU, intersection over union;
0A, overall accuracy [18, 19].

U-NET ARCHITECTURE MODIFICATIONS

Internal encoder and decoder modifications

This section discusses structural elements that are
altered by internal modifications to the encoder and decoder
of the U-architecture.

Encoder and decoder convolution blocks. To process
spinal cord images (Verse2019 and Verse2020 datasets),
Xu et al. replaced convolution layers with linear layers
in the encoder and with octave convolutions in the decoder.
Octave convolutions combine standard convolution blocks
with pooling operations to extract frequency-based data [57].
Ayalew et al. reduced the number of convolution channels
and incorporated batch normalization into the original
U-architecture to detect liver tumors in CT scans [58].
This modification improved network accuracy on datasets
with considerable class imbalance. Guan et al. proposed
an architecture with modified convolution blocks wherein
the outputs of each layer were concatenated and jointly
processed to minimize distortion in photoacoustic images,
such as brain scans [59].
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Connections between encoder and decoder blocks.
Ozcan et al. used a U-Net variant to identify tumor regions
in liver CT scans. In this variant, connections between encoder
and decoder blocks passed through an inception block
composed of convolutions with different kernel sizes,
whose outputs were concatenated. In other studies, these
connections passed through a pyramid of pooling layers
(consisting of multiple pooling layers with different kernel
sizes applied to the same data) [61]. This approach was
used to accelerate the segmentation of liver ultrasound
images.

Encoder or decoder regularization blocks. Omarov et al.
applied a modified U-Net architecture to detect brain regions
affected by ischemic stroke on CT scans. In this architecture,
dropout and L2 regularization layers were incorporated
into the decoder [62].

Ensembling U-Net architectures. A concatenated
ensemble of U-Net networks trained on ImageNet images
converted to sinograms was used to reconstruct CT images
from projection data obtained by rotating an object [63].
In another example, an ensemble of two U-Net3D networks
pretrained on the LiTS dataset was applied for detecting
liver tumors in 3D CT scans [24, 64]. The first network
processed low-resolution images (reduced source images),
and its segmentation output was passed to the second
network. A combined loss function incorporating the DC
and cross-entropy was used. In another study, a two-stage
U-Net ensemble was developed for liver tumor detection.
Here, one network functioned as a post-processing
and refinement stage [65].

Koirala et al. used an ensemble of U-Net3D, ONet3D,
and SphereNet3D networks to locate brain tumors.
Ensembling was achieved by weighing (summing
and multiplying by a number reflecting the network’s
contribution to the overall result, i.e., its weight) the outputs
of all models to determine the most probable class.

Li et al. used an unmodified U-Net architecture to select
the optimal model for their application [67].

Overall, existing studies suggest that even minor
architectural changes to U-Net can improve its effectiveness
in medical imaging tasks.

Modifications using attention mechanisms

This section outlines how previous studies modified
the standard U-Net architecture by integrating spatial
and channel attention blocks [68]. In one study,
a U-Net3D-based variant incorporating efficient channel
attention in the encoder blocks was applied to detect
COVID-19-related abnormalities in chest CT scans [69].
In another study, a pyramid fusion module was implemented
at the lower layer of the U-architecture. In this module,
features extracted using neural networks with varying
window sizes were concatenated, and the resulting data were
processed using a pooling layer with a global mean value.
The Tversky loss function was used for optimization [70].

5 (4) 2024
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Another study focused on the simultaneous segmentation
of multiple organs using CT scans [71]. The proposed U-Net
architecture included an attention block that took the outputs
of both the encoder and decoder as input. These outputs were
concatenated and processed using a 1D convolution operation
with ReLU activation sigmoid functions [72].

One study [73] employed a U-Net architecture with spatial
multi-scale attention blocks to segment liver tumors in CT
scans. These attention blocks were placed at multiple points
in the architecture, including within the encoder and decoder,
as well as along the connections between them.

Zhang et al. applied pyramid pooling in the lower part
of the U-architecture (corresponding to the point of maximum
data reduction) and used efficient channel attention blocks
on the connections between the encoder and decoder
blocks [74]. Another study proposed a U-Net architecture
with spatial attention between encoder blocks, incorporating
convolutions with multiple receptive fields (Fig. 3). This
architecture was trained using the Tversky loss function
for breast cancer detection [75].

Subhan Akbar et al. introduced attention blocks
into the connections between the encoder and decoder blocks
of the U-architecture. For feature extraction, they also added
a positional attention block and a self-attention block to each
layer of the decoder [76, 77].

Thus, in U-Net, various attention blocks have been used
to capture spatial relationships between image elements
at different scales. Notably, these relationships cannot be
detected using the basic architecture.

Modifications through the integration
of elements from other architectures

A common approach to modifying the U-Net architecture
involves incorporating elements from other networks,
such as ResNet or transformers. Several variations of this
approach have been proposed.

Full modification of the encoder and/or decoder.
Xingfei et al. modified the U-Net architecture by replacing

7816/0D629866
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the encoder with ResNet50 for segmenting COVID-19-related
abnormalities in the lungs [78, 79]. A channel attention block
combined with a pyramid pooling module was applied
following the encoder. Alternatively, a transformer encoder
can be integrated, with its output upsampled via deconvolution
for use in different parts of the U-architecture [80].

Modification of encoder and decoder blocks while
maintaining the general U-Net architecture. Eskandari
et al. focused on segmenting liver structures in CT scans [81].
To account for the considerable variability in liver shape,
size, and position, they used a position-determining classifier
network in combination with a modified U-Net architecture.
This modification replaced standard convolution blocks
with ConvLSTM blocks, which were also incorporated
into the connections between encoder and decoder blocks [82].

In another study, a hybrid architecture combining
efficient transformer blocks with the U-Net architecture was
proposed for identifying skin abnormalities in medical images
(Fig. 4) [83]. This architecture outperformed the classic
U-Net, Attention U-Net, TransU-Net, FAT-Net, and Swin
U-Net in terms of DC, sensitivity, specificity, and accuracy
on the ISIC 2018 skin lesion dataset.

Ghofrani et al. applied a combination of an unmodified
U-Net and transformer blocks to segment polyp images,
achieving higher accuracy than U-Net, ResU-Net++,
and DoubleU-Net [36, 37, 84-86].

For 3D liver image segmentation, U-Net was combined
with Swin Transformer, BTSwin Transformer, and DenseNet
components [87-89].

Vol. 5 (4) 2024
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In summary, similar to attention-based modifications,
integrating elements from other architectures enhances
image processing quality by identifying subtle relationships
between image regions. Transformer blocks that employ
self-attention mechanisms to extract latent features are
frequently used in this context.

Introducing additional features into u-net

Researchers often use metadata from DICOM files
as supplementary features in medical image analysis. These
data are typically tabulated and include both continuous
and categorical variables. The metadata are often input
into a separate network, which may be trained either jointly
with or independently from the main segmentation model.
This supplementary information is generally incorporated
into the base network using attention mechanisms. For
instance, in a previous study on spinal tumor segmentation,
metadata were integrated into a U-Net-based segmentation
model. Each block included a linear transformation block
applied to the output of the preceding convolutional layer [90].
The U-Net-based generator computed transformation
parameters (shift and scale) after receiving metadata related
to the segmented image. In another study, Du et al. proposed
a channel attention mechanism wherein metadata were
used to train the 3D-RADNet network to detect image slices
containing the target organ (liver) [91]. Slices selected using
metadata were processed by a U-Net-based segmentation
model. In kidney tumor segmentation, channel attention
has been used to incorporate metadata into the network,
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Fig. 4. Architecture integrating transformer blocks into the U-Net framework [81].
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allowing the data to serve as the outputs of U-Net
blocks [92]. After the final convolutional layer of each block,
both image data and metadata are passed to a layer where
the metadata are input into a multi-layer perceptron (MLP)
with a sigmoid activation function. The MLP outputs are
then multiplied, on a per-channel basis, with the image data
from the preceding convolutional layer.

In addition to metadata, other sources of auxiliary
information have been used to enhance U-Net models:

« A two-branch architecture based on a convolutional
network [93];

« CNNFormer for liver segmentation, which accounts
for both intra-slice spatial relationships and inter-slice
hierarchical structures [94];

+ Additional features, such as spine, lung, and skin
segmentation results obtained using the Python library
Body Navigation [95].

These data have been concatenated with the input images
to enhance the localization of the target organ. This approach
has been applied to liver CT segmentation using both U-Net
and U-Net3D architectures, depending on whether individual
slices or entire scans were processed.

Many modifications to U-Net training involve the iterative
reuse of features. For example, Ernst et al. focused
on reconstructing CT images from sinograms [96]. They
employed a combination of U-Net3D and Primal-Dual
networks with iterative learning, where the output at each

00l https://doi.org/10.]
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step was combined with the results of the previous iteration.
Another study proposed a method to improve segmentation
accuracy by reusing features extracted during learning [97].
RecycleNet, an architecture derived from U-Net, comprises
three main blocks:

« |: input data block;

« R: latent feature reuse block;

+ 0: outcome block (Fig. 6).

II """ II Recycling

Module R

Fig. 6. Structural blocks of the U-Net archltecture [971.
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The feature reuse algorithm is illustrated in Fig. 6.
First, the number of iterations to be used for decision-
making is randomly selected from a predefined range.
The features extracted in the previous iteration are
normalized and added to those from the current iteration,
incorporating spatial embedding. After completing
the selected number of iterations, the network generates
the final output. In a previous study, RecycleNet was
experimentally evaluated on the KiTS 2019 (kidney cancer),
LiTS, BTCV, AMOS (multi-organ segmentation), and CHAQOS
(MRI) datasets [23, 24, 33, 40]. The proposed architecture
was compared with a DC-optimized variant of nnU-Net
and the DRU network [98]. RecycleNet outperformed
the compared architectures on all evaluated datasets.

Thus, incorporating additional features can improve
the accuracy of image processing using U-Net. Such
supplementary data often reveal patterns that are not present
or are only weakly expressed in the image itself.

ADDRESSING SPECIFIC SEGMENTATION
CHALLENGES USING THE U-NET
ARCHITECTURE

Transfer learning and fine-tuning of U-Net

In medical image processing, available training datasets
are often small and structurally complex. This limitation
arises from the difficulties encountered during data labeling
and restrictions imposed by privacy agreements. A common
approach in such cases is to employ pretrained models
and fine-tune them on the available datasets.

Heker et al. investigated liver tumor segmentation using
a small dataset of CT scans [99]. To this end, they first trained
the U-Net architecture on the LiTS dataset and applied
a hierarchical freezing strategy to its encoder weights. Initially,
the encoder weights were frozen, meaning they were not
updated during training. The rest of the network was trained

a Real-world b
Application Domain
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for a set number of iterations. Afterward, the frozen encoder
weights were gradually unfrozen and fine-tuned one by one.

Several researchers employed a U-Net architecture
with a ResNet32-based encoder, initially pretrained
on ImageNet and subsequently fine-tuned using optical
coherence tomography images [100]. Meanwhile, others
have explored fine-tuning techniques for U-Net and U-Net3D
in the segmentation of various organs and diseases,
including approaches involving a variable number of trainable
layers [101, 102].

Moreover, transfer learning with U-Net and EfficientNet
architectures—both originally developed for 2D image
segmentation—has been applied to facilitate data
transfer during 3D image processing [103, 104].
The authors of the aforementioned paper proposed
two approaches: 1) increasing the sampling rate of 2D
weights in the corresponding blocks of 3D architectures
and 2) obtaining plane projections of 3D data and subsequently
processing them using a network trained on 2D data (Fig. 7).

Another approach to training involves using U-Net for post-
processing image segmentation results. Hong et al. applied this
strategy for liver segmentation in CT scans. In their proposed
modification, U-Net's segmentation output underwent post-
processing through the optimization of an energy functional.
This functional included two components: one for contour
delineation in an image and another for optimizing voxel
class labels within the evaluated region.

The effectiveness of fine-tuning and transfer learning
strategies strongly depends on the datasets used
during pretraining. The closer the training and target datasets
are in terms of the types of objects assessed, the more
effective fine-tuning and transfer learning become. However,
achieving this similarity is not always feasible, particularly
for specialized tasks. Large datasets are often unavailable—
especially for 3D data. A promising alternative is to fine-tune
using simpler, lower-dimensional data, which are generally
easier to collect in sufficient quantities.

Real-world
Application Domain

Fig. 7. Ratios of labeled and unlabeled data in network training and testing: (a) semi-supervised learning (SSL), (b) unsupervised domain
adaptation (UDA), and (c) semi-supervised domain generalization (SemiDG) [106].
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Semi-supervised learning methods

The shortage of sufficient training data for complex
architectures is often due to the lack of expert annotation
of raw data—a task that requires substantial domain-specific
knowledge and expertise. To address this limitation, various
training strategies based on the U-Net architecture have been
developed to leverage unlabeled data and semi-supervised
learning approaches.

Wang et al. explored the training of segmentation networks
for 3D organ models using semi-supervised learning
techniques [106]. They developed a framework capable
of handling different proportions of labeled and unlabeled
data during both training and testing phases (See Fig. 7):

« Fig. 7(a): labeled and unlabeled data, as well as testing
data, are of the same type (testing data indicated
with a dotted line);

« Fig. 7(b): labeled and unlabeled data are of different types;

« Fig. 7(c): the training set contains labeled and unlabeled
data of different types, while the testing data are entirely
distinct from both.

The resulting framework consists of two main components
(Fig. 8): an aggregation block and a decoupling block.
The aggregation block includes the encoder of the proposed
Diffusion VNet, which performs image segmentation
for type 1 relationships. The decoupling block contains three
VNet decoders, each responsible for generating class labels
of a specific type. The first decoder produces labels that are
unbiased with respect to the type of labeled data, using a loss
function that combines cross-entropy and DC. These labels
are then used to generate re-weighted class labels, where
the weights are applied in a loss function consisting of the sum
of DCs across all labeled data classes. This weighting strategy
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Fig. 8. A&D framework [106].
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enhances the training effectiveness for classes that perform
poorly. The second decoder generates class pseudo-labels
for unlabeled data, which are subsequently used to train
the third decoder in an unsupervised manner.

In a previous study, the above framework was trained
using the LASeg (brain MRI), Synapse (various organs),
MMWHS, and M&Ms (heart) datasets [47-50]. Its performance
was evaluated against that of UA-MT, LMISA-3D, vMFNet,
SS-Net, and other architectures using metrics such as DC,
Jaccard index, and HD95. In several cases, the framework
demonstrated performance that was either superior to or
comparable with that of specialized architectures.

Wang et al. investigated trained network adaptation
for segmenting a small target dataset focused on polyp
detection [107]. The study evaluated a scenario wherein
the target dataset consisted of images similar to those used
for network training but lacked labels. Two techniques were
applied for training: contrastive learning and pseudo-labeling
with calibration.

In the contrastive learning phase, unlabeled images were
labeled as either positive (consistent with a given image)
or negative. Images obtained through augmentation were
treated as positive, while others were treated as negative.
A network trained on a different dataset generated
pseudo-masks for the target dataset. These predicted masks
were then used to calculate entropy and determine class
centers within the target scans.

To improve the reliability of the generated pseudo-masks,
a per-pixel calibration block was introduced. This block
incorporated previous predictions to refine the mask quality.
To evaluate the effectiveness of the proposed method in polyp
segmentation, experiments were conducted using the ClinicDB,
ETIS-LARIB, and Kvasir-SEG datasets. The proposed
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architecture was compared with other networks employing
techniques such as bidirectional learning (BDL), Fourier domain
adaptation, historical contrastive learning, and denoised
pseudo-labeling. The proposed architecture outperformed
these alternatives in terms of DC and loU variations.

Wang et al. also proposed a method for segmenting human
organ images, including those captured during surgery, using
semi-labeled datasets.

For unlabeled data processing, a dual-network
configuration was used (Fig. 9), in which two networks
with identical architectures received the same image
input. Although the networks were initialized differently,
aggregating their outputs enabled more accurate predictions
than either network could achieve independently. To avoid
distortion when assigning pseudo-labels to unlabeled data
in cases where the training dataset exhibited heterogeneous
class representations, individual class distributions were
reconstructed rather than relying on the overall data
distribution.

To align individual class densities, an exponential
moving average transformation was applied to class
alignment matrices of both labeled and unlabeled data.
The effectiveness of the proposed method was evaluated
using the CaDIS (surgical images), LGE-MRI, and ACDC (heart
disease) datasets. Its performance was compared with that
of the URPC, UAMT, CLD, and CPS architectures using the DC,
Jaccard index, and additional metrics. The proposed method
outperformed all of these architectures across the evaluated
parameters.
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Thus, a properly selected architecture enables the effective
use of unlabeled data in training U-Net-based models, even
in the presence of class imbalance.

U-Net training using extremely small sets
of real-world data

Developing Al-based software for specific medical tasks
is hindered by the challenge of assembling a sufficiently large
training dataset[109]. Inmany cases, dedicated tools are required
to process and structure text-based protocols [110-112].
Combined with the high cost of data annotation, these
challenges frequently force developers to work with limited
amounts of labeled data for machine learning. Consequently,
few-shot learning has become a widely adopted approach
in medical image processing.

A study investigated the use of CT and positron emission
tomography scans for lung cancer detection [113]. A standard
U-Net architecture without modifications was trained
using data augmentation, with additional data introduced
during both training and testing phases based on feedback
from an expert evaluating the model’s performance. A similar
approach was later applied to COVID-19 data [114]. In another
study, the encoder of the U-Net architecture was modified
using a Siamese-Net-type structure to enhance segmentation
quality. A second encoder branch was introduced; it received
the image multiplied by its corresponding mask (segment).
The weights from this branch were then combined with those
of the primary encoder branch, which processed the original,
unmodified image [115].
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Fig. 9. Dual-network architecture trained on datasets with heterogeneous class representation [108].
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In the context of medical imaging, this approach is more
frequently applied to architectures other than U-Net, which
may be due to the network’s size and the number of neurons
it contains.

CONCLUSION

The classic U-Net architecture has proven highly
effective for medical image segmentation, which explains
its widespread use and the ongoing development of various
performance-enhancing modifications. These modifications
are designed to improve the interpretation of available
data and to pool features obtained during pretraining
on diverse datasets, including those that are unlabeled. U-Net
modifications can also be categorized according to their
intended tasks—such as segmentation or the detection
of affected tissues—as well as by the types of datasets used,
particularly those representing specific diseases. Additionally,
the diagnostic accuracy of U-Net-based solutions can be
further enhanced by incorporating supplementary training
features derived from text, tabular data, or mathematical
models.

U-Net architectures are applied across a wide
range of medical image segmentation tasks, which vary
in both problem formulation and data type (various types
of images and diseases). Each task presents its own unique
challenges, making it difficult to define a single, universally
effective architecture or even a universally applicable class
of models. However, among the approaches assessed,
U-Net modifications incorporating elements from other
architectures demonstrate the strongest performance. These
hybrid models are effective for standard image segmentation
tasks—particularly when integrating transformer blocks—
as well as for situations where training data are limited, such
as through pretraining with networks of lower dimensionality
than the target data. The integration of additional features

REFERENCES

1. Shen D, Wu G, Suk HI. Deep Learning in Medical Image Analysis.
Annual Review of Biomedical Engineering. 2017;19:221-248.
doi: 10.1146/annurev-bioeng-071516-044442

2. Ronneberger 0, Fischer P, Brox T. U-Net: Convolutional Networks
for Biomedical Image Segmentation. Medical Image Computing
and Computer-Assisted Intervention (MICCAI) 2015. 2015:9351.
doi: 10.1007/978-3-319-24574-4_28

3. Milletari F, Navab N, Ahmadi SA. V-Net: Fully Convolutional
Neural Networks for Volumetric Medical Image Segmentation.
Fourth International Conference on 3D Vision (3DV). 2016:565-571.
doi: 10.48550/arXiv.1606.04797

4. Chen LC, Papandreou G, Kokkinos I, Murphy K, Yuille A. DeepLab:
Semantic Image Segmentation with Deep Convolutional Nets,
Atrous Convolution, and Fully Connected CRFs. IEEE Transactions
on Pattern Analysis and Machine Intelligence. 2017;40(4):834—848.
doi: 10.1109/TPAMI.2017.2699184

Vol. 5 (4) 2024

DOI: https://doiorg/1017816/DD629866

Digital Diagnostics

into neural network architectures also shows promise.
Similarly, the application of physics-informed neural
networks, which incorporate information on object models
or image structure, is another promising direction [116—119].

ADDITIONAL INFORMATION

Appendix 1. Ways to modify the U-Net architecture. ¢=
doi: 10.17816/DD629866-4224037 mEE
Funding source. This article was prepared by a group of authors as
a part of the research and development effort titled «Development
of a platform for improving the quality of Al services for clinical
diagnostics» (USIS No.: 123031400006-0) in accordance with the
Order No. 1196 dated December 21, 2022 «On approval of state
assignments funded by means of allocations from the budget of
the city of Moscow to the state budgetary (autonomous) institutions
subordinate to the Moscow Health Care Department, for 2023 and the
planned period of 2024 and 2025» issued by the Moscow Health Care
Department. The research was carried out using the infrastructure of
the federal state budgetary educational institution of higher education
«MIREA — Russian Technological University» within the framework
of additional agreement No. 1 dated November 24, 2023 to the
cooperation agreement No. 1 dated 07072022, (Moscow).
Competing interests. The authors declare that they have no
competing interests. Figures 1 and 2 are original and made by the
authors. Figures 3-9 are distributed under the CC BY 4.0 license and
are presented in this work unchanged with reference to the original
works where they were first presented.

Authors’ contribution. All authors made a substantial contribution
to the conception of the work, acquisition, analysis, interpretation of
data for the work, drafting and revising the work, final approval of the
version to be published and agree to be accountable for all aspects of
the work. A.M. Dostovalova — collection and processing of materials,
writing the text of the article; A.K. Gorshenin — problem statement,
analysis and systematization of approaches, conceptualization,
writing the text of the article; Ju.V. Starichkova, K.M. Arzamasov —
concept of the work, writing the text of the article.

5. Huang G, Liu Z, Van Der Maaten L, Weinberger KQ. Densely
Connected Convolutional Networks. IEEE Conference on Computer
Vision and Pattern Recognition (CVPR). 2017:2261-2269.
doi: 10.1109/CVPR.2017.243

6. He K, Gkioxari G, Dollar P, Girshick R. Mask R-CNN. [EEE
International Conference on Computer Vision (ICCV). 2017:2980-2988.
doi: 10.1109/ICCV.2017.322

7. Khalal DM, Azizi H, Maalej N. Automatic segmentation of kidneys
in computed tomography images using U-Net. Cancer/Radiothérapie.
2023;27(2):109-114. doi: 10.1016/j.canrad.2022.08.004

8. Bernardo Gois FN, Lobo Marques JA. Segmentation of CT-Scan
Images Using UNet Network for Patients Diagnosed with COVID-19.
Computerized Systems for Diagnosis and Treatment of COVID-192023.
2023:29-44. doi: 10.1007/978-3-031-30788-1_3

9. Sarsembayeva T, Shomanov A, Sarsembayev M, et al. UNet
Model for Segmentation of COPD Lung Lesions on Computed
Tomography Images. Proceedings of the 7% International Conference



https://doi.org/10.1146/annurev-bioeng-071516-044442
https://doi.org/10.1007/978-3-319-24574-4_28
https://doi.org/10.48550/arXiv.1606.04797
https://doi.org/10.1109/TPAMI.2017.2699184
https://doi.org/10.1109/CVPR.2017.243
https://doi.org/10.1109/ICCV.2017.322
https://doi.org/10.1016/j.canrad.2022.08.004
https://doi.org/10.1007/978-3-031-30788-1_3
https://doi.org/10.17816/DD629866-4224037
https://doi.org/10.17816/DD629866-4224037

REVIEWS

on Digital Technologies in Education, Science and Industry (DTESI
2022). 2022. Available at: https://ceur-ws.org/Vol-3382/Short5.pdf.
Accessed: November 9, 2024.

10. Cicek O, Abdulkadir A, Lienkamp S, Brox T, Ronneberger 0. 3D U-Net:
Learning Dense Volumetric Segmentation from Sparse Annotation.
Medical Image Computing and Computer-Assisted Intervention —
MICCAI 2016. 2016:424-432. doi: 10.1007/978-3-319-46723-8_4

11. Pantovic A, Ollivier |, Essert C. 2D and 3D-UNet for segmentation
of SEEG electrode contacts on post-operative CT scans. Medical
Imaging 2022: Image-Guided Procedures, Robotic Interventions, and
Modeling. 2022. doi: 10.1117/12.2606538

12. Han X, Wu X, Wang S, et al. Automated segmentation of
liver segment on portal venous phase MR images using a 3D
convolutional neural network. Insights Imaging. 2022;13(26).
doi: 10.1186/513244-022-01163-1

13. Zhou Z, Rahman Siddiquee MM, Tajbakhsh N, Liang J. UNet++:
A Nested U-Net Architecture for Medical Image Segmentation. Deep
Learning in Mediical Image Analysis and Multimodal Learning for Clinical
Decision Support. 2018:311. doi: 10.1007/978-3-030-00889-5_1

14. Yu C, Wang Y, Tang C, Feng W, Lv J. EU-Net: Automatic U-Net
neural architecture search with differential evolutionary algorithm
for medical image segmentation. Computers in Biology and Medicine.
2023;167:107579. doi: 10.1016/j.compbiomed.2023.107579

15. Weng Y, Zhou T, Li Y, Qiu X. NAS-Unet: Neural Architecture Search
for Medical Image Segmentation. /EEE Access. 2019;7:44247-44257.
doi: 10.1109/ACCESS.2019.2908991

16. Huang H, Lin L, Tong R, et al. UNet 3+: A Full-Scale Connected
UNet for Medical Image Segmentation. ICASSP 2020-2020 IEEE
International Conference on Acoustics, Speech and Signal Processing
(ICASSP). 2020:1055-1059. doi: 10.1109/ICASSP40776.2020.9053405
17. Li C, Bagher-Ebadian H, Sultan RI, et al. A new architecture
combining convolutional and transformer-based networks for
automatic 3D multi-organ segmentation on CT images. Med Phys.
2023;50(11):6990-7002. doi: 10.1002/mp.16750

18. Miiller D, Soto-Rey I, Kramer F. Towards a guideline for
evaluation metrics in medical image segmentation. BMC Research
Notes. 2022;15(210). doi: 10.1186/s13104-022-06096-y

19. Alberg AJ, Park JW, Hager BW, Brock MV, Diener-West M. The use
of «overall accuracy» to evaluate the validity of screening or diagnostic
tests. Journal of General Internal Medicine. 2004;19:460-465.
doi: 10.1111/}.1525-1497.2004.30091.x

20. Soler L, Hostettler A, Agnus V, et al. 3D image reconstruction
for comparison of algorithm database: A patient specific
anatomical and medical image database. IRCAD. 2010. Available at:
https://www-sop.inria.fr/geometrica/events/wam/abstract-ircad.
pdf. Accessed: November 9, 2024.

21. Loffler M, Sekuboyina A, Jakob A, et al. A Vertebral Segmentation
Dataset with Fracture Grading. Radiology: Artificial Intelligence.
2020;2(4). doi: 10.1148/ryai.2020190138

22. Wang Z, Bovik AC, Sheikh HR, Simoncelli EP. Image
quality assessment: from error visibility to structural similarity.
IEEE Transactions on Image Processing. 2004;13(4):600-612.
doi: 10.1109/TIP.2003.819861

23. Kavur AE, Gezer NS, Baris M, et al. CHAQS Challenge — combined
(CT-MR) healthy abdominal organ segmentation. Medical Image
Analysis. 2021;69:101950. doi: 10.1016/j.media.2020.101950

24, Bilic P, Christ P, Li HB, et al. The Liver Tumor Segmentation
Benchmark (LiTS). Medical Image Analysis. 2023;84:102680.
doi: 10.1016/j.media.2022.102680

Vol. 5 (4) 2024

DOI: https://doiorg/1017816/DD629866

Digital Diagnostics

25. Petrusca L, Cattin P, De Luca V, et al. Hybrid ultrasound/
magnetic resonance simultaneous acquisition and image fusion for
motion monitoring in the upper abdomen. Investigative Radiology.
2013;48(5):333—340. doi: 10.1097/RLI.0b013e31828236¢3

26. Jun M, Cheng G, Yixin W, et al. Covid-19 CT lung and infection
segmentation dataset. Zenodo. 2020. Available at: https://zenodo.
org/records/3757476#.YLov8vkzaUk. Accessed: November 9, 2024.
27. Morozov SP, Andreychenko AE, Blokhin IA, et al. MosMedData:
data set of 1110 chest CT scans performed during the COVID-19
epidemic. Digital Diagnostics. 2020;1(1):49-59. doi: 10.17816/DD46826
28. Roth HR, Oda H, Hayashi Y, et al. Hierarchical 3D fully convolutional
networks for multi-organ segmentation. ArXiv. 2017. Available at:
https://arxiv.org/abs/1704.06382v1. Accessed: November 9, 2024.
29. Roth H, Farag A, Turkbey EB, et al. Data from Pancreas-CT.
Data From Pancreas-CT (Version 2) [Data set]. The Cancer Imaging
Archive. 2016. doi: 10.7937/K9/TCIA.2016.tNB1kqBU

30. Heimann T, Styner M, van Ginneken B. 3D Segmentation in the
Clinic: A Grand Challenge. MICCAI 2007, the 10 Intel Conf. on Medical
Image Computing and Computer Assisted Intervention. 2007:7-15.
Available at: https://www.diagnijmegen.nl/publications/ginn07/.
Accessed: November 9, 2024.

31. Suckling J. The Mammographic Image Analysis Society Digital
Mammogram Database. International Congress Series. 1994:375-378.
Available at: http://peipa.essex.ac.uk/info/mias.html. Accessed:
November 9, 2024.

32. WHO Director-General's opening remarks at the media briefing
on COVID-19 — 11 March 2020 [Internet]. 2020. Available at: https://
www.who.int/director-general/speeches/detail/who-director-
general-s-opening-remarks-at-the-media-briefing-on-covid-19---
11-march-2020. Accessed: November 9, 2024.

33. Landman B, Xu Z, Igelsias J, et al. Miccai multi-atlas labeling
beyond the cranial vault-workshop and challenge. Proceedings of
the MICCAI Multi-Atlas Labeling Beyond Cranial Vault — Workshop
Challenge. 2015;5:12.

34. Simpson AL, Antonelli M, Bakas S, et al. A large annotated medical
image dataset for the development and evaluation of segmentation
algorithms. ArXiv. 2019. doi: 10.48550/arXiv.1902.09063

35. Gutman D, Codella NCF, Celebi E, et al. Skin Lesion Analysis
toward Melanoma Detection: A Challenge at the International
Symposium on Biomedical Imaging (ISBI) 2016, hosted by the
International Skin Imaging Collaboration (ISIC). ArXiv. 2016.
doi: 10.48550/arXiv.1605.01397

36. Jha D, Smedsrud PH, Riegler MA, et al. Kvasir-SEG: A Segmented
Polyp Dataset. MultiMedia Modeling. 2020;11962:451-462.
doi: 10.1007/978-3-030-37734-2_37

37. Bernal J, Sanchez FJ, Fernandez-Esparrach G, et al. WM-DOVA
maps for accurate polyp highlighting in colonoscopy: Validation vs.
saliency maps from physicians. Computerized Medical Imaging and
Graphics. 2015;43:99-111. doi: 10.1016/j.compmedimag.2015.02.007
38. Grove 0, Berglund AE, Schabath MB, et al. Quantitative Computed
Tomographic Descriptors Associate Tumor Shape Complexity and
Intratumor Heterogeneity with Prognosis in Lung Adenocarcinoma.
PLOS ONE. 2015;10(3):¢0118261. doi: 10.1371/journal.pone.0118261
39. Heller N, Sathianathen N, Kalapara A, et al. The KiTS19
Challenge Data: 300 Kidney Tumor Cases with Clinical Context, CT
Semantic Segmentations, and Surgical Outcomes. ArXiv. 2019:13.
doi: 10.48550/arXiv.1904.00445

845


https://ceur-ws.org/Vol-3382/Short5.pdf
https://doi.org/10.1007/978-3-319-46723-8_4
https://doi.org/10.1117/12.2606538
https://doi.org/10.1186/s13244-022-01163-1
https://doi.org/10.1007/978-3-030-00889-5_1
https://doi.org/10.1016/j.compbiomed.2023.107579
https://doi.org/10.1109/ACCESS.2019.2908991
https://doi.org/10.1109/ICASSP40776.2020.9053405
https://doi.org/10.1002/mp.16750
https://doi.org/10.1186/s13104-022-06096-y
https://doi.org/10.1111/j.1525-1497.2004.30091.x
https://www-sop.inria.fr/geometrica/events/wam/abstract-ircad.pdf
https://www-sop.inria.fr/geometrica/events/wam/abstract-ircad.pdf
https://doi.org/10.1148/ryai.2020190138
https://doi.org/10.1109/TIP.2003.819861
https://doi.org/10.1016/j.media.2020.101950
https://doi.org/10.1016/j.media.2022.102680
https://doi.org/10.1097/RLI.0b013e31828236c3
https://zenodo.org/records/3757476#.YLov8vkzaUk
https://zenodo.org/records/3757476#.YLov8vkzaUk
https://doi.org/10.17816/DD46826
https://arxiv.org/abs/1704.06382v1
https://doi.org/10.7937/K9/TCIA.2016.tNB1kqBU
https://www.diagnijmegen.nl/publications/ginn07/
http://peipa.essex.ac.uk/info/mias.html
https://www.who.int/director-general/speeches/detail/who-director-general-s-opening-remarks-at-the-media-briefing-on-covid-19---11-march-2020
https://www.who.int/director-general/speeches/detail/who-director-general-s-opening-remarks-at-the-media-briefing-on-covid-19---11-march-2020
https://www.who.int/director-general/speeches/detail/who-director-general-s-opening-remarks-at-the-media-briefing-on-covid-19---11-march-2020
https://www.who.int/director-general/speeches/detail/who-director-general-s-opening-remarks-at-the-media-briefing-on-covid-19---11-march-2020
https://doi.org/10.48550/arXiv.1902.09063
https://doi.org/10.48550/arXiv.1605.01397
https://doi.org/10.1007/978-3-030-37734-2_37
https://doi.org/10.1016/j.compmedimag.2015.02.007
https://doi.org/10.1371/journal.pone.0118261
https://doi.org/10.48550/arXiv.1904.00445

846

REVIEWS

40. Ji Y, Bai H, Yang J, et al. AMOS: A Large-Scale Abdominal
Multi-Organ Benchmark for Versatile Medical Image Segmentation.
ArXiv. 2022. doi: 10.48550/arXiv.2206.08023

41.Lemay A, Gros C, Zhuo Z, et al. Multiclass Spinal Cord
Tumor Segmentation on MRI with Deep Learning. ArXiv. 2021.
doi: 10.48550/arXiv.2012.12820

42. Ali MAS, Misko O, Salumaa SO, et al. Evaluating Very Deep
Convolutional Neural Networks for Nucleus Segmentation from Brightfield
Cell Microscopy Images. SLAS Discovery. 2021;26(9):1125-1137.
doi: 10.1177/24725552211023214

43. Gibson E, Giganti F, Hu Y, et al. Automatic Multi-Organ Segmentation
on Abdominal CT With Dense V-Networks. JEEE Transactions on Medical
Imaging. 2018;37(8):1822—1834. doi: 10.1109/TMI.2018.2806309

44, Jimenez-del Toro O, Miller H, Krenn M, et al. Cloud-Based
Evaluation of Anatomical Structure Segmentation and Landmark
Detection Algorithms: VISCERAL Anatomy Benchmarks. [EEE
Transactions on Medical Imaging. 2016;35(11):2459-2475.
doi: 10.1109/TMI.2016.2578680

45.Regan EA, Hokanson JE., Murphy JR, et al. Genetic
Epidemiology of COPD (COPDGene) Study Design. COPD: Journal
of Chronic Obstructive Pulmonary Disease. 2010;7(1):32—-43.
doi: 10.3109/15412550903499522

46. Litiens G, Toth R, van de Ven W, et al. Evaluation of prostate
segmentation algorithms for MRI: The PROMISE12 challenge. Medical
Image Analysis. 2014;18(2):359-373. doi: 10.1016/j.media.2013.12.002
47. Xiong Z, Xia Q, Hu Z, et al. A global benchmark of algorithms
for segmenting the left atrium from late gadolinium-enhanced
cardiac magnetic resonance imaging. Medical Image Analysis.
2021;67:101832. doi: 10.1016/j.media.2020.101832

48. Landman B, Xu Z, Igelsias J, et al. 2015 MICCAI multi-atlas
labeling beyond the cranial vault-workshop and challenge. MICCAI
Multi-Atlas Labeling Beyond Cranial Vault — Workshop Challenge.
2015;5:12.

49. Zhuang X, Shen J. Multi-scale patch and multi-modality atlases
for whole heart segmentation of MRI. Medical Image Analysis.
2016;31:77-87. doi: 10.1016/j.media.2016.02.006

50. Campello VM, GkontraP, Izquierdo C, et al. Multi-Centre, Multi-Vendor
and Multi-Disease Cardiac Segmentation: The M&Ms Challenge.
IEEE Transactions on Medical Imaging. 2021;40(12):3543-3554.
doi: 10.1109/TMI1.2021.3090082

51. Silva J, Histace A, Romain 0, Dray X, Granado B. Toward embedded
detection of polyps in WCE images for early diagnosis of colorectal
cancer. International Journal of Computer Assisted Radiology and
Surgery. 2014;9:283-293. doi: 10.1007/511548-013-0926-3

52. Trikha S, Turnbull A, Morris R, Anderson D, Hossain P. The journey
to femtosecond laser-assisted cataract surgery: New beginnings or
a false dawn? Eye. 2013;27(4):461-473. doi: 10.1038/eye.2012.293
53. Xiong Z, Xia Q, Hu Z, et al. A global benchmark of algorithms
for segmenting the left atrium from late gadolinium-enhanced
cardiac magnetic resonance imaging. Medical Image Analisys.
2021;67:101832. doi: 10.1016/j.media.2020.101832

54. Bernard 0, Lalande A, Zotti C, et al. Deep Learning Techniques
for Automatic MRI Cardiac Multi-Structures Segmentation and
Diagnosis: Is the Problem Solved? IEEE Transactions on Medical
Imaging. 2018;37(11):2514-2525. doi: 10.1109/TMI.2018.2837502
55. Li P, Wang S, Li T, et al. A Large-Scale CT and PET/CT Dataset
for Lung Cancer Diagnosis (Lung-PET-CT-Dx) [Data set]. The Cancer
Imaging Archive. 2020. doi: 10.7937/TCIA.2020.NNC2-0461

Vol. 5 (4) 2024

DOI: https://doiorg/1017816/DD629866

Digital Diagnostics

56. Clark K, Vendt B, Smith K, et al. The Cancer Imaging Archive (TCIA):
Maintaining and Operating a Public Information Repository. Journal of
Digital Imaging. 2013;26:1045-1057. doi: 10.1007/s10278-013-9622-7
57. Xu Z Jia Z, Sun J, Dong W, Li Z. DO-U-Net: Improved
U-Net Model for CT Image Segmentation using DBB and Octave
Convolution. Proceedings of the 2023 International Conference on
Computer, Vision and Intelligent Technology (ICCVIT 23). 2023:1-8.
doi: 10.1145/3627341.3630403

58. Ayalew Y, Fante K, Aliy M. Modified U-Net for liver cancer
segmentation from computed tomography images with a new
class balancing method. BMC Biomedical Engineering. 2021;3(4).
doi: 10.1186/s42490-021-00050-y

59. Guan S, Khan AA, Sikdar S, Chitnis PV. Fully Dense UNet for
2-D Sparse Photoacoustic Tomography Artifact Removal. /EEE
Journal of Biomedical and Health Informatics. 2020;24(2):568-576.
doi: 10.1109/JBHI.2019.2912935

60. Ozcan F, Ucan ON, Karacam S, Tungman D. Fully Automatic
Liver and Tumor Segmentation from CT Image Using an AIM-UNet.
Bioengineering. 2023;10(2). doi: 10.3390/bioengineering10020215
61. Ansari MY, Yang Y, Meher PK, Dakua SP. Dense-PSP-UNet:
A neural network for fast inference liver ultrasound segmentation.
Computers in Biology and Medicine. 2023;153:106478.
doi: 10.1016/j.compbiomed.2022.106478

62. Omarov B, Tursynova A, Postolache 0, et al. Modified UNet Model
for Brain Stroke Lesion Segmentation on Computed Tomography
Images. Computers, Materials and Continua. 2022;71(3):4701-4717.
doi: 10.32604/cmc.2022.020998

63. Mizusawa$S, SeiY, Orihara R, Ohsuga A. Computed tomography image
reconstruction using stacked U-Net. Computerized Medical Imaging and
Graphics. 2021;90:101920. doi: 10.1016/j.compmedimag.2021.101920
64, Golts A, Khapun D, Shats D, Shoshan Y, Gilboa-Solomon F. An
Ensemble of 3D U-Net Based Models for Segmentation of Kidney and
Masses in CT Scans. Kidney and Kidney Tumor Segmentation (KiTS
2021). 2022;13168:103-115. doi: 10.1007/978-3-030-98385-7_14
65. Aratjo JDL, da Cruz LB, Diniz JOB, et al. Liver segmentation
from computed tomography images using cascade deep
learning. Computers in Biology and Medicine. 2022;140:105095.
doi: 10.1016/j.compbiomed.2021.105095

66. Koirala CP, Mohapatra S, Gosai A, Schlaug G. Automated
Ensemble-Based Segmentation of Adult Brain Tumors: A Novel
Approach Using the BraTS AFRICA Challenge Data. ArXiv. 2023.
doi: 10.48550/arXiv.2308.07214

67. Li Z, Zhu Q, Zhang L, et al. A deep learning-based self-adapting
ensemble method for segmentation in gynecological brachytherapy.
Radiation Oncology. 2022;17(152). doi: 10.1186/s13014-022-02121-3
68. Woo S, Park J, Lee J-Y, Kweon IS. CBAM: Convolutional Block
Attention Module. Proceedings of the European conference on
computer vision (ECCV). 2018:3-19. doi: 10.48550/arXiv.1807.06521
69. Nazir S, Zheng R, Zheng Y, Dong-Ye C. Improved 3D U-Net for
COVID-19 Chest CT Image Segmentation. Scientific Programming.
2021;2021(9999368):9. doi: 10.1155/2021/9999368

70. Salehi SSM, Erdogmus D, Gholipour A. Tversky Loss Function for
Image Segmentation Using 3D Fully Convolutional Deep Networks.
Machine Learning in Medical Imaging. 2017;10541:379-387.
doi: 10.1007/978-3-319-67389-9_44

71. Oktay O, Schlemper J, Folgoc LL, et al. Attention U-Net:
Learning Where to Look for the Pancreas. ArXiv. 2018.
doi: 10.48550/arXiv.1804.03999



https://doi.org/10.48550/arXiv.2206.08023
https://doi.org/10.48550/arXiv.2012.12820
https://doi.org/10.1177/24725552211023214
https://doi.org/10.1109/TMI.2018.2806309
https://doi.org/10.1109/TMI.2016.2578680
https://doi.org/10.3109/15412550903499522
https://doi.org/10.1016/j.media.2013.12.002
https://doi.org/10.1016/j.media.2020.101832
https://doi.org/10.1016/j.media.2016.02.006
https://doi.org/10.1109/TMI.2021.3090082
https://doi.org/10.1007/s11548-013-0926-3
https://doi.org/10.1038/eye.2012.293
https://doi.org/10.1016/j.media.2020.101832
https://doi.org/10.1109/TMI.2018.2837502
https://doi.org/10.7937/TCIA.2020.NNC2-0461
https://doi.org/10.1007/s10278-013-9622-7
https://doi.org/10.1145/3627341.3630403
https://doi.org/10.1186/s42490-021-00050-y
https://doi.org/10.1109/JBHI.2019.2912935
https://doi.org/10.3390/bioengineering10020215
https://doi.org/10.1016/j.compbiomed.2022.106478
https://doi.org/10.32604/cmc.2022.020998
https://doi.org/10.1016/j.compmedimag.2021.101920
https://doi.org/10.1007/978-3-030-98385-7_14
https://doi.org/10.1016/j.compbiomed.2021.105095
https://doi.org/10.48550/arXiv.2308.07214
https://doi.org/10.1186/s13014-022-02121-3
https://doi.org/10.48550/arXiv.1807.06521
https://doi.org/10.1155/2021/9999368
https://doi.org/10.1007/978-3-319-67389-9_44
https://doi.org/10.48550/arXiv.1804.03999

REVIEWS

72. Agarap AF. Deep Learning using Rectified Linear Units (ReLU).
ArXiv. 2018:7. doi: 10.48550/arXiv.1803.08375

73.Wu J, Zhou S, Zuo S, et al. U-Net combined with multi-
scale attention mechanism for liver segmentation in CT images.
BMC Medical Informatics and Decision Making. 2021;21(283).
doi: 10.1186/512911-021-01649-w

74. Zhang L, Liu Y, Li Z, Li D. Epa-unet:automatic Segmentation
of Liver and Tumor in Ct Images Based on Residual U-net and
Efficient Multiscale Attention Methods. Research Square. 2023.
doi: 10.21203/rs.3.rs-3273964/v1

75. Zarbakhsh P. Spatial Attention Mechanism and Cascade Feature
Extraction in a U-Net Model for Enhancing Breast Tumor Segmentation.
Applied Sciences. 2023;13(15):8758. doi: 10.3390/app13158758

76. Subhan Akbar A, Fatichah C, Suciati N. UNet3D with Multiple
Atrous Convolutions Attention Block for Brain Tumor Segmentation.
Brainlesion: Glioma, Multiple Sclerosis, Stroke and Traumatic Brain
Injuries. 2022:182-193. doi: 10.1007/978-3-031-08999-2_14

77. Yu Z, Han S, Song Z. 3D Medical Image Segmentation based on
multi-scale MPU-Net. ArXiv. 2023. doi: 10.48550/arXiv.2307.05799
78. Xingfei F, Chaobing H. CAE-UNet: An Effective Automatic
Segmentation Model for CT Images of COVID-19. 2022 6" International
Conference on Communication and Information Systems (ICCIS).
2022:113-117. doi: 10.1109/ICCIS56375.2022.9998131

79. He K, Zhang X, Ren S, Sun J. Deep Residual Learning for Image
Recognition. 2016 IEEE Conference on Computer Vision and Pattern
Recognition (CVPR). 2016:770-778. doi: 10.1109/cvpr.2016.90

80. Hatamizadeh A, Tang Y, Nathet V, et al. U-NETR: Transformers for
3D Medical Image Segmentation. 2022 IEEE/CVF Winter Conference
on Applications of Computer Vision (WACV). 2022:1748-1758.
doi: 10.1109/WACV51458.2022.00181

81. Eskandari S, Lumpp J. Inter-Scale Dependency Modeling for Skin
Lesion Segmentation with Transformer-based Networks. ArXiv. 2023.
doi: 10.48550/arXiv.2310.13727

82. Shi X, Chen Z, Wang H, et al. Convolutional LSTM Network:
A Machine Learning Approach for Precipitation Nowcasting. Neural
Information Processing Systems. 2015. doi: 10.48550/arXiv.1506.04214
83. Pham TH, Li X, Nguyen KD. SeU-Net-Trans: A Simple yet
Effective UNet-Transformer Model for Medical Image Segmentation.
ArXiv. 2023. doi: 10.48550/arXiv.2310.09998

84. Ghofrani F, Behnam H, Motlagh HDK. Liver Segmentation
in CT Images Using Deep Neural Networks. 2020 28" Iranian
Conference on Electrical Engineering (ICEE). 2020:1-6.
doi: 10.1109/ICEE50131.2020.9260809

85. Diakogiannis FI, Waldner F, Caccetta P, Wuet C, et al. ResUNet-a:
A deep learning framewark for semantic segmentation of remotely
sensed data. ISPRS Journal of Photogrammetry and Remote Sensing.
2020;16(2):94-114. doi: 10.1016/j.isprsjprs.2020.01.013

86. Jha D, Riegler MA, Johansen D, Halvorsen P, Johansen HD.
Doubleu-net: DoubleU-Net: A Deep Convolutional Neural Network
for Medical Image Segmentation. IEEE 33 International symposium
on computer-based medical systems (CBMS). 2020:558-564.
doi: 10.1109/CBMS49503.2020.00111

87. Lee HH, Bao S, Huo Y, Landman BA. 3D UX-Net: A Large Kernel
Volumetric ConvNet Modernizing Hierarchical Transformer for
Medical Image Segmentation. International Conference on Learning
Representations. 2023. doi: 10.48550/arXiv.2209.15076

88. Liang J, Yang C, Zhong J, Ye X. BTSwin-U-Net: 3D U-shaped
Symmetrical Swin Transformer-based Network for Brain Tumor

Vol. 5 (4) 2024

DOI: https://doiorg/1017816/DD629866

Digital Diagnostics

Segmentation with Self-supervised Pre-training. Neural Processing
Letters. 2022;55:3695-3713. doi: 10.1007/s11063-022-10919-1

89. Alalwan N, Abozeid A, ElHabshy AA, Alzahrani A. Efficient 3D
Deep Learning Model for Medical Image Semantic Segmentation.
Alexandria  Engineering  Journal.  2021;60(1):1231-1239.
doi: 10.1016/}.aej.2020.10.046

90. Lemay A, Gros C, Vincent O, et al. Benefits of Linear
Conditioning with Metadata for Image Segmentation. ArXiv. 2021.
doi: 10.48550/arXiv.2102.09582

91. DuR, Vardhanabhuti V. 3D-RADNet: Extracting labels from DICOM
metadata for training general medical domain deep 3D convolution
neural networks. International Conference on Medical Imaging with
Deep Learning. 2020;121:174-192. Available at: https://proceedings.
mir.press/v121/du20a/du20a.pdf. Accessed: November 9, 2024.

92. Plutenko |, Papkov M, Palo K, Parts L, Fishman D. Metadata
Improves Segmentation Through Multitasking Elicitation.
Domain Adaptation and Representation Transfer. 2023:147-155.
doi: 10.1007/978-3-031-45857-6_15

93. Jiang J, Peng Y, Hou Q, Wang J. MDCF_Net: A Multi-dimensional
hybrid network for liver and tumor segmentation from CT.
Biocybernetics and Biomedical Engineering. 2023;43(2):494-506.
doi: 10.1016/}.bbe.2023.04.004

94.Fu T, Yu Q, Lao H, Liu P, Wan S. Traffic Safety Oriented Multi-
Intersection Flow Prediction Based on Transformer and CNN. Security
and Communication Networks. 2023:1-13. doi: 10.1155/2023/1363639
95. Chen X, Wei X, Tang M, et al. Liver segmentation in CT imaging with
enhanced mask region-based convolutional neural networks. Annals
of Translational Medicine. 2021:9(24):1768. doi: 10.21037/atm-21-5822
96. Ernst P, Chatterjee S, Rose G, Nirnberger A. Primal-Dual
U-Net for Sparse View Cone Beam Computed Tomography Volume
Reconstruction. ArXiv. 2022. doi: 10.48550/arXiv.2205.07866

97. Koehler G, Wald T, Ulrichet C, et al. RecycleNet: Latent Feature
Recycling Leads to lIterative Decision Refinement. ArXiv. 2023.
doi: 10.48550/arXiv.2309.07513

98. Jafari M, Auer D, Francis S, Garibaldi J, Chen X. DRU-net: An
Efficient Deep Convolutional Neural Network for Medical Image
Segmentation. 2020 IEEE 17 International Symposium on Biomedical
Imaging (ISB). 2020:1144-1148. doi: 10.48550/arXiv.2004.13453
99. Heker M, Ben-Cohen A, Greenspan H. Hierarchical Fine-Tuning
for joint Liver Lesion Segmentation and Lesion Classification
in CT. 2019 471t Annual International Conference of the IEEE
Engineering in Medicine and Biology Society (EMBC). 2019:895-898.
doi: 10.1109/EMBC.2019.8857127

100. Matovinovic IZ, Loncaric S, Lo J, Heisler M, Sarunic M. Transfer
Learning with U-Net type model for Automatic Segmentation of
Three Retinal Layers In Optical Coherence Tomography Images. 2079
11" International Symposium on Image and Signal Processing and
Analysis (ISPA). 2019:49-53. doi: 10.1109/ISPA.2019.8868639

101. Kora P, Qoi CP, Faust 0, et al. Transfer learning techniques
for medical image analysis: A review. Biocybernetics and Biomedical
Engineering. 2022;42(1):79-107. doi: 10.1016/}.bbe.2021.11.004

102. Humpire-Mamani GE, Jacobs C, Prokop M, van Ginneken B,
Lessmann N. Transfer learning from a sparsely annotated dataset
of 3D medical images. ArXiv. 2023. doi: 10.48550/arXiv.2311.05032
103. Messaoudi H, Belaid A, Salem DB, Conze P-H.
Cross-dimensional transfer learning in medical image segmentation
with deep learning. Medical Image Analysis. 2023;88:102868.
doi: 10.1016/j.media.2023.102868

847


https://doi.org/10.48550/arXiv.1803.08375
https://doi.org/10.1186/s12911-021-01649-w
https://doi.org/10.21203/rs.3.rs-3273964/v1
https://doi.org/10.3390/app13158758
https://doi.org/10.1007/978-3-031-08999-2_14
https://doi.org/10.48550/arXiv.2307.05799
https://doi.org/10.1109/ICCIS56375.2022.9998131
https://doi.org/10.1109/cvpr.2016.90
https://doi.org/10.1109/WACV51458.2022.00181
https://doi.org/10.48550/arXiv.2310.13727
https://doi.org/10.48550/arXiv.1506.04214
https://doi.org/10.48550/arXiv.2310.09998
https://doi.org/10.1109/ICEE50131.2020.9260809
https://doi.org/10.1016/j.isprsjprs.2020.01.013
https://doi.org/10.1109/CBMS49503.2020.00111
https://doi.org/10.48550/arXiv.2209.15076
https://doi.org/10.1007/s11063-022-10919-1
https://doi.org/10.1016/j.aej.2020.10.046
https://doi.org/10.48550/arXiv.2102.09582
https://proceedings.mlr.press/v121/du20a/du20a.pdf
https://proceedings.mlr.press/v121/du20a/du20a.pdf
https://doi.org/10.1007/978-3-031-45857-6_15
https://doi.org/10.1016/j.bbe.2023.04.004
https://doi.org/10.1155/2023/1363639
https://doi.org/10.21037/atm-21-5822
https://doi.org/10.48550/arXiv.2205.07866
https://doi.org/10.48550/arXiv.2309.07513
https://doi.org/10.48550/arXiv.2004.13453
https://doi.org/10.1109/EMBC.2019.8857127
https://doi.org/10.1109/ISPA.2019.8868639
https://doi.org/10.1016/j.bbe.2021.11.004
https://doi.org/10.48550/arXiv.2311.05032
https://doi.org/10.1016/j.media.2023.102868

848

REVIEWS

104. Tan M, Le Q. EfficientNet: Rethinking Model Scaling for
Convolutional Neural Networks. International conference on machine
learning (PMLR). 2019:6105-6114. doi: 10.48550/arXiv.1905.11946
105. Hong Y, Mao X, Hui Q. et al. Automatic liver and tumor
segmentation based on deep learning and globally optimized
refinement. Applied Mathematics-A Journal of Chinese Universities.
2021;36:304-316. doi: 10.1007/s11766-021-4376-3

106. Wang H, Li X. Towards Generic Semi-Supervised Framework
for Volumetric Medical Image Segmentation. ArXiv. 2023.
doi: 10.48550/arXiv.2310.11320

107. Wang J, Chen C. Unsupervised Adaptation of Polyp Segmentation
Models via Coarse-to-Fine Self-Supervision. Information Processing in
Medical Imaging. 2023:250-262. doi: 10.1007/978-3-031-34048-2_20
108. Wang T, Huang Z, Wu J, Cai Y, Li Z. Semi-Supervised Medical
Image Segmentation with Co-Distribution Alignment. Bioengineering.
2023;10(7):869. doi: 10.3390/bioengineering10070869

109. Vasilev YA, Bobrovskaya TM, Arzamasov KM, et al. Medical
datasets for machine learning: fundamental principles of
standartization and systematization. Manager Zdravoochranenia.
2023(4):28-41. doi: 10.21045/1811-0185-2023-4-28-41

CMUACOK JIATEPATYPHI

1. Shen D, Wu G., Suk H.. Deep Learning in Medical Image
Analysis // Annual Review of Biomedical Engineering. 2017. Vol. 19.
P. 221-248. doi: 10.1146/annurev-bioeng-071516-044442

2. Ronneberger 0., Fischer P., Brox T. U-Net: Convolutional
Networks for Biomedical Image Segmentation // Medical Image
Computing and Computer-Assisted Intervention (MICCAI) 2015. 2015.
Vol. 9351. doi: 10.1007/978-3-319-24574-4_28

3. Milletari F,, Navab N., Ahmadi S.A. V-Net: Fully Convolutional
Neural Networks for Volumetric Medical Image Segmentation //
Fourth International Conference on 3D Vision (3DV). 2016. P. 565-571.
doi: 10.48550/arXiv.1606.04797

4. Chen L.C, Papandreou G., Kokkinos I, Murphy K., Yuille A.
DeepLab: Semantic Image Segmentation with Deep Convolutional
Nets, Atrous Convolution, and Fully Connected CRFs // IEEE
Transactions on Pattern Analysis and Machine Intelligence. 2017.
Vol. 40, N 4. P. 834-848. doi: 10.1109/TPAMI.2017.2699184

5. Huang G., Liu Z, Van Der Maaten L., Weinberger K.Q. Densely
Connected Convolutional Networks // IEEE Conference on Computer
Vision and Pattern Recognition (CVPR). 2017. P. 2261-2269.
doi: 10.1109/CVPR.2017.243

6. He K., Gkioxari G., Dollar P., Girshick R. Mask R-CNN // IEEE
International Conference on Computer Vision (ICCV). 2017. P. 2980-2988.
doi: 10.1109/ICCV.2017.322

7. Khalal D.M,, Azizi H., Maalej N. Automatic segmentation of kidneys
in computed tomography images using U-Net // Cancer/Radiothérapie.
2023.Vol. 27, N 2. P. 109-114. doi: 10.1016/j.canrad.2022.08.004

8. Bernardo Gois F.N., Lobo Marques J.A. Segmentation of
CT-Scan Images Using UNet Network for Patients Diagnosed with
COVID-19 // Computerized Systems for Diagnosis and Treatment of
COVID-192023. 2023. P. 29-44. doi: 10.1007/978-3-031-30788-1_3
9. Sarsembayeva T., Shomanov A, Sarsembayev M., et al. UNet
Model for Segmentation of COPD Lung Lesions on Computed
Tomography Images // Proceedings of the 7th International

Vol. 5 (4) 2024

DOI: https://doiorg/1017816/DD629866

Digital Diagnostics

110. Kokina DYu, Gombolevskiy VA. Arzamasov KM,
Andreychenko AE, Morozov SP Possibilities and limitations of using
machine text-processing tools in Russian radiology reports. Digital
Diagnostics. 2022;3(4):374-383. doi: 10.17816/DD101099

111. Ronzhin LV, Astanin PA, Kokina DYu, et al Semantic analysis
methods in the system for authomated marking of the unstructured
radiological chest examination pratacols. Social'nye aspekty zdorov'a
naselenia. 2023;69(1):12. doi: 10.21045/2071-5021-2023-69-1-12
112. Tomashevskaya VS, Yakovlev DA. Research of unstructured
data interpretation problems. Russian Technological Journal.
2021;9(1):7-17. doi: 10.32362/2500-316X-2021-9-1-7-17

113. Protonotarios N, Katsamenis |, Sykiotis S, et al. A few-shot
U-Net deep learning model for lung cancer lesion segmentation
via PET/CT imaging. Biomedical Physics and Engineering Express.
2022;8:025019. doi: 10.1088/2057-1976/ac53bd

114. Voulodimos A, Protopapadakis E, Katsamenis |, Doulamis A,
Doulamis N. A Few-Shot U-Net Deep Learning Model for COVID-19
Infected Area Segmentation in CT Images. Sensors. 2021;21(6):2215.
doi: 10.3390/s21062215

115. Zhao G, Zhao H. One-Shot Image Segmentation with U-Net.
Journal of Physics: Conference Series. 2021;1848(1):012113.
doi: 10.1088/1742-6596/1848/1/012113

Conference on Digital Technologies in Education, Science and
Industry (DTESI 2022). 2022. Available at: https://ceur-ws.org/Vol-
3382/Short5.pdf. Accessed: November 9, 2024.

10. Cicek O., Abdulkadir A, Lienkamp S., Brox T., Ronneberger O.
3D U-Net: Learning Dense Volumetric Segmentation
from Sparse Annotation // Medical Image Computing and
Computer-Assisted Intervention — MICCAI 2016. 2016. P. 424-432.
doi: 10.1007/978-3-319-46723-8_4

11. Pantovic A, Ollivier |, Essert C. 2D and 3D-UNet for segmentation
of SEEG electrode contacts on post-operative CT scans // Medical
Imaging 2022: Image-Guided Procedures, Robatic Interventions, and
Modeling. 2022. doi: 10.1117/12.2606538

12. Han X, Wu X, Wang S., et al. Automated segmentation of
liver segment on portal venous phase MR images using a 3D
convolutional neural network // Insights Imaging. 2022. Vol. 13, N 26.
doi: 10.1186/513244-022-01163-1

13. Zhou Z, Rahman Siddiquee MM, Tajbakhsh N., Liang J. UNet++
A Nested U-Net Architecture for Medical Image Segmentation // Deep
Learning in Medical Image Analysis and Multimodal Learning for Clinical
Decision Support. 2018. P. 3-11. doi: 10.1007/978-3-030-00889-5_1
14. Yu C, Wang Y., Tang C., Feng W., Lv J. EU-Net: Automatic U-Net
neural architecture search with differential evolutionary algorithm for
medical image segmentation // Computers in Biology and Medicine.
2023. Vol. 167. P. 107579. doi: 10.1016/j.compbiomed.2023.107579
15. Weng Y., Zhou T,, Li Y., Qiu X. NAS-Unet: Neural Architecture
Search for Medical Image Segmentation // IEEE Access. 2019. Vol. 7.
P. 44247-44257. doi: 10.1109/ACCESS.2019.2908991

16. Huang H,, Lin L, Tong R, et al. UNet 3+ A Full-Scale Connected
UNet for Medical Image Segmentation // ICASSP 2020-2020 IEEE
International Conference on Acoustics, Speech and Signal Processing
(ICASSP). 2020. P. 1055-1059. doi: 10.1109/ICASSP40776.2020.9053405
17. Li C., Bagher-Ebadian H., Sultan R\l et al. A new architecture
combining convolutional and transformer-based networks for



https://doi.org/10.48550/arXiv.1905.11946
https://doi.org/10.1007/s11766-021-4376-3
https://doi.org/10.48550/arXiv.2310.11320
https://doi.org/10.1007/978-3-031-34048-2_20
https://doi.org/10.3390/bioengineering10070869
https://doi.org/10.21045/1811-0185-2023-4-28-41
https://doi.org/10.17816/DD101099
https://doi.org/10.21045/2071-5021-2023-69-1-12
https://doi.org/10.32362/2500-316X-2021-9-1-7-17
https://doi.org/10.1088/2057-1976/ac53bd
https://doi.org/10.3390/s21062215
https://doi.org/10.1088/1742-6596/1848/1/012113
https://doi.org/10.1146/annurev-bioeng-071516-044442
https://doi.org/10.1007/978-3-319-24574-4_28
https://doi.org/10.48550/arXiv.1606.04797
https://doi.org/10.1109/TPAMI.2017.2699184
https://doi.org/10.1109/CVPR.2017.243
https://doi.org/10.1109/ICCV.2017.322
https://doi.org/10.1016/j.canrad.2022.08.004
https://doi.org/10.1007/978-3-031-30788-1_3
https://ceur-ws.org/Vol-3382/Short5.pdf
https://ceur-ws.org/Vol-3382/Short5.pdf
https://doi.org/10.1007/978-3-319-46723-8_4
https://doi.org/10.1117/12.2606538
https://doi.org/10.1186/s13244-022-01163-1
https://doi.org/10.1007/978-3-030-00889-5_1
https://doi.org/10.1016/j.compbiomed.2023.107579
https://doi.org/10.1109/ACCESS.2019.2908991
https://doi.org/10.1109/ICASSP40776.2020.9053405

REVIEWS

automatic 3D multi-organ segmentation on CT images // Med Phys.
2023. Vol. 50, N 11. P. 6990-7002. doi: 10.1002/mp.16750

18. Miiller D., Soto-Rey I, Kramer F. Towards a guideline for
evaluation metrics in medical image segmentation // BMC Research
Notes. 2022. Vol. 15, N 210. doi: 10.1186/s13104-022-06096-y

19. Alberg A.J.,, Park JW., Hager BW., Brock M.V,, Diener-West M.
The use of «overall accuracy» to evaluate the validity of screening
or diagnostic tests // Journal of General Internal Medicine. 2004.
Vol. 19. P. 460-465. doi: 10.1111/}.1525-1497.2004.30091.x

20. Soler L., Hostettler A., Agnus V., et al. 3D image reconstruction
for comparison of algorithm database: A patient specific anatomical
and medical image database // IRCAD. 2010. Available at: https://
www-sop.inria.fr/geometrica/events/wam/abstract-ircad.pdf.
Accessed: November 9, 2024.

21. Loffler M., Sekuboyina A., Jakob A, et al. A Vertebral
Segmentation Dataset with Fracture Grading // Radiology: Artificial
Intelligence. 2020. Vol. 2, N 4. doi: 10.1148/ryai.2020190138

22. Wang Z., Bavik A.C., Sheikh H.R., Simoncelli E.P. Image quality
assessment: from error visibility to structural similarity // IEEE
Transactions on Image Processing. 2004. Vol. 13, N 4. P. 600-612.
doi: 10.1109/T1P.2003.819861

23. Kawur AE,, Gezer NS, Baris M., et al. CHAOS Challenge — combined
(CT-MR) healthy abdominal organ segmentation // Medical Image
Analysis. 2021. Vol. 69. P. 101950. doi: 10.1016/j.media.2020.101950
24, Bilic P., Christ P, Li H.B.,, et al. The Liver Tumor Segmentation
Benchmark (LiTS) // Medical Image Analysis. 2023. Vol. 84.
P. 102680. doi: 10.1016/j.media.2022.102680

25. Petrusca L., Cattin P., De Luca V., et al. Hybrid ultrasound/
magnetic resonance simultaneous acquisition and image fusion for
motion monitoring in the upper abdomen // Investigative Radiology.
2013. Vol. 48, N 5. P. 333-340. doi: 10.1097/RLI.0b013e31828236¢3
26. Jun M., Cheng G., Yixin W, et al. Covid-19 CT lung and infection
segmentation dataset // Zenodo. 2020. Available at: https://zenodo.
org/records/3757476#.YLov8BvkzaUk. Accessed: November 9, 2024.
27. Morozov S.P., Andreychenko A.E., Blokhin |.A,, et al. MosMedData:
data set of 1110 chest CT scans performed during the COVID-19
epidemic // Digital Diagnostics. 2020. Vol. 1, N 1. P. 49-59.
doi: 10.17816/DD46826

28. Roth HR., Oda H., Hayashi Y., et al. Hierarchical 3D fully
convolutional networks for multi-organ segmentation // ArXiv.
2017. Available at: https://arxiv.org/abs/1704.06382v1. Accessed:
November 9, 2024.

29. Roth H., Farag A, Turkbey E.B,, et al. Data from Pancreas-CT // The
Cancer Imaging Archive. 2016. doi: 10.7937/K9/TCIA.2016.tNB1kqBU
30. Heimann T., Styner M., van Ginneken B. 3D Segmentation in the
Clinic: A Grand Challenge // MICCAI 2007, the 10th Intel Conf. on
Medical Image Computing and Computer Assisted Intervention. 2007.
P. 7-15. Available at: https://www.diagnijmegen.nl/publications/
ginn07/. Accessed: November 9, 2024.

31. Suckling J. The Mammographic Image Analysis Society Digital
Mammogram Database // International Congress Series. 1994.
P. 375-378. Available at: http://peipa.essex.ac.uk/info/mias.html.
Accessed: November 9, 2024.

32. WHO Director-General's opening remarks at the media briefing
on COVID-19 - 11 March 2020 [Internet]. 2020. ocTyn no ccbii-
Ke: https://www.who.int/director-general/speeches/detail/who-
director-general-s-opening-remarks-at-the-media-briefing-on-
covid-19---11-march-2020 [[lata obpaluenms: 9.11.2024].

Vol. 5 (4) 2024

DOI: https://doiorg/1017816/DD629866

Digital Diagnostics

33. Landman B., Xu Z, Igelsias J., et al. Miccai multi-atlas labeling
beyond the cranial vault-workshop and challenge // Proceedings of
the MICCAI Multi-Atlas Labeling Beyond Cranial Vault — Workshop
Challenge. 2015. Vol. 5. P. 12.

34. Simpson AL, Antonelli M., Bakas S., et al. A large annatated medical
image dataset for the development and evaluation of segmentation
algorithms // ArXiv. 2019. doi: 10.48550/arXiv.1902.09063

35. Gutman D, Codella N.C.F., Celebi E., et al. Skin Lesion Analysis
toward Melanoma Detection: A Challenge at the International
Symposium on Biomedical Imaging (ISBI) 2016, hosted by the
International Skin Imaging Collaboration (ISIC) // ArXiv. 2016é.
doi: 10.48550/arXiv.1605.01397

36. Jha D, Smedsrud PH., Riegler MA, et al. Kvasir-SEG:
A Segmented Polyp Dataset // MultiMedia Modeling. 2020. Vol. 11962.
P. 451-462. doi: 10.1007/978-3-030-37734-2_37

37. Bernal J, Sanchez F.J,, Fernandez-Esparrach G., et al. WM-DOVA
maps for accurate polyp highlighting in colonoscopy: Validation vs. saliency
maps from physicians // Computerized Medical Imaging and Graphics.
2015. Vol. 43. P. 99-111. doi: 10.1016/j.compmedimag.2015.02.007

38. Grove O, Berglund AE., Schabath MB. et al. Quantitative
Computed Tomographic Descriptors Associate Tumor Shape
Complexity and Intratumor Heterogeneity with Prognosis in Lung
Adenocarcinoma // PLOS ONE. 2015. Vol. 10, N 3. P. e0118261.
doi: 10.1371/journal.pone.0118261

39. Heller N., Sathianathen N., Kalapara A., et al. The KiTS19
Challenge Data: 300 Kidney Tumor Cases with Clinical Context, CT
Semantic Segmentations, and Surgical Outcomes // ArXiv. 2019.
P. 13. doi: 10.48550/arXiv.1904.00445

40. Ji Y., Bai H, Yang J, et al. AMOS: A Large-Scale Abdominal
Multi-Organ Benchmark for Versatile Medical Image Segmentation //
ArXiv. 2022. doi: 10.48550/arXiv.2206.08023

41. Lemay A, Gros C., Zhuo Z, et al. Multiclass Spinal Cord
Tumor Segmentation on MRI with Deep Learning // ArXiv. 2021.
doi: 10.48550/arXiv.2012.12820

42, Ali MAS., Misko 0., Salumaa S.0, et al. Evaluating Very Deep
Convolutional Neural Networks for Nucleus Segmentation from
Brightfield Cell Microscopy Images // SLAS Discavery. 2021. Vol. 26,
N 9. P. 1125-1137. doi: 10.1177/24725552211023214

43. Gibson E. Giganti F., Hu Y., et al. Automatic Multi-Organ
Segmentation on Abdominal CT With Dense V-Networks // IEEE
Transactions on Medical Imaging. 2018. Vol. 37, N 8. P. 1822-1834.
doi: 10.1109/TMI.2018.2806309

44, Jimenez-del Toro 0., Miller H., Krenn M., et al. Cloud-Based
Evaluation of Anatomical Structure Segmentation and Landmark
Detection Algorithms: VISCERAL Anatomy Benchmarks // IEEE
Transactions on Medical Imaging. 2016. Vol. 35, N 11. P. 2459-2475.
doi: 10.1109/TMI.2016.2578680

45. Regan EA. Hokanson J.E., Murphy JR., et al. Genetic
Epidemiology of COPD (COPDGene) Study Design // COPD: Journal of
Chronic Obstructive Pulmonary Disease. 2010. Vol. 7, N 1. P. 32-43.
doi: 10.3109/15412550903499522

46. Litiens G, Toth R, van de Ven W,, et al. Evaluation of prostate
segmentation algorithms for MRI: The PROMISE12 challenge //
Medical Image Analysis. 2014. Vol. 18, N 2. P. 359-373.
doi: 10.1016/j.media.2013.12.002

47. Xiong Z., Xia Q., Hu Z, et al. A global benchmark of algorithms for
segmenting the left atrium from late gadolinium-enhanced cardiac
magnetic resonance imaging // Medical Image Analysis. 2021.
Vol. 67. P. 101832. doi: 10.1016/}.media.2020.101832

849


https://doi.org/10.1002/mp.16750
https://doi.org/10.1186/s13104-022-06096-y
https://doi.org/10.1111/j.1525-1497.2004.30091.x
https://www-sop.inria.fr/geometrica/events/wam/abstract-ircad.pdf
https://www-sop.inria.fr/geometrica/events/wam/abstract-ircad.pdf
https://doi.org/10.1148/ryai.2020190138
https://doi.org/10.1109/TIP.2003.819861
https://doi.org/10.1016/j.media.2020.101950
https://doi.org/10.1016/j.media.2022.102680
https://doi.org/10.1097/RLI.0b013e31828236c3
https://zenodo.org/records/3757476#.YLov8vkzaUk
https://zenodo.org/records/3757476#.YLov8vkzaUk
https://doi.org/10.17816/DD46826
https://arxiv.org/abs/1704.06382v1
https://doi.org/10.7937/K9/TCIA.2016.tNB1kqBU
https://www.diagnijmegen.nl/publications/ginn07/
https://www.diagnijmegen.nl/publications/ginn07/
http://peipa.essex.ac.uk/info/mias.html
https://www.who.int/director-general/speeches/detail/who-director-general-s-opening-remarks-at-the-media-briefing-on-covid-19---11-march-2020
https://www.who.int/director-general/speeches/detail/who-director-general-s-opening-remarks-at-the-media-briefing-on-covid-19---11-march-2020
https://www.who.int/director-general/speeches/detail/who-director-general-s-opening-remarks-at-the-media-briefing-on-covid-19---11-march-2020
https://doi.org/10.48550/arXiv.1902.09063
https://doi.org/10.48550/arXiv.1605.01397
https://doi.org/10.1007/978-3-030-37734-2_37
https://doi.org/10.1016/j.compmedimag.2015.02.007
https://doi.org/10.1371/journal.pone.0118261
https://doi.org/10.48550/arXiv.1904.00445
https://doi.org/10.48550/arXiv.2206.08023
https://doi.org/10.48550/arXiv.2012.12820
https://doi.org/10.1177/24725552211023214
https://doi.org/10.1109/TMI.2018.2806309
https://doi.org/10.1109/TMI.2016.2578680
https://doi.org/10.3109/15412550903499522
https://doi.org/10.1016/j.media.2013.12.002
https://doi.org/10.1016/j.media.2020.101832

850

REVIEWS

48. Landman B., Xu Z, lgelsias J., et al. 2015 MICCAI multi-atlas
labeling beyond the cranial vault—workshop and challenge // MICCAI
Multi-Atlas Labeling Beyond Cranial Vault — Workshop Challenge.
2015. Vol. 5. P. 12,

49. Zhuang X., Shen J. Multi-scale patch and multi-modality atlases
for whole heart segmentation of MRI // Medical Image Analysis.
2016. Vol. 31. P. 77-87. doi: 10.1016/j.media.2016.02.006

50. Campello V.M., Gkontra P., Izquierdo C., et al. Multi-Centre,
Multi-Vendor and Multi-Disease Cardiac Segmentation: The M&Ms
Challenge // IEEE Transactions on Medical Imaging. 2021. Vol. 40,
N 12. P. 3543-3554. doi: 10.1109/TMI.2021.3090082

51. Silva J,, Histace A., Romain O., Dray X, Granado B. Toward
embedded detection of polyps in WCE images for early diagnosis
of colorectal cancer // International Journal of Computer
Assisted Radiology and Surgery. 2014. Vol. 9. P. 283-293.
doi: 10.1007/511548-013-0926-3

52. Trikha S., Turnbull A., Morris R., Anderson D.,
Hossain P. The journey to femtosecond laser-assisted cataract
surgery: New beginnings or a false dawn? // Eye. 2013. Vol. 27, N 4.
P. 461-473. doi: 10.1038/eye.2012.293

53. Xiong Z, Xia Q., Hu Z,, et al. A global benchmark of algorithms for
segmenting the left atrium from late gadolinium-enhanced cardiac
magnetic resonance imaging // Medical Image Analisys. 2021.
Vol. 67. P. 101832. doi: 10.1016/j.media.2020.101832

54. Bernard O, Lalande A., Zotti C,, et al. Deep Learning Techniques
for Automatic MRI Cardiac Multi-Structures Segmentation
and Diagnosis: Is the Problem Solved? // IEEE Transactions
on Medical Imaging. 2018. Vol. 37, N 11. P. 2514-2525.
doi: 10.1109/TMI.2018.2837502

55. LiP., Wang S, Li T, et al. A Large-Scale CT and PET/CT Dataset
for Lung Cancer Diagnosis (Lung-PET-CT-Dx) [Data set] // The
Cancer Imaging Archive. 2020. doi: 10.7937/TCIA.2020.NNC2-0461
56. Clark K. Vendt B., Smith K., et al. The Cancer Imaging
Archive (TCIA): Maintaining and Operating a Public Information
Repository // Journal of Digital Imaging. 2013. Vol. 26. P. 1045-1057.
doi: 10.1007/510278-013-9622-7

57. Xu Z, Jia Z, Sun J, Dong W., Li Z. DO-U-Net: Improved
U-Net Model for CT Image Segmentation using DBB and Octave
Convolution // Proceedings of the 2023 International Conference
on Computer, Vision and Intelligent Technology (ICCVIT '23). 2023.
P. 1-8. doi: 10.1145/3627341.3630403

58. Ayalew Y., Fante K., Aliy M. Modified U-Net for liver cancer
segmentation from computed tomography images with a new class
balancing method // BMC Biomedical Engineering. 2021. Vol. 3, N 4.
doi: 10.1186/s42490-021-00050-y

59. Guan S., Khan AA, Sikdar S., Chitnis P.V. Fully Dense UNet for
2-D Sparse Phatoacoustic Tomography Artifact Removal // IEEE
Journal of Biomedical and Health Informatics. 2020. Vol. 24, N 2.
P. 568-576. doi: 10.1109/JBHI.2019.2912935

60. Ozcan F., Ucan ON., Karacam S., Tuncman D. Fully Automatic
Liver and Tumor Segmentation from CT Image Using an AIM-UNet //
Bioengineering. 2023. Vol. 10, N 2. doi: 10.3390/bioengineering10020215
61. Ansari M.Y,, Yang Y., Meher PK., Dakua S.P. Dense-PSP-UNet:
A neural network for fast inference liver ultrasound segmentation //
Computers in Biology and Medicine. 2023. Vol. 153. P. 106478.
doi: 10.1016/j.compbiomed.2022.106478

62. Omarov B., Tursynova A. Postolache O. et al. Modified
UNet Model for Brain Stroke Lesion Segmentation on Computed

Vol. 5 (4) 2024

DOI: https://doiorg/1017816/DD629866

Digital Diagnostics

Tomography Images // Computers, Materials and Continua. 2022.
Vol. 71, N 3. P. 4701-4717. doi: 10.32604/cmc.2022.020998

63. Mizusawa S., Sei Y., Orihara R., Ohsuga A. Computed tomography
image reconstruction using stacked U-Net // Computerized
Medical Imaging and Graphics. 2021. Vol. 90. P. 101920.
doi: 10.1016/j.compmedimag.2021.101920

64, Golts A., Khapun D., Shats D., Shoshan Y., Gilboa-Solomon
F. An Ensemble of 3D U-Net Based Models for Segmentation
of Kidney and Masses in CT Scans // Kidney and Kidney Tumor
Segmentation (KiTS 2021). 2022. Vol. 13168. P. 103-115.
doi: 10.1007/978-3-030-98385-7_14

65. Aratjo J.D.L., da Cruz L.B., Diniz J.0.B., et al. Liver segmentation
from computed tomography images using cascade deep learning //
Computers in Biology and Medicine. 2022. Vol. 140. P. 105095.
doi: 10.1016/j.compbiomed.2021.105095

66. Koirala C.P., Mohapatra S., Gosai A., Schlaug G. Automated
Ensemble-Based Segmentation of Adult Brain Tumors: A Novel
Approach Using the BraTS AFRICA Challenge Data // ArXiv. 2023.
doi: 10.48550/arXiv.2308.07214

67.Li Z, Zhu Q. Zhang L., et al. A deep learning-based
self-adapting ensemble method for segmentation in gynecological
brachytherapy // Radiation Oncology. 2022. Vol. 17, N 152.
doi: 10.1186/513014-022-02121-3

68. Woo S., Park J., Lee J.-Y., Kweon I.S. CBAM: Convolutional Block
Attention Module // Proceedings of the European conference on
computer vision (ECCV). 2018. P. 3-19. doi: 10.48550/arXiv.1807.06521
69. Nazir S, Zheng R., Zheng Y., Dong-Ye C. Improved 3D U-Net for
COVID-19 Chest CT Image Segmentation // Scientific Programming.
2021. Vol. 2021, N 9999368. P. 9. doi: 10.1155/2021/9999368

70. Salehi S.S.M.,, Erdogmus D., Gholipour A. Tversky Loss Function
for Image Segmentation Using 3D Fully Convolutional Deep
Networks // Machine Learning in Medical Imaging. 2017. Vol. 10541.
P. 379-387. doi: 10.1007/978-3-319-67389-9_44

71. Oktay Q., Schlemper J., Folgoc L.L., et al. Attention U-Net:
Learning Where to Look for the Pancreas // ArXiv. 2018.
doi: 10.48550/arXiv.1804.03999

72. Agarap AF. Deep Learning using Rectified Linear Units (ReLU) //
ArXiv. 2018. P. 7. doi: 10.48550/arXiv.1803.08375

73. Wu J,, Zhou S,, Zuo S., et al. U-Net combined with multi-scale
attention mechanism for liver segmentation in CT images // BMC
Medical Informatics and Decision Making. 2021. Vol. 21, N 283.
doi: 10.1186/512911-021-01649-w

74. Zhang L, Liu Y., Li Z, Li D. Epa-unet:automatic Segmentation
of Liver and Tumor in Ct Images Based on Residual U-net and
Efficient Multiscale Attention Methods // Research Square. 2023.
doi: 10.21203/rs.3.rs-3273964/v1

75. Zarbakhsh P. Spatial Attention Mechanism and Cascade
Feature Extraction in a U-Net Model for Enhancing Breast Tumor
Segmentation // Applied Sciences. 2023. Vol. 13, N 15. P. 8758.
doi: 10.3390/app13158758

76. Subhan Akbar A., Fatichah C., Suciati N. UNet3D with Multiple
Atrous Convolutions Attention Block for Brain Tumor Segmentation //
Brainlesion: Glioma, Multiple Sclerosis, Stroke and Traumatic Brain
Injuries. 2022. P. 182-193. doi: 10.1007/978-3-031-08999-2_14

77. Yu Z, Han S., Song Z. 3D Medical Image Segmentation based on
multi-scale MPU-Net // ArXiv. 2023. doi: 10.48550/arXiv.2307.05799
78. Xingfei F., Chaobing H. CAE-UNet: An Effective Automatic
Segmentation Model for CT Images of COVID-19 // 2022 éth



https://doi.org/10.1016/j.media.2016.02.006
https://doi.org/10.1109/TMI.2021.3090082
https://doi.org/10.1007/s11548-013-0926-3
https://doi.org/10.1038/eye.2012.293
https://doi.org/10.1016/j.media.2020.101832
https://doi.org/10.1109/TMI.2018.2837502
https://doi.org/10.7937/TCIA.2020.NNC2-0461
https://doi.org/10.1007/s10278-013-9622-7
https://doi.org/10.1145/3627341.3630403
https://doi.org/10.1186/s42490-021-00050-y
https://doi.org/10.1109/JBHI.2019.2912935
https://doi.org/10.3390/bioengineering10020215
https://doi.org/10.1016/j.compbiomed.2022.106478
https://doi.org/10.32604/cmc.2022.020998
https://doi.org/10.1016/j.compmedimag.2021.101920
https://doi.org/10.1007/978-3-030-98385-7_14
https://doi.org/10.1016/j.compbiomed.2021.105095
https://doi.org/10.48550/arXiv.2308.07214
https://doi.org/10.1186/s13014-022-02121-3
https://doi.org/10.48550/arXiv.1807.06521
https://doi.org/10.1155/2021/9999368
https://doi.org/10.1007/978-3-319-67389-9_44
https://doi.org/10.48550/arXiv.1804.03999
https://doi.org/10.48550/arXiv.1803.08375
https://doi.org/10.1186/s12911-021-01649-w
https://doi.org/10.21203/rs.3.rs-3273964/v1
https://doi.org/10.3390/app13158758
https://doi.org/10.1007/978-3-031-08999-2_14
https://doi.org/10.48550/arXiv.2307.05799

REVIEWS

International Conference on Communication and Information Systems
(ICCIS). 2022. P. 113-117. doi: 10.1109/ICCIS56375.2022.9998131
79. He K., Zhang X., Ren S., Sun J. Deep Residual Learning for Image
Recognition // 2016 IEEE Conference on Computer Vision and Pattern
Recognition (CVPR). 2016. P. 770-778. doi: 10.1109/cvpr.2016.90
80. Hatamizadeh A, Tang Y., Nathet V., et al. U-NETR: Transformers
for 3D Medical Image Segmentation // 2022 IEEE/CVF Winter
Conference on Applications of Computer Vision (WACV). 2022.
P. 1748-1758. doi: 10.1109/WACV51458.2022.00181

81. Eskandari S., Lumpp J. Inter-Scale Dependency Modeling for
Skin Lesion Segmentation with Transformer-based Networks //
ArXiv. 2023. doi: 10.48550/arXiv.2310.13727

82. Shi X, Chen Z, Wang H., et al. Convolutional LSTM Network:
A Machine Learning Approach for Precipitation Nowcasting // Neural
Information Processing Systems. 2015. doi: 10.48550/arXiv.1506.04214
83. Pham TH., Li X, Nguyen K.D. SeU-Net-Trans: A Simple yet
Effective UNet-Transformer Model for Medical Image Segmentation //
ArXiv. 2023. doi: 10.48550/arXiv.2310.09998

84. Ghofrani F., Behnam H., Motlagh H.D.K. Liver Segmentation
in CT Images Using Deep Neural Networks // 2020 28th Iranian
Conference on Electrical Engineering (ICEE). 2020. P. 1-6.
doi: 10.1109/ICEE50131.2020.9260809

85. Diakogiannis F.I, Waldner F. Caccetta P., Wuet C,
et al. ResUNet-a: A deep learning framework for semantic
segmentation of remotely sensed data // ISPRS Journal of
Photogrammetry and Remote Sensing. 2020. Vol. 16, N 2. P. 94-114.
doi: 10.1016/j.isprsjprs.2020.01.013

86. Jha D., Riegler M.A.,, Johansen D., Halvorsen P., Johansen H.D.
Doubleu-net: DoubleU-Net: A Deep Convolutional Neural Network for
Medical Image Segmentation // IEEE 33rd International symposium
on computer-based medical systems (CBMS). 2020. P. 558-564.
doi: 10.1109/CBMS49503.2020.00111

87. Lee HH,, Bao S., Huo Y., Landman B.A. 3D UX-Net: A Large
Kernel Volumetric ConvNet Modernizing Hierarchical Transformer for
Medical Image Segmentation // International Conference on Learning
Representations. 2023. doi: 10.48550/arXiv.2209.15076

88. Liang J, Yang C., Zhong J., Ye X. BTSwin-U-Net: 3D U-shaped
Symmetrical Swin Transformer-based Network for Brain Tumor
Segmentation with Self-supervised Pre-training // Neural Processing
Letters. 2022. Vol. 55. P. 3695-3713. doi: 10.1007/511063-022-10919-1
89. Alalwan N., Abozeid A, ElHabshy A.A., Alzahrani A. Efficient 3D
Deep Learning Model for Medical Image Semantic Segmentation //
Alexandria Engineering Journal. 2021. Vol. 60, N 1. P. 1231-1239.
doi: 10.1016/}.26j.2020.10.046

90. Lemay A., Gros C. Vincent O, et al. Benefits of Linear
Conditioning with Metadata for Image Segmentation // ArXiv. 2021.
doi: 10.48550/arXiv.2102.09582

91. Du R, Vardhanabhuti V. 3D-RADNet: Extracting labels from DICOM
metadata for training general medical domain deep 3D convolution neural
networks // International Conference on Medical Imaging with Deep
Learning. 2020. Vol. 121. P. 174-192. Available at: https://proceedings.
mlr.press/v121/du20a/du20a.pdf. Accessed: November 9, 2024.

92. Plutenko I., Papkov M., Palo K., Parts L., Fishman D. Metadata
Improves Segmentation Through Multitasking Elicitation // Domain
Adaptation and Representation Transfer. 2023. P. 147-155.
doi: 10.1007/978-3-031-45857-6_15

93. Jiang J., Peng Y., Hou Q., Wang J. MDCF_Net: A Multi-dimensional
hybrid network for liver and tumor segmentation from CT //

Vol. 5 (4) 2024

DOI: https://doiorg/1017816/DD629866

Digital Diagnostics

Biocybernetics and Biomedical Engineering. 2023. Vol. 43, N 2.
P. 494-506. doi: 10.1016/}.bbe.2023.04.004

94.Fu T, Yu Q, Lao H. Liu P, Wan S. Traffic Safety Oriented
Multi-Intersection Flow Prediction Based on Transformer and
CNN // Security and Communication Networks. 2023. P. 1-13.
doi: 10.1155/2023/1363639

95. Chen X, Wei X, Tang M., et al. Liver segmentation in CT imaging
with enhanced mask region-based convolutional neural networks //
Annals of Translational Medicine. 2021. Vol. 9, N 24. P. 1768.
doi: 10.21037/atm-21-5822

96. Ernst P., Chatterjee S., Rose G., Niirnberger A. Primal-Dual
U-Net for Sparse View Cone Beam Computed Tomography Volume
Reconstruction // ArXiv. 2022. doi: 10.48550/arXiv.2205.07866

97. Koehler G., Wald T., Ulrichet C,, et al. RecycleNet: Latent Feature
Recycling Leads to Iterative Decision Refinement // ArXiv. 2023.
doi: 10.48550/arXiv.2309.07513

98. Jafari M., Auer D., Francis S., Garibaldi J., Chen X. DRU-net: An
Efficient Deep Convolutional Neural Network for Medical Image
Segmentation // 2020 IEEE 17" International Symposium on Biomedical
Imaging (ISBI). 2020. P. 1144—1148. doi: 10.48550/arXiv.2004.13453
99. Heker M., Ben-Cohen A., Greenspan H. Hierarchical Fine-Tuning
for joint Liver Lesion Segmentation and Lesion Classification in CT //
2019 41st Annual International Conference of the IEEE Engineering
in Medicine and Biology Society (EMBC). 2019. P. 895-898.
doi: 10.1109/EMBC.2019.8857127

100. Matovinovic I.Z, Loncaric S., Lo J., Heisler M., Sarunic M.
Transfer Learning with U-Net type model for Automatic Segmentation
of Three Retinal Layers In Optical Coherence Tomography Images //
2019 11th International Symposium on Image and Signal Processing
and Analysis (ISPA). 2019. P. 49-53. doi: 10.1109/ISPA.2019.8868639
101. Kora P., Ooi C.P, Faust O. et al. Transfer learning
techniques for medical image analysis: A review // Biocybernetics
and Biomedical Engineering. 2022. Vol. 42, N 1. P. 79-107.
doi: 10.1016/}.bbe.2021.11.004

102. Humpire-Mamani G.E., Jacabs C., Prokop M., van Ginneken B,
Lessmann N. Transfer learning from a sparsely annotated dataset of
3D medical images // ArXiv. 2023. doi: 10.48550/arXiv.2311.05032
103. Messaoudi H., Belaid A, Salem D.B., Conze P.-H.
Cross-dimensional transfer learning in medical image segmentation
with deep learning // Medical Image Analysis. 2023. Vol. 88.
P. 102868. doi: 10.1016/j.media.2023.102868

104. Tan M, Le Q. EfficientNet: Rethinking Model Scaling
for  Convolutional Neural Networks // International
conference on machine learning (PMLR). 2019. P. 6105-6114.
doi: 10.48550/arXiv.1905.11946

105. Hong Y., Mao X, Hui Q. et al. Automatic liver and tumor
segmentation based on deep learning and globally optimized
refinement // Applied Mathematics-A Journal of Chinese Universities.
2021. Vol. 36. P. 304-316. doi: 10.1007/s11766-021-4376-3

106. Wang H., Li X. Towards Generic Semi-Supervised Framework
for Volumetric Medical Image Segmentation // ArXiv. 2023.
doi: 10.48550/arXiv.2310.11320

107. Wang J.,, Chen C. Unsupervised Adaptation of Polyp
Segmentation Models via Coarse-to-Fine Self-Supervision //
Information Processing in Medical Imaging. 2023. P. 250-262.
doi: 10.1007/978-3-031-34048-2_20

108. Wang T., Huang Z, Wu J., Cai Y., Li Z. Semi-Supervised Medical
Image Segmentation with Co-Distribution Alignment // Bioengineering.
2023. Vol. 10, N 7. P. 869. doi: 10.3390/bioengineering10070869

851


https://doi.org/10.1109/ICCIS56375.2022.9998131
https://doi.org/10.1109/cvpr.2016.90
https://doi.org/10.1109/WACV51458.2022.00181
https://doi.org/10.48550/arXiv.2310.13727
https://doi.org/10.48550/arXiv.1506.04214
https://doi.org/10.48550/arXiv.2310.09998
https://doi.org/10.1109/ICEE50131.2020.9260809
https://doi.org/10.1016/j.isprsjprs.2020.01.013
https://doi.org/10.1109/CBMS49503.2020.00111
https://doi.org/10.48550/arXiv.2209.15076
https://doi.org/10.1007/s11063-022-10919-1
https://doi.org/10.1016/j.aej.2020.10.046
https://doi.org/10.48550/arXiv.2102.09582
https://proceedings.mlr.press/v121/du20a/du20a.pdf
https://proceedings.mlr.press/v121/du20a/du20a.pdf
https://doi.org/10.1007/978-3-031-45857-6_15
https://doi.org/10.1016/j.bbe.2023.04.004
https://doi.org/10.1155/2023/1363639
https://doi.org/10.21037/atm-21-5822
https://doi.org/10.48550/arXiv.2205.07866
https://doi.org/10.48550/arXiv.2309.07513
https://doi.org/10.48550/arXiv.2004.13453
https://doi.org/10.1109/EMBC.2019.8857127
https://doi.org/10.1109/ISPA.2019.8868639
https://doi.org/10.1016/j.bbe.2021.11.004
https://doi.org/10.48550/arXiv.2311.05032
https://doi.org/10.1016/j.media.2023.102868
https://doi.org/10.48550/arXiv.1905.11946
https://doi.org/10.1007/s11766-021-4376-3
https://doi.org/10.48550/arXiv.2310.11320
https://doi.org/10.1007/978-3-031-34048-2_20
https://doi.org/10.3390/bioengineering10070869

852

REVIEWS

109. Bacunbes H0.A., Bobposckas T.M., Apzamaco K.M.,  ap. Oc-
HOBOMOJIaraloLLMe NPMHLMMbBI CTaHAApTM3aLUMM U CUCTEMATI3aLMM
nHbopMaLwmm o Habopax AaHHbIX AN1S MaLUMHHOTO 0byyeHus B Me-
OVLVMHCKON amarHocTuke // MeHemxep 3mpaBooxpaHenms. 2023.
N® 4. C. 28-41. doi: 10.21045/1811-0185-2023-4-28-41

110. KokwmHa [.10., FoMbonesckuin B.A., Apsamaco K.M., AHapeit-
yeHko A.E., Mopo3os C.I. Bo3MOXHOCTU M OrpaHUYeHnst UCnosib-
30BaHUS MHCTPYMEHTOB MaLLMHHOM 06paboTKM TEKCTOB B Jly4eBON
pvarHocTvke // Digital Diagnostics. 2022. T. 3, N° 4. C. 374-383.
doi: 10.17816/DD101099

111. Porwmn J1.B., Actanmn MM.A., Kokuna [L10., v ap. CucTema aBToma-
TUYECKOM Pa3METKN HECTPYKTYPUPOBAHHBIX MPOTOKO/0B PEHTrEHOMOM M-
YECKWX WCCef0BaHWMA PYAHOM KETKW C UCMONb30BaHWUEM METOLOB
CEMaHTMYECKOro aHanm3a // CoLmarnbHble acreKThl 300p0Bbs Hacene-
Hus. 2023.T. 69, N2 1. C. 12. doi: 10.21045/2071-5021-2023-69-1-12

AUTHORS’ INFO

* Kirill M. Arzamasov, MD, Cand. Sci. (Medicine);
address: 24 bldg. 1 Petrovka str., 127051, Moscow, Russia;
ORCID: 0000-0001-7786-0349;

eLibrary SPIN: 3160-8062;

e-mail: ArzamasovKM®@zdrav.mos.ru

Anastasia M. Dostovalova;

ORCID: 0009-0004-9420-4182;

eLibrary SPIN: 3784-0791;

e-mail: ADostovalova®@frccscs.ru

Andrey K. Gorshenin, Dr. Sci. (Physics and Mathematics),
Assistant Professor;

ORCID: 0000-0001-8129-8985;

eLibrary SPIN: 1512-3425;

e-mail: AGorshenin@frccsc.ru

Jullia V. Starichkova, Cand. Sci. (Engineering), Assistant Professor;
ORCID: 0000-0003-1804-9761;

eLibrary SPIN: 3001-6791;

e-mail: starichkova@mirea.ru

* Corresponding author / ABTOp, OTBETCTBEHHbIY 33 NEpeniucKy

Vol. 5 (4) 2024

DOI: https://doiorg/1017816/DD629866

Digital Diagnostics

112. Tomawesckas B.C., Akosnes [1.A. Cnocobbl 0bpaboTku HeCTpyK-
TYPUPOBAHHBIX [aHHbIX // POCCUCKUIA TEXHONOTUYECKUI XypHan.
2021.T.9,N2 1. C. 7-17. doi: 10.32362/2500-316X-2021-9-1-7-17
113. Protonotarios N., Katsamenis ., Sykiotis S., et al. A few-shot
U-Net deep learning model for lung cancer lesion segmentation via
PET/CT imaging // Biomedical Physics and Engineering Express.
2022. Vol. 8. P. 025019. doi: 10.1088/2057-1976/ac53bd

114. Voulodimos A., Protopapadakis E., Katsamenis I., Doulamis A,
Doulamis N. A Few-Shot U-Net Deep Learning Model for COVID-19
Infected Area Segmentation in CT Images // Sensors. 2021. Vol. 21,
N 6. P. 2215. doi: 10.3390/s21062215

115. Zhao G., Zhao H. One-Shot Image Segmentation with U-Net //
Journal of Physics: Conference Series. 2021. Vol. 1848, N 1.
P. 012113. doi: 10.1088/1742-6596/1848/1/012113

Ob ABTOPAX

* Ap3amacoB Kupunn MuxainoBuu, KaHa. Mef. Hayk;
afpec: Poccug, 127051, Mocksa, yn. lNeTposka, 4. 24, c1p. 1;
ORCID: 0000-0001-7786-0349;

eLibrary SPIN: 3160-8062;

e-mail: ArzamasovKM@zdrav.mos.ru

JocToBanoBa AHacTacus MuxannoBHa;

ORCID: 0009-0004-9420-4182;

eLibrary SPIN: 3784-0791;

e-mail: ADostovalova@frcescs.ru

Fopwenun AHapeit KoHCTaHTUHOBMY, -p. BW3.-MaT. Hayk,
LOLEHT;

ORCID: 0000-0001-8129-8985;

eLibrary SPIN: 1512-3425;

e-mail: AGorshenin@frccsc.ru

CrapuukoBa 0nus BuktopoBHa, KaHA. TexH. HayK, [OLEHT;
ORCID: 0000-0003-1804-9761;

eLibrary SPIN: 3001-6791;

e-mail: starichkova@mirea.ru



https://doi.org/10.21045/1811-0185-2023-4-28-41
https://doi.org/10.17816/DD101099
https://doi.org/10.21045/2071-5021-2023-69-1-12
https://doi.org/10.32362/2500-316X-2021-9-1-7-17
https://doi.org/10.1088/2057-1976/ac53bd
https://doi.org/10.3390/s21062215
https://doi.org/10.1088/1742-6596/1848/1/012113
https://orcid.org/0000-0001-7786-0349
https://www.elibrary.ru/author_profile.asp?spin=3160-8062
mailto:ArzamasovKM@zdrav.mos.ru
https://orcid.org/0000-0001-7786-0349
https://www.elibrary.ru/author_profile.asp?spin=3160-8062
mailto:ArzamasovKM@zdrav.mos.ru
https://orcid.org/0009-0004-9420-4182
https://www.elibrary.ru/author_profile.asp?spin=3784-0791
mailto:ADostovalova@frccscs.ru
https://orcid.org/0009-0004-9420-4182
https://www.elibrary.ru/author_profile.asp?spin=3784-0791
mailto:ADostovalova@frccscs.ru
https://orcid.org/0000-0001-8129-8985
https://www.elibrary.ru/author_profile.asp?spin=1512-3425
mailto:AGorshenin@frccsc.ru
https://orcid.org/0000-0001-8129-8985
https://www.elibrary.ru/author_profile.asp?spin=1512-3425
mailto:AGorshenin@frccsc.ru
https://orcid.org/0000-0003-1804-9761
https://www.elibrary.ru/author_profile.asp?spin=3001-6791
mailto:starichkova@mirea.ru
https://orcid.org/0000-0003-1804-9761
https://www.elibrary.ru/author_profile.asp?spin=3001-6791
mailto:starichkova@mirea.ru

REVIEWS Vol 5 (&) 2024 Digital Diagnostics ]
54

DOI: https://doi.org/10.17816/DD629449

Potential use of radiation methods for diagnosing
bone metastases of castration-resistant prostate
cancer: a literature review

Anastasia A. Karpova', Nikolay |. Sergeev?, Olga A. Borisova?, Pavel A. Nikitin', Dmitriy K. Fomin?,
Vladimir A. Solodkiy?

! Pulmonology Scientific Research Institute, Moscow, Russia;
2 Russian Scientific Center of Roentgenoradiology, Moscow, Russia

ABSTRACT

Metastatic castration-resistant prostate cancer (mCRPC) is the tumor progression with the development of resistance
to androgen deprivation therapy. The incidence of bone metastases in these patients reaches 90%. Radiology is widely used
to diagnose mCRPC. Computed tomography (CT) and magnetic resonance imaging (MRI) are beneficial in anatomic imaging, but
have some limitations in evaluating effectiveness of disease treatment. Scintigraphy is used to screen for bone metastases, but
is poorly suited for assessing disease progression. Positron emission tomography (PET) combined with CT and single-photon
emission CT are used for early detection of local or systemic spread of prostate cancer. PET of prostate-specific membrane
antigen is used to predict the effectiveness of anti-tumor therapy based on the absorbed dose of a radiopharmaceutical (RP).
The introduction of RPs ("7Lu-PSMA) opens up new perspectives for radionuclide therapy with simultaneous evaluation of its
efficacy using hybrid visualization. The potential use of radiology in the diagnosis of bone metastases is of particular interest
for the analysis and systematization of the data obtained and for the development of indications for radioligand therapy
and the evaluation of its efficacy.

Published data indicate that radiologic modalities for the diagnosis of mCRPC vary in sensitivity and specificity and have their
own advantages and limitations, so these modalities should be combined.

The development and improvement of methods to quantitatively assess treatment efficacy and identify prognostic markers
will enable more informed selection of treatment strategies and radiopharmaceuticals, leading to improved overall survival.

Keywords: prostate cancer; bone metastases; single-photon emission computed tomography; positron emission tomography;
magnetic resonance imaging; multislice computed tomography; radiomics.
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Bo3M0oXXHOCTM Nny4yeBbIX METO40B AUArHOCTUKM
MeTacTasoB B KOCTU KacTpPalMOHHO-Pe3UCTEHTHOrO
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AHHOTALUA

MeTacTaTMuecKuii KacTPaLMOHHO-PE3UCTEHTHBIN paK npefcTatenbHoi xenesbl (MKPPI) — ato nporpeccuposanme ony-
X0NIeBOro npouecca npu hopMUpOBaHUM HEBOCTIPUAMUMBOCTM K aHAPOreH-AenpuBaUMOHHON Tepanuu. YacToTa nosBneHus
MeTacTa3oB B KOCTSAX Yy Takux naumueHToB pocturaet 90%. B puarHoctuke MKPPITHK wmpoKo ucnonb3yioT nyyeBble MeTonb
uccnenoBaHuii. KoMnbtoTepHas ToMorpadmus U MarHUTHO-pe30HaHcHas ToMorpadus 06nafaloT NpeuMyLLecTBaMi B aHaTo-
MWYECKOW BU3yanu3aLuK, OLHAKO MMEKT OrpaHuueHusi B oLeHKe 3hdEKTUBHOCTM neyeHns 3aboneBaHus. CumHTUrpaduio
MPUMEHSIKOT ANA CKPUHWUHIA METacTaTUYECKOr0 MOPaeHUsA KOCTeH CKeneTa, HO Npy 3TOM 3aTPYLHEH aHanu3 Nporpeccupo-
BaHuA 3aboneBaHus. M03UTPOHHO-3MUCCMOHHYI0 ToMorpadmio ([13T), coBMeLLEHHYIO C KOMMbIOTEPHOW TOMorpaduen, 1 oa-
HOMOTOHHYK 3MUCCUOHHYK) KOMMBHOTEPHYKO TOMOrpaduio UCNONb3YIOT A1 PaHHEr0 BbIABNEHUS MECTHOMO WITM CUCTEMHOTO
pacnpocTpaHeHUa paKa npeacTaTeNibHoi xenessl. MHdopMaums o KonmyecTse nornolwéHHoro paarodapMnpenapara (POM)
¢ noMolwubio M3T-BU3yanu3aumm npoctatocneumdUIHOro MeMBpPaHHOr0 aHTMUreHa MUCMONb3yKT 1S NPOrHO3MpoBaHUsA 3¢-
deKTMBHOCTU NpoTUBOONYXONEBOI Tepanun. C BHeapeHWeM B NpakTuueckyto AesatensbHocTb POMN (7'Lu-PSMA) otkpbinack
nepcneKkTMBa NPOBeAEHNS PaSMOHYKIIMAHOM Tepanuu ¢ 0LHOBPEMEHHBIM onpefenieHneM eé IPhEKTUBHOCTU METOAAMU TU-
BpuaHon BU3yanu3aumu. Bo3MoHOCTU MeTOA0B Ny4eBOM AMArHOCTUKW MeTacTasoB B KOCTW NPeACTaBAT 0cobbin UHTepec
ANS U3y4eHWsA M CUCTeMaTU3aLmMm NoNydaeMblX JaHHbIX M pa3paboTku NoKasaHuit ANs NPoOBEAEHWs paavuonuraHLHoN Tepanim
1 aHanm3a eé 3 PeKTUBHOCTMW.

OnybanKoBaHHbIE AaHHbIE CBUMAETENLCTBYIOT 0 TOM, YTO NIyyeBble MeToabl avuarHocTukm MKPPIXK obnapatoT pasnnyHoit vyB-
CTBUTENbHOCTBH U CMELMdUYHOCTBI), MMEIOT CBOW NPeUMyLLIECTBA U HELLOCTATKM, YTO FOBOPUT 0 HEOOXOAMMOCTM KOMMEKC-
HOro NOAX0Aa B UX UCMOJIb30BaHMM.

Pa3spaboTka 1 pa3BuTe METOAMK KOIMYECTBEHHOW OLEHKU 3DGEKTUBHOCTM JIEYEHWS, BbISIBNIEHNE NMPOrHOCTUYECKUX MapKe-
pOB MO3BOJIUT FPaMOTHO BblbpaTb HEObX0AMMYI0 TaKTUKY neyeHns u obnerunt nopbop PON, yTo NpUBEAET K YBENMYEHMIO
06LLeN BbIXMMBAEMOCTH.

KnioueBble cnoBa: pak NpeAcTaTesibHOW Xene3bl; KOCTHble MeTacTasbl; 0AHO(OTOHHAA IMMCCUOHHAs KOMMblOTEpHast
TOMOrpadus;; MO3MTPOHHO-3MUCCUOHHAA TOMorpadusi; MarHUTHO-pe30HaHCHas ToMorpadusi; MyNbTUCTIMpasbHas
KOMMbloTepHas ToMorpadms; paanoMuKka.
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INTRODUCTION

Prostate cancer (PC), one of the most prevalent
cancers in men, originates in the glandular epithelium
of the prostate [1]. From 2011 to 2021, the incidence
of PC in Russia rose by 41.69% [2], making it a socially
and economically significant concern. The development
of metastatic castration-resistant PC (mCRPC), which
is caused by a proliferation of androgen-insensitive cells,
makes resistance to androgen deprivation therapy particularly
significant [3]. The mean time to hormone therapy resistance
is 1.5-2 years, which limits future therapeutic choices. This
is complicated by significant variability in tumor morphology,
serum prostate-specific antigen (PSA) levels, disease stage,
and the risk of relapse [4].

The prognosis worsens with metastatic disease, with only
30% of patients surviving for five years [5]. The incidence
of bone metastases in patients with mCRPC can reach
90% [6]. Visceral metastases are most frequently observed
when secondary hone lesions are already present, which
suggests a poor prognosis [7].

The initial development of bone metastases
is determined by an imbalance between bone-resorbing cells
(osteoclasts) and bone-forming cells (osteoblasts) resulting
from interactions between cancer cells and elements
of the internal bone milieu [8, 9].

Diagnostic imaging techniques are essential for the initial
assessment of the tumor grade and the number and size
of metastases, as well as for monitoring patients with mCRPC
during treatment. Each diagnostic radiology technique has
its own advantages and limitations. Multislice computed
tomography (MSCT) and magnetic resonance imaging (MRI)
effectively detect advanced tumors owing to anatomical
imaging; however, their application in assessing PC treatment
efficacy is restricted. Scintigraphy performs well in screening
for bone metastases because of its high sensitivity, but is less
effective in evaluating disease progression [10].

For the early detection of local or systemic tumors
in PC, hybrid diagnostic techniques like positron emission
tomography with computed tomography (PET/CT) and single-
photon emission computed tomography with computed
tomography (SPECT/CT) with diagnostic radiopharmaceuticals
are utilized, taking into account the functional
and morphological components of the obtained data [11].

Prostate-specific membrane antigen (PSMA) ligand PET
has significantly augmented diagnostic algorithms for patients
with PC owing to quantitative data on radiopharmaceutical
uptake in the targeted areas. Though there are some
unresolved concerns, PSMA PET/CT has demonstrated
promising results in predicting the efficacy of cancer
treatment [12].

Radionuclide therapy in mCRPC targets PSMA,
with subsequent imaging examinations to confirm
radionuclide binding [13]. Early relapses, high serum PSMA
levels, Gleason scores, and a more aggressive illness are all
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correlated with PSMA expression [14, 15].

Physiologically, PSMA is also expressed in the lacrimal
and salivary glands, proximal renal tubules, liver, spleen,
and proximal small intestine [14]. The presence of PSMA
activity has been documented in the peripheral ganglia
and central nervous system [16].

The most promising and frequently used isotopes
for radioligand therapy are "'Lu and Z*Ac. "’Lu has unique
diagnostic and therapeutic benefits, including the binding
of PSMA molecules by B- and y-emitters "’Lu-PSMA.
Z5Ac exerts a powerful therapeutic effect via binding
of PSMA by the a-emitter 2*Ac-PSMA [3]. Prostate tumor
cells accumulate ?®Ac- or "Lu-labeled PSMA ligands,
which damages DNA and eventually results in tumor cell
death [17, 18].

Clinicians treating PC should focus on defining objective
patient selection parameters for radioligand therapy, as well
as on the early detection and imaging assessment of relapses
following various PC therapies.

This review examines the potential of various diagnostic
radiological modalities in mCRPC patients.

DIAGNOSTIC RADIOLOGY TECHNIQUES

Radiography is an imaging technique that generates
consolidated images of organs, bone structures, and tissues
employing the penetrative properties of X-rays. It is a reliable
and accessible method for evaluating the structure
and location of bone metastases [19]. Kitagawa et al. [20]
revealed that radiography exhibits high specificity (80.9%),
low sensitivity (45.8%) [due to limited contrast uptake
by bone marrow lesions], and an accuracy of 74.8% [20].
If the bone matrix loss is less than 25%-30%, it is difficult
to detect bone metastases early by radiography; also, there
is limited ability to evaluate medulla alterations [21]. Thus,
conventional radiography techniques are more effective
for the urgent detection of fractures and postoperative
monitoring of surgical hardware and implants [21].

Multislice CT (MSCT) is a modern diagnostic radiology
technique that uses X-rays to generate cross-sectional
images. Because of its high resolution, MSCT produces
detailed organ and tissue images. In a meta-analysis
examining the diagnostic utility of diagnostic radiology
modalities in patients with spinal metastases,
the sensitivity and specificity of MSCT were 79.2% and 92.3%,
respectively [22-24].

One of the primary benefits of MSCT is the short
scan time, which is especially essential in emergency
circumstances where patients suddenly develop pain. This
technique identifies fractures caused by existing secondary
bone lesions and spinal nerve compression [21, 23]. However,
due to the limited contrast uptake by soft tissues, MSCT
is seldom used as a primary diagnostic tool in PC. It is more
typically employed for the detection of distant metastases
and for biopsy guidance [19]. This technique determines
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the structure of the bone metastases and the extent
of bone destruction. Additionally, it enables the use of extra
image processing techniques for metal artifact reduction
in the imaging-based evaluation of surgical hardware [23].
The formation of reactive sclerosis during treatment
and the progression of osteoblastic metastases appear to be
similar on MSCT scans (by increased lesion density). Because
of this characteristic of bone metastases, the RECIST 1.1
criteria categorize these lesions as non-measurable
(Fig. 1) [24]. Radiomics facilitate the quantitative assessment
of lesions [25].

Magnetic resonance imaging is a diagnostic radiological
modality that generates images using electromagnetic waves
in a constant magnetic field. The advantages of MRI include
the lack of ionizing radiation and superior soft tissue imaging.
It is one of the most effective techniques for noninvasive
bone marrow evaluation (Fig. 2). In addition to anatomical
diagnosis, MRI is useful in determining the degree of spinal
stenosis and compression, the size and location of lesions,
and the extent of vascular supply [23]. The disadvantages
include a lengthy scan time and a variety of contraindications,
such as the presence of pacemakers and metal
implants [26, 27].

A multiparametric approach to the diagnosis
of mCRPC involves the evaluation of anatomical T1-weighted
images (T1WIs) (scar tissue identification for evidence
of replacement fibrosis) and T2WIs (for edema detection)
for a detailed examination of the anatomical zones
of the prostate and surrounding soft tissues. Short tau
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inversion recovery sequences, which eliminate the influence
of fluid in the resulting images, can be used to differentiate
between fat and fluid inclusions in the lesions. Functional
diffusion-weighted imaging (DWI) sequences with apparent
diffusion coefficient maps may be employed to determine tumor
location and aggressiveness. Dynamic contrast-enhanced
MRI is utilized for differentiating between inflammatory
and benign changes, as well as for ascertaining tumor
location and grade [28].

In a prospective study by Perez-Lopez et al
(TOPARP-A) [29], a whole-body DWI MRI was performed
in 21 patients with bone metastases at baseline and 12 weeks
following treatment. Out of all the bone metastases, five
lesions were selected and evaluated. The volume and diameter
of the lesions declined 12 weeks after olaparib therapy;
the outcomes were inversely proportional to the treatment
response. The authors concluded that DWI can play a critical
role in assessing the response of bone metastases to mCRPC
treatment.

The published results of studies comparing bone
scintigraphy and whole-body MRI varies, most likely
because different MR scanners are used and there are
no established protocols. A meta-analysis revealed that
whole-body MRI exhibits a higher sensitivity and specificity
(94% and 99%, respectively) than bone scintigraphy
(80% and 95%, respectively), indicating that whole-body MRI
can be used to verify or rule out bone metastases [30, 31].

Padhani et al. [32] developed and presented guidelines
(MET-RADS-P) for whole-body MRI efficacy criteria to assess

Fig. 1. a, Lumbar spine MSCT, sagittal plane: osteoblastic lesions observed in the S1 and S2 vertebral bodies (white arrow), hemangioma
in the L2 vertebral body (orange arrow); b, thoracic spine MSCT, sagittal plane: osteoblastic lesions in thoracic vertebral bodies (white

arrow), mixed lesion noted in the Th12 vertebral body (orange arrow).
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Fig. 2. a, b, Pelvic MR, coronal plane, T2WI; c, d, pelvic MRI, coronal plane, T1WI; case follow-up a, c of February 2023 and b, d July 2023:
osteoblastic lesions in pelvic bones, increase in lesion size during follow-up (white arrows).

lesions in patients with advanced PC. According to the authors,
accurate assessment of the response to treatment will
facilitate the future development of targeted therapy [27].

Due to radiopharmaceutical absorption, hybrid diagnosis
techniques are more successful in determining the functional
state of lesions than anatomical imaging and bone metastasis
follow-up using MSCT and MRI [26].

Bone scintigraphy is a radionuclide imaging technique that
utilizes diphosphonate complexes to examine bone lesions.
The technique entails assessing the radiopharmaceutical
uptake involved in bone metabolism at active bone formation
sites, which are linked to benign and malignant abnormalities,
as well as physiological processes [24]. In posttraumatic,
neoplastic, and infectious alterations, radiopharmaceutical
uptake is correlated with local blood flow and osteoblast/
osteoclast activity [33].

When activity is identified in the scintigrams of patients
with bone metastases, the 2 + 2 rule is used to account
for the flare phenomenon detected during osteoblast
activation and sclerotic transformation of lesions in the early
treatment period [34]. The emergence of two new lesions
at a follow-up imaging test six weeks or more after the initial
diagnosis is considered progression. An increase in the size
of the lesions detected on bone scintigraphy is not regarded
as a sign of disease progression [35]. Since this phenomenon
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is identified within the first three months following
chemotherapy and hormone therapy, it may resemble disease
progression [36].

Of significance are the scintigram quantitative assessment
parameters, such as the bone scan index (BSI) and bone scan
lesion area (BSLA).

BSI is the sum of individual bone areas multiplied
by the percentage of each bone’s involvement in metastasis.
Processing BSI values manually or semiautomatically
is time-consuming and subjective. Therefore, scintigram
assessment techniques using aBSI automated computer
analysis were developed [37, 38], which significantly increase
the reproducibility of quantitative assessment to 10 s as opposed
to 5-30 minutes with manual assessment [39]. When combined
with the diagnostic evaluation of anatomical images, aBSI
parameters can be utilized as prognostic biomarkers.

Dennis et al. [40, 41] assessed preliminary data
and discovered that BSI changes during treatment were
closely correlated with overall survival in patients receiving
chemotherapy. The evaluation was carried out three to six
months following treatment. The authors concluded that
a twofold increase in BSI during treatment results in a 1.9-fold
increased risk of death.

Bone scintigraphy enables the detection of early
metabolic changes, frequently several weeks or months
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before they are detected by radiography. Given that
the sensitivity and specificity of this technique for detecting
bone metastases in PC are 74.5%-83% [42-44] and 62%—
82%, respectively, the use of complementary anatomical
imaging approaches, such as radiography, MSCT, MRI, or
hybrid methods (SPECT/CT and PET/CT) is required [34].
After comparing bone scintigraphy and MRI findings [44],
the authors concluded that bone scintigraphy is a rapid
and cost-effective technique for the early detection of bone
metastases. However, there are several limitations, including
the accumulation of radiopharmaceutical agents
in inflammatory lesions and regions of intensive bone
formation. Lytic bone lesion imaging is challenging due
to the lack of bone remodeling and the presence of a soft
tissue component where radiopharmaceutical uptake is not
feasible [12].
This method can be supplemented by SPECT/CT findings.
An additional benefit is the use of BSI as a prognostic
marker. The limitations of bone scintigraphy include
reduced potential for imaging of lytic lesions (only lesions
with radiopharmaceutical uptake can be assessed), lengthy
scan time, lower sensitivity compared to CT and MRI,
and the flare phenomenon in response to treatment [27, 33].
An additional SPECT/CT can help avoid these limitations.
Single-photon emission computed tomography
with computed tomography is a hybrid diagnostic radiology
technique that generates 3D images using a gamma chamber
and a multislice CT scanner. After computer processing,
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maps with functional information on metabolic processes
in various organs and tissues were matched with anatomical
CT images [45]. This approach reduces the disadvantages
of each method and improves the diagnostic value.

SPECT/CT results are used to semi-quantitatively assess
lesions using the standardized uptake value body weight
(SUVbw), a parameter based on body weight. The following
formula is used for differentiating between degenerative
changes and metastatic lesions:

suvpw =28
C

where A = local activity concentration, B = body weight,
and C = administered activity. SUVy, values in bone
metastases are significantly higher than in degenerative
changes; the sensitivity and specificity in differential diagnosis
are 73.8% and 85.4%, respectively [46, 47].

The diagnostic utility of scintigraphy with "Lu-PSMA
was assessed in patients with PC with elevated PSA levels
and negative findings on conventional imaging examinations
(MSCT, MRI) [48]. The analysis included 26 patients with PSA
failure after curative therapy; "’Lu-PSMA was administered,
and SPECT/CT and whole-body planar scintigraphy were
then performed. According to SPECT/CT findings, the total
metastasis detection rate was 38.5%, with secondary lesions
being most frequently detected in the lungs, abdominal lymph
nodes, and mediastinum. When PET/CT with ®Ga-PSMA

d -

&
¥

» ,

Fig. 3. a, Whole-body scintigraphy with "Lu-PSMA, anterior view; b, posterior view of December 2021: diffuse-plus-focal
radiopharmaceutical hyper uptake of differing intensity, multiple PSMA-positive bone lesions; c: whole-body scintigraphy with 7Lu-
PSMA, anterior view; d, posterior view of April 2022: reduced radiopharmaceutical uptake in the lesions, absence of new areas of

radiopharmaceutical hyper uptake.
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is unavailable, SPECT/CT with "Lu-PSMA can detect
secondary lesions in more than one-third of patients, making
it a valuable diagnostic tool in mCRPC patients (Fig. 3).

Several authors have conducted comparative studies
of SPECT/CT and MRI. When assessing the potential
of SPECT/CT and whole-body MRI in patients with bone
metastases, the sensitivity, specificity, and precision of both
methods were found to be 94.4%, 75%, and 92.3%, respectively,
indicating that these modalities are complementary
(Table 1) [23, 49, 50].

Positron ~ emission  tomography  with  CT
is a hybrid radionuclide diagnostic method that makes use
of a three-dimensional distribution of radio-emitting
indicators labeled with positron (B*) emitters. This
enables the noninvasive assessment of the body’s
biochemical and functional processes [45]. PET/CT uses
radiopharmaceuticals such as ®F-FDG (fluorodeoxyglucose)
and amino acid-based agents to detect diverse molecular
and cellular mechanisms of tumor metabolism [45].

Semiquantitative measurements and the standardized
uptake value (SUV) allow for the differentiation of malignant
and benign lesions [51].

The use of ®F-FDG PET/CT in the initial assessment and PC
staging is restricted. This approach is not recommended
for detecting bone metastases in patients with PC. Low bone
tissue glucose consumption and inadequate ®F-FDG uptake
make it difficult to identify osteoblastic lesions. Moreover,
this approach does not distinguish between primary
and secondary lesions, particularly for small lesions [45].

BF-NaF (sodium fluoride) is a positron emitter that
binds to osteoblasts during osteogenesis, producing positive
findings in both benign and malignant lesions [51].

In PC, proliferating tumor cell membranes contain
BF-CH (fluorocholine) [52]. ®F-CH exhibits a longer half-life
than "C-choline (up to 109.8 minutes vs. 20.4 minutes),
making it appropriate for PET centers without a cyclotron
and increasing its availability. Compared to '®F-FDG, this
agent was reported to be more successful in detecting
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metastases in PC because of greater radiopharmaceutical
uptake in bone lesions [53].

When analyzing the PET/CT findings in patients
with bone metastases, ®F-CH and "F-NaF demonstrated
comparable sensitivity of 91%. However, the specificity
of PET/CT with ™F-CH and ®F-NaF was 89% and 83%,
respectively [54].

PET/CT identifies metabolic changes before the detection
of morphological changes by MSCT. ®F-CH PET/CT is comparable
to whole-body MRI and superior to bone scintigraphy
and MSCT. However, it is linked to disadvantages such
as the flare phenomenon, inadequate liver and urinary tract
imaging, and inconsistent detection of small lesions at low
serum PSA levels [27].

The effectiveness of antineoplastic treatment can be
predicted using quantitative data on radiopharmaceutical
uptake provided by PSMA PET.

The FDA approved ®®Ga-PSMA and "™F-PSMA in 2020
and 2021, respectively, as the first and second PSMA PET
indicators for patients with PSA failure [55].

According to the working group guidelines (PCWG3, 2016),
the evaluation of baseline data and follow-up in patients
with PC must be based on diagnostic radiological findings [43].
The RECIST 1.1 criteria for anatomical imaging must be used
to solid tumors identified by MSCT and MRI [56], whereas
the response criteria (PERCIST) must be used to evaluate
PET/CT results [57].

Anatomical imaging methods along with serum PSA
measurement are used to evaluate therapy response for solid
tumors in PC patients based on the RECIST criteria [58].

According to the PERCIST criteria, the response
to treatment is assessed qualitatively (e.g., based
on the presence/absence of lesion activity) and quantitatively,
where the initial and follow-up imaging parameters must be
identical. The standardized uptake value normalized by lean
body mass (SUL) is used for measurements. The results are
presented as a percentage of the peak SUL for the lesion
exhibiting the highest activity [59].

Table 1. Comparison of the diagnostic criteria for bone lesion detection employing diagnostic radiological techniques

Din":g':}?::c Study (publication) Patients/studies, n Sensitivity, % Specificity, %
Radiography Kitagawa et al., 2018 [20] 129 45.8 80.9
MSCT Liu et al., 2017 [22] 183 (3) 79.2 92.3
MRI Liu et al., 2017 [22] 381 (7) 94.1 94.2

Sun et al., 2020 [31] 1939 (15) 94 99
SPECT/CT Sun et al., 2020 [31] 1939 (15) 80 95
Sheikhbahaei et al., 2019 [42] 507 (14) 79 62
Shen et al., 2014 [43] 901 (12) 83 82
OO3KT/KT Liu et al., 2017 [22] 343 (4) 90.3 86
Mohd Rohani et al., 2020 [46] 34 73.8 85.4
N3T/KT Liu et al., 2017 [22] 403 (5) 89.8 63.3
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Maffey-Steffan et al. [58] compared the findings
of ¢8Ga-PSMA PET/CT (interpreted using modified PERCIST
criteria, with a semiquantitative SUVmax analysis)
and whole-body "Lu-PSMA scintigraphy performed
24 hours after treatment, using the tumor-to-background
ratio. Progression was defined as the emergence of new
lesions and/or increased radiopharmaceutical uptake,
partial remission as the elimination of one or more
lesions and/or decreased radiopharmaceutical uptake,
and stable disease as no changes in the number of lesions
and radiopharmaceutical uptake. A mixed response was
characterized by the elimination of some lesions and/or their
decreased radiopharmaceutical uptake, with the emergence
of new lesions. The results matched the visual perception
of various imaging methods. The interpretation
of 24-hour SPECT/CT findings is sufficiently accurate,
andthetechniqueis simple and cost-effective. Follow-up PET/CT
is time-consuming, making examinations in patients
with pain syndrome challenging. For monitoring patients,
the PSA level must be measured and 24-hour
SPECT/CT findings must be analyzed, whereas PET/CT
should be utilized for patient selection and treatment
efficacy assessment [59].

The LifeX software was used for assessing “Ga-PSMA
PET/CT images, including the analysis of PSMA levels
and their expression in the tumor, with a prespecified SUV
threshold of 3.0 (based on software settings) and 45% (based
on published findings of previous studies). The resulting data
were manually updated. A decline in tumor volume and PSMA
expression after treatment was reported in 63% and 74%
of patients, respectively; moreover, there were significant
differences in SUVma values before and after treatment.
The authors concluded that a quantitative analysis
of the molecular volume and PSMA expression in the tumor
can be employed to assess the response to "’Lu-PSMA
therapy [57, 601.

Another study used "F-NaF PET/CT and *™Tc SPECT/CT
to assess SUVimax, SUVpeak, SUVimean, metabolic bone volume,
and total bone uptake. The formula SUVpenxMBV was
applied for each lesion with radiopharmaceutical uptake.
The preliminary conclusion was that SUV parameters
with SPECT/CT were substantially lower than those with
PET/CT. However, compared to PET/CT, the radiopharmaceutical
uptake with SPECT/CT was significantly higher. The values
of metrics calculated for metastatic lesions were significantly
higher than those for benign lesions [61].

Vlachostergios et al. [62] compared “Ga-PSMA
PET/CT with a quantitative assessment and SPECT/CT
with a semiquantitative assessment in "’Lu-PSMA therapy.
Three lesions with the highest radiopharmaceutical uptake
in comparison to the liver were evaluated using SPECT/CT
results. A five-point scale was used, with 0 denoting no
changes, 1 denoting low tumor activity, 2 denoting strong
tumor activity but below that of the liver, 3 denoting tumor
activity equal to that of the liver, and 4 denoting tumor activity
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greater than that of the liver. The PET/CT findings were then
used to evaluate the average SUV. for the five lesions
with the greatest radiopharmaceutical uptake compared
to the SUViean of the liver. The following scale was used:
0 =no changes, 1 = SUVpax < SUViean f the liver, 2 = SUV i =
1-2.5 x SUVpean Of the liver, 3 = SUViax = 2.5-5 x SUViean
of the liver, and 4 = SUVinax >5 x SUViean 0f the liver. The authors
found that semiquantitative PSMA measurements using
SPECT/CT and PET/CT can serve as prognostic indicators
of overall survival in patients with mCRPC because this
parameter represents the metastatic load.

A study [63] assessed the efficacy of radioligand therapy
with Lu-PSMA in patients with mCRPC. A technique
developed in Germany has shown a significant increase
in the overall survival and quality of life. In a multicenter
study, 145 patients received one to four rounds of "Lu-PSMA
treatment, with an overall biochemical response of 45%.
For patients with PSA failure, PSMA-based hybrid imaging
greatly increases the diagnostic efficacy. PSMA PET/CT can
be valuable in radiotherapy planning because it can identify
affected lymph nodes and rule out distant metastases,
resulting in treatment adjustments in up to 30% of patients.
Radionuclide therapy with labeled PSMA analogs enhances
the diagnosis and treatment of mCRPC, which needs to be
validated in prospective studies.

A multicenter, retrospective study was conducted
by a group of researchers [64] to establish a RECIP 1.0-based
approach (PSA + RECIP) to standardize the criteria of response
to ""Lu-PSMA therapy based on PET/CT findings for treatment
efficacy assessment in mCRPC. This study aimed to formulate
an integrated response classification combining laboratory
PSA levels and response criteria based on PET/CT findings.
This approach incorporated the analysis of the PSMA-positive
tumor volume (PSMA VOL) and the detection of new
metastases, employing a standardized system to determine
the response criteria.

This method yielded four response categories: RECIP-CR
for complete response, RECIP-PR for partial response,
RECIP-PD for disease progression, and RECIP-SD for stable
disease.

The results achieved using the RECIP 1.0 approach (PSA +
RECIP) included the following:

+ Reduction in PSA levels by =50% or RECIP-CR/RECIP-PR;
+ Rise in PSA levels by >25% or RECIP-PD.

The study assessed the predictive value of RECIP 1.0
in terms of increases in overall survival. However, these
findings must be corroborated in prospective studies [64].

Like all diagnostic radiology techniques, PET/CT has
limitations, including motion artifacts, which result in incorrect
image matching, and truncation artifacts due to differences
in the field of view of CT and PET scanners (50 cm vs. 70 cm),
especially in patients with excess body weight. Another
disadvantage is that when PET shows radiopharmaceutical
uptake, no changes are observed on CT. The results of these
examinations must be interpreted with caution [45].
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Table 2. Comparison of the diagnostic radiological techniques
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Diagnostic
radiological
technique

Bone tissue
metabolism

Bone tissue
morphology

Radiopharmaceutical
metabolism

Bone marrow

. Diffusion
lesions

Radiography

MSCT

MRI

Bone scintigraphy
SPECT/CT

PET/CT

Note. Highlighted: the parameter is present; not highlighted: the parameter is absent.

Table 2 presents a comparison of diagnostic radiological
procedures based on the parameters that indicate the presence
of bone metastases in PC (adapted from Isaac et al. [65]).

Thus, available evidence demonstrates the heterogeneity
of data regarding the diagnostic utility and potential
of diagnostic radiological techniques, which are essential
for the noninvasive assessment of mCRPC.

CONCLUSION

There are multiple diagnostic radiological techniques
and associated approaches for the quantitative assessment
of mCRPC. These techniques are widely employed in mCRPC
diagnosis and staging, as well as in treatment strategy
selection and efficacy assessment. The advantages
and disadvantages of imaging examinations in this patient
population are considered complementary because of their
differing sensitivity and specificity; thus, an integrated use
of these techniques is recommended.

A review of published evidence suggests that radionuclide
diagnosis and therapy with "’Lu-PSMA and “*Ac-PSMA can
be a promising strategy. These radiopharmaceuticals offer
unique opportunities for targeted therapy and quantitative
assessment of ’Lu-PSMA therapy efficacy through diagnostic
radiological techniques.
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Ultrasound in in vitro fertilization programs
Evgeniya V. Kirakosyan

City Clinical Hospital N2 31, Moscow, Russia

ABSTRACT

Currently, increasing attention is being paid to the value of ultrasound as an integral part of in vitro fertilization programs,
which determines the relevance of the topic of this review. This review analyzes the main studies published in recent years
and attempts to identify the leading method for assessing ovarian reserve and predicting in vitro fertilization outcome, which
remains controversial. The paper evaluates advantages and limitations of two-dimensional and three-dimensional transvaginal
ultrasound methods for counting ovarian follicles. Ultrasound characteristics of the endometrium and blood flow parameters
in the uterine arteries are presented as possible predictors of the outcome of in vitro fertilization programs. The current options
for transabdominal oocyte aspiration for in vitro fertilization programs are presented. The analysis of literature data concluded
the high informational value of ultrasound for in vitro fertilization programs.

Keywords: ovarian reserve; number of ovarian follicles; transvaginal ultrasound; in vitro fertilization; assisted reproductive
technologies.
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yanpa3BYKOBOE uccneposaHue B nporpaMmMmax
JKCTpaKopmnopasibHOro onynoAoTBoOpeHuA

E.B. KupakocsH

lopoackas knnHuyeckas bonbHuua N° 31 umenn akapgemuka .M. CasenbeBoii, MockBa, Poccus

AHHOTALIMA

B HacTosLLee BpeMsi BCE oMbl BHUMaHUS YAENSOT LEHHOCTW YNbTPa3ByKOBOro UCCNEeA0BaHNS Kak HeOTbeMIIEMOM YacTy
MporpamMM 3KCTPaKopnopasibHOro ON0A0TBOPEHHS, YeM 0BYC0BIEHa aKTyanbHOCTb TeMbl JaHHOro 063opa. B npeacTaeneH-
HOM 0630pe Hay4HOMN IMTEPaTYpbl, OCHOBaHHOM Ha CaMblX 3HAYUMbIX UCCIIEA0BaAHUSX NOCNELHUX NIET, CAENaHa NOMbITKa 0T-
BETUTb Ha AMCKYCCUOHHBIN BOMpOC 0 BblGope BeAyLLLEro METOAa OLIEHKW 0BapuasibHOro pe3epBa U NPOrHO3MPOBaHUS pesyib-
TaToB NPOrPaMM 3KCTPAKOPopasbHOro ONJoA0TBOPeHMS. B paboTe npoBeAEH aHanm3 NpeuMyLLIECTB U HELOCTATKOB METOA0B
[LBYXMEPHOr0 1 TPEXMEPHOT0 TPaHCBArMHANbHOIO YNbTPa3BYKOBOrO MCCNeoBaHUs NpK NoacyéTe Konmyectsa honnKynoB
AMYHUKOB. [pUBEEHDI YTIbTPA3BYKOBbIE XapPaKTEPUCTUKM 3HAOMETPUS U MOKa3aTeNn KPOBOTOKA B MaTOYHbIX apTepusx, siB-
NAIOLLMECS BO3MOXHBIMU NPeMKTOPaMU pe3ynbTaToB MporpamMM 3KCTPAKOpnopanbHOro onnofoTBopeHus. MpencTaBneHb
COBPEMEHHbIE BO3MOXHOCTW TPaHCabaoMUHaMbHOM acnupaLmu 00LMTOB B MPOrpaMMax 3KCTPaKopMopasbHOro Onjof0Teo-
peHus. B pe3ynbTate aHanu3a AaHHbIX IUTEpaTypbl CAeNaH BbIBOA O BbICOKOW MHOPMATUBHOCTY YNbTPa3BYKOBOrO UCCNef0-
BaHWs B MPOrpaMMax 3KCTPaKOPNOpasbHOro ONJ0A0TBOPEHHUS.

KnioueBble cno.a: OBapI/IaJ'IbeIVI peseps; KO/M4ecTBO CIJOJ'IJ'IVIKy.l'IOB AWYHUKOB; TPaHCBarvHasibHOE YNbTPa3ByKOBOE
nccnenoBaHue; 3KCTpakKopnopasbHoe onJioA0TBOpeHUe; BCnoMoraTtesibHble penpoayKTUBHbIE TEXHOJIOTUN.
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OVARIAN RESERVE MARKER: ANTRAL
FOLLICLE COUNT OR ANTI-MULLERIAN
HORMONE LEVEL?

In vitro fertilization (IVF) programs rely on assessing
ovarian reserve, tailoring ovarian stimulation protocols,
and predicting the ovarian response. These steps are crucial
for obtaining mature oocytes, ensuring effective aspiration,
generating high-quality embryos, and ultimately improving
clinical pregnancy rates [1]. The follicular apparatus—
comprising follicles at various stages of development
within the ovarian cortex—serves as an ultrasound
(US)-based indicator of ovarian reserve [2]. In 2018,
an international consensus endorsed the use of the antral
follicle count (AFC) via transvaginal US for this purpose [3].
The examination is conducted with the patient in the lithotomy
position and the bladder emptied. The ovaries are evaluated
using the following protocol:

» Each ovary is scanned in both longitudinal and coronal
views to identify the best imaging plane.

« The ovary is positioned to fill at least 50% of the US
screen along its longest axis.

o US settings are adjusted to maximize contrast
between the follicular fluid and ovarian stroma.

» Measurements are taken along the inner diameter of all
non-echogenic follicular areas, spanning from the upper
to the lower pole of the ovary. For round follicles,
the diameter is measured directly; for oval follicles, both
the long and short axes are measured, and the mean is
calculated.

» Only follicles measuring 2-10 mm in diameter are
counted; those smaller than 2 mm or larger than 10 mm
are excluded.

» The presence or absence of a dominant follicle, ovarian
cysts, or tumors is noted.

o If uncertainty arises, the
from an alternative imaging plane.

« The total follicle count from both ovaries is recorded [3].
Discrepancies between AFC and blood anti-Miillerian

hormone (AMH) levels are frequently encountered in clinical

settings. In 2019, the Peking University Clinic conducted

a study involving 1,121 women with infertility who underwent

IVE. AFC and AMH levels were assessed on Days 2-3

of the menstrual cycle. Transvaginal US was performed using

the Aloka™ SSD-1000 scanner (Hitachi Aloka Medical, Japan)
equipped with a 5 MHz vaginal probe. Based on the results,

patients were categorized into four groups: group A

(n = 611) included those with both normal AFC (>7) and AMH

(1.1 ng/mL); group B (n=85) had normal AFC (>7) but low AMH

(<1.1 ng/mL); group C (n = 118) had low AFC (<7) with normal

AMH (1.1 ng/mL); and group D (n = 307) had both low AFC

scan is repeated
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(<7) and low AMH (<1.1 ng/mL). A total of 203 patients
(18.11%, Groups B and C) exhibited discordance between AFC
and AMH values. Among these, patients in group B had
significantly higher numbers of aspirated oocytes and high-
grade embryos, along with a higher clinical pregnancy rate,
and a lower incidence of poor ovarian response compared
to group C [4]. The study revealed that approximately one
in five patients undergoing IVF showed discrepancies
between AFC and AMH levels in routine clinical practice. AFC
was identified as the more reliable marker for assessing
ovarian reserve and predicting ovarian response and IVF
outcomes.

A multicenter retrospective study was conducted
using data from 5 reproductive medicine centers in China,
comprising 89,002 patients and 327,059 IVF cycles, to compare
the diagnostic value of various ovarian reserve markers.
The markers assessed included AFC, AMH level, follicle-
stimulating hormone (FSH) level, and patient age. Both
AMH and AFC individually demonstrated high diagnostic
performance, with AUC' values of 0.862 and 0.842,
respectively. However, the highest diagnostic accuracy was
achieved when combining AMH level, AFC, FSH level, and age
(AUC 0.873). The authors noted that AMH levels can be reliably
evaluated using an automated electrochemiluminescence
assay. They also recommended assessing AFC in conjunction
with patient age (AUC 0.846) [5].

Another study analyzed data from 15,283 patients
and 25,854 ovarian stimulation cycles conducted across
12 assisted reproductive technology (ART) centers in France.
Among 25-year-old patients, the mean AFC was 16.3
(95% CI?, 14.5-18.4), showing a linear decline of 3.9% per year
(p < 0.001). The mean AMH level was 3.9 ng/mL (95% Cl, 3.6-
4.2 ng/mL), decreasing by 5% annually. The study found only
a weak correlation between AMH levels and AFC, with half
of the patients who had low AMH levels still exhibiting normal
AFC values. According to the authors, two main factors
limit the reliability of AMH level assessment: the absence
of international standardization in automated laboratory
methods—which tend to report AMH values 16%-20%
lower than manual methods—and the high cost of testing.
In France, AMH is typically measured once per year, whereas
transvaginal US with AFC evaluation is routinely included
in all ART protocols [6].

A 2023 systematic review and meta-analysis of 42 studies
involving 7,190 patients demonstrated that both AFC and AMH
levels are strong predictors of ovarian response, whether
favorable or poor. The review concluded that AFC is slightly
more accurate than AMH in identifying poor ovarian
response [7].

Currently, there is no consensus on whether AFC or
AMH should be the primary marker for guiding ovarian

T AUC ROC, area under the ROC curve (the sensitivity and specificity parameter characterizing the validity of diagnostic tests).

2 Confidence interval.
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stimulation. However, most researchers agree that AFC
is at least as diagnostically valuable as AMH, and in some
cases preferable due to its greater technical accessibility
and lower cost.

DOES THE NUMBER OF FOLLICLES
VARY BY MENSTRUAL CYCLE DAY?

Ovarian reserve depends on the number of primordial
follicles present in the ovaries. As there are currently no
methods to directly measure the number of primordial
follicles, ovarian reserve is assessed indirectly using
patient age, AFC, and serum AMH levels. AMH levels can
be measured on any day of the menstrual cycle [8]. Over
the past decade, it has been recommended to perform AFC
assessment during the early follicular phase of the cycle,
likely to standardize evaluation. However, this timing
for transvaginal US is often inconvenient for both patients
and clinicians [9].

A study published in 2022 included 410 patients
aged 20-42 years with regular menstrual cycles who
underwent a single IVF cycle. AFC was measured twice
using transvaginal US with the Voluson™ S8, E8, or E10
systems (GE Healthcare, USA), equipped with a high-
frequency 3D vaginal probe (>7 MHz). Follicles measuring
2-10 mm in diameter were counted in each ovary,
and the total AFC was calculated as the sum. The first AFC
measurement was taken during the initial consultation
on a random day of the menstrual cycle: 150 patients (36.8%)
in the early follicular phase (Days 1-6), 177 patients (43.2%)
in the midfollicular phase (Days 7-12), and 83 patients (20%)
in the luteal phase (Day 13 or later). The second AFC was
measured on the day ovarian stimulation began. AMH levels
were measured during the early follicular phase. A positive
correlation was found between the random-day AFC and AMH
levels (r=0.69, p < 0.001), the AFC on the day of stimulation
(r=0.75, p < 0.001), and the number of aspirated oocytes
(r = 0.49, p < 0.001) [9]. These findings indicate AFC has
strong diagnostic value for assessing ovarian reserve
and is a reliable predictor of ovarian response, regardless
of the menstrual cycle day.

A retrospective study involving 3,117 women
with infertility demonstrated that AFC is a reliable predictor
of poor ovarian response (defined as fewer than four
aspirated oocytes), regardless of the menstrual cycle
day [10]. In a separate analysis of 72 women with malignant
neoplasms who underwent IVF for fertility preservation,
AFC measured on any day of the cycle was found
to be a strong predictor of the number of mature oocytes
retrieved [11]. Importantly, the ability to assess AFC on any
day of the menstrual cycle avoids scheduling difficulties
during menstruation for both patients and physicians
and reduces the need for repeat examinations, thereby
lowering the logistical burden. Performing transvaginal
US with AFC assessment during the midfollicular or late
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follicular phase also offers reliable information on ovarian
reserve and allows simultaneous assessment of ovarian
and uterine anatomy [9].

COUNTING OVARIAN FOLLICLES AND
PREDICTING THE NUMBER OF MATURE
OOCYTES: 2D OR 3D TRANSVAGINAL
ULTRASOUND EXAMINATION?

Recent improvements in US technology have
significantly enhanced image resolution and quality. In ART
programs, high-frequency vaginal probes have replaced
abdominal transducers, leading to better visualization
of the uterus and ovaries. 2D transvaginal US is a well-
established diagnostic method in reproductive medicine.
3D transvaginal US is a newer technique, and ongoing
research is evaluating its potential benefits and limitations.
The quality of ovarian imaging by transvaginal US largely
depends on the US system used. In 2D US, the accuracy
of follicle identification and measurement depends
heavily on the operator’'s experience. In contrast, 3D
US requires only one high-quality image per ovary
to automatically calculate ovarian volume, follicle diameter,
and AFC [12, 13]. The oblique coronal plane view available
in 3D US allows for more precise volume measurement,
improving the consistency and reliability of the results—
particularly important when evaluating irregularly shaped
structures like follicles during ovarian stimulation [14].
The ability to store and later review data, including
images in any plane, helps reduce diagnostic uncertainty
during treatment planning. A prospective study involving
89 women undergoing IVF found no significant differences
in the number or size of follicles when comparing
manual assessment to 3D transvaginal US. However, 3D
transvaginal US significantly reduced total examination time
compared to 2D US (1 min vs. 2 min, p < 0.01), even though
it required additional time for operator setup. Additionally,
3D US demonstrated significantly better data reproducibility
than 2D, indicating lower interoperator variability [15].

Another study assessed 50 women aged 18-37 years
undergoing IVF. Both 2D and 3D transvaginal US were
performed using the Voluson™ S8 system with a 5-10 MHz
RIC5-9-RS vaginal probe (GE Healthcare, USA). To evaluate
interoperator variability, two operators performed scans 1 h
apart. 2D US followed standard procedures. Subsequently,
each patient underwent 3D US with the following steps:

« Identification of the maximum ovarian diameter

« Image stabilization

« Full ovary 3D scanning

« Ovary volume measurement using Virtual Organ

Computer-Aided Analysis (VOCAL™, GE Healthcare),

with 30° rotational steps in the coronal and longitudinal

planes, and reconstruction of transverse and coronal
images
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« Definition of the region of interest through computerized
mechanical slow scanning, followed by saving of the 3D
dataset
The SonoAVC™ automated volume count software

(GE Medical Systems, Austria) was used to identify

and measure the number and diameter of fluid-filled areas

(follicles). The time for each 2D and 3D transvaginal US

procedure was recorded with a precision of 1 s. The mean

time for automated AFC and ovary volume assessment using
3D transvaginal US was significantly shorter than with 2D US,

although the diagnostic value of both methods was similar [16].
Assessing follicle maturation and determining

the appropriate timing for oocyte aspiration are critical

for obtaining mature oocytes without complications [17].

Previous studies have suggested that final follicular maturation

should be triggered when the dominant follicle reaches

a diameter of 16—22 mm according to 2D transvaginal US [18].

A recent study found that aspirating follicles with diameter

of 19-24.5 mm result in high-quality embryos [19]. Manually

counting follicles with an average diameter of >10 mm using 2D
transvaginal US remains a reliable predictor of mature oocyte
numbers, although some studies indicate this parameter does
not always correlate with mature oocyte counts [20]. In a study
involving 515 women undergoing IVF, 3D transvaginal US was
used on the day of final follicular maturation trigger to assess
the dominant follicle volume as a predictor of mature oocyte
count, using artificial intelligence. The threshold dominant
follicle volume was found to be 0.5 cM3, and this new marker
significantly outperformed the conventional marker (p <

0.001) [21].

Both 2D and 3D transvaginal US offer comparable
diagnostic value for assessing the AFC and determining
ovarian reserve. 3D transvaginal US allows for automated
AFC and ovary volume measurement with high accuracy
and efficacy, and its ability to measure follicle volume helps
predict the number of mature oocytes. Additionally, 3D
transvaginal US has the advantage of a shorter examination
time compared to 2D US. In high-volume ART clinics, using
3D transvaginal US can reduce exam time and increase
the number of IVF procedures. Conversely, 2D transvaginal
US can still be effectively used in clinics with lower patient
volumes or in resource-limited settings with fewer healthcare
resources [16].

ULTRASOUND EXAMINATION
OF THE ENDOMETRIUM

FOR PREDICTING CLINICAL
PREGNANCY RATES

Transvaginal US is a noninvasive, reproducible,
and accessible method commonly used in IVF programs
to assess the endometrium [22]. A 2014 systematic review
and meta-analysis of 22 studies involving 10,724 patients
found that endometrial thickness measured by transvaginal
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US does not significantly predict IVF outcomes. The analysis
showed that an endometrial thickness of <7 mm was
associated with a decreased likelihood of pregnancy; however,
such thin endometrium are rare. Notably, none of the studies
included in the review examined the endometrial histology
in patients with thin endometrium to explore the potential
underlying pathophysiological mechanisms [23].

In 2016, a study conducted in China evaluated 3D
transvaginal US parameters as potential predictors
of implantation and pregnancy rates in IVF programs. The study
included 435 first-time IVF patients who underwent a long
ovarian stimulation protocol. On the day of human chorionic
gonadotropin injection, 3D transvaginal US was used to assess
endometrial thickness, structure, volume, and hemodynamic
parameters, including peak systolic velocity, end-diastolic
velocity, pulsatility index (Pl), resistance index (RI), systolic/
diastolic ratio (S/D), vascularization index (VI), flow index (FI),
and endometrial and subendometrial vascularization flow index
(VFI). Two or more high-grade embryos were obtained in all
cases, and they were transferred on Day 3. The procedure led
to clinical pregnancy in 253 patients (58.2%) and miscarriage
in 49 patients (11.3%), while 133 patients (30.5%) did not
conceive. No significant differences were found in endometrial
thickness, volume, and structure, or in the hemodynamic
parameters (Pl, RI, S/D, VI, FI, and VFI) among the three
groups. Patients with relatively low endometrial thickness
(<8.5 mm; 10%) experienced both successful and unsuccessful
pregnancies, and these patients had similar endometrial
volume and structure and hemodynamic parameters (PI, R,
S/D, VI, FI, and VFI) [24].

A recent meta-analysis that included 14 studies involving
4,842 women of similar age who underwent IVF found
that women who became pregnant had significantly higher
endometrial thickness and volume, as well as higher uterine
artery vascularization indices (VI, FI, and VFI), compared
to those who did not become pregnant. In contrast, the S/D
was lower in women who achieved pregnancy. There were
no significant differences in the Rl and PIl. The authors
concluded that endometrial receptivity plays a significant
role in implantation rates and that endometrial thickness
and volume, in combination with uterine artery S/D, VI, Fl,
and VFI assessed via transvaginal US, can serve as predictors
of IVF outcomes [25].

Thus, the role of US evaluation of the endometrium
and uterine blood flow in predicting clinical pregnancy rates
in IVF remains a subject of debate.

TRANSABDOMINAL 0OCYTE
ASPIRATION IN THE IN VITRO
FERTILIZATION PROGRAM

Transvaginal oocyte aspiration is preferred
over the transabdominal approach due to its quicker and less
invasive nature [26]. In a 2015 comparative study conducted
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in the USA, 278 patients underwent transvaginal oocyte
aspiration, while 95 patients underwent transabdominal
oocyte aspiration (15 had only transabdominal oocyte
aspiration, and 80 had both transabdominal and transvaginal
approaches). The average age of the patients was
3760 + 5.15 years. The average procedure time was
20.2 min for transvaginal oocyte aspiration and 28.2 min
for transabdominal oocyte aspiration, with the latter
usually performed after an attempted transvaginal oocyte
aspiration. Hemostatic suturing was required in two patients
in the transvaginal group and one in the transabdominal
group. No hospitalizations or infections requiring antibiotics
were reported in either group. After transabdominal oocyte
aspiration, 39.4% of patients experienced mild pain, and 51.1%
experienced moderate to severe pain. In the transvaginal
oocyte aspiration group, 20.4% of patients reported mild pain,
while 42.5% reported moderate to severe pain. There were
no significant differences in the incidence of complications
or pregnancy rates between the study. The authors created
a scoring system to determine the need for transabdominal
oocyte aspiration based on the following factors: low-quality
ovarian imaging with transvaginal US (4 points), a history
of pelvic surgery (3 points), and a body mass index >30 kg/m?
(2 points). For a total score of =4 points, the system showed
a sensitivity of 75%, specificity of 80%, positive predictive
value of 57%, and negative predictive value of 90%. In this
study, only 57% of patients with a score of >4 points required
transabdominal oocyte aspiration after transvaginal oocyte
aspiration. Therefore, a positive score indicates a higher
risk of needing transabdominal oocyte aspiration but is not
an absolute indication for it. The authors concluded that
transabdominal oocyte aspiration is a useful supplementary
approach to transvaginal oocyte aspiration, yielding
more oocytes in certain cases when the scoring system
is applied [27].

A 2020 study involved 64 women who underwent
transabdominal oocyte aspiration for various reasons,
including fertility preservation in virgins with diminished
ovarian reserve, malignant and benign neoplasms, ovarian
transposition due to intestinal surgery, and Mayer—
Rokitansky—Kiister-Hauser syndrome. The procedure was
performed using a 17G double-lumen aspiration needle
(Cook Medical, USA) and a 150-180 mm Hg aspiration pump
(Labotec, Germany), under US guidance with the Logiq™
P5 scanner and a 4-8 MHz vaginal US sensor (Shimadzu,
Japan). The vaginal US sensor was chosen for its pointed
tip and smaller surface area, which allowed for precise
pressure application in the target area during oocyte
aspiration. The sensor was positioned to view the ovary,
and all patients emptied their bladder before the procedure
to ensure the ovaries were close to the sensor. The average
AFC was 6.14 + 1.30, with a total of 315 aspirated oocytes
and an average of 4.92 + 1.70 per patient. The mean procedure
time was 12.4 + 1.2 min, similar to the transvaginal approach.
The number and percentage of mature oocytes were 272
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and 86.3%, respectively, which was a favorable outcome.
A total of 14 frozen embryos were obtained for 4 patients,
and transferring one embryo resulted in a live birth [28].

In 2023, the same authors conducted a study
on transabdominal oocyte aspiration using a vaginal US
sensor for fertility preservation in 116 virgins with diminished
ovarian reserve (80.1%) and malignant or benign neoplasms
(19.9%). The control group consisted of 33 women
of similar age, clinical characteristics, hormone levels,
and ovarian reserve who underwent transvaginal oocyte
aspiration for the same indications (84.8% and 15.2%,
respectively). No significant differences were observed
between the groups in terms of the mean duration of ovarian
stimulation (8.05 + 1.91 days vs. 8.35 + 1.72 days), mean total
gonadotropin dose per stimulation cycle (1,507.9 + 475.3 U
vs. 1,571.74 + 404.60 IU), average procedure time
(12.4 £ 1.2 min vs. 13.4 + 1.6 min), mean AFC (4.62 + 4.54
vs. b5.44 = 4.52), mean number of aspirated oocytes
(4.44 + 414 vs. 5.33 + 4.52), mean number of frozen mature
oocytes (4.01 + 3.67 vs. 4.53 + 4.13), percentage of mature
oocytes (78 + 24% vs. 82 + 26%), and percentage of follicles
(86 + 63% vs. 84 + 19%). Two patients in the treatment group
experienced a superficial epigastric artery injury, which
resolved on its own[29].

In 2006, a clinical case of transabdominal oocyte
aspiration was reported in Israel involving a 29-year-old
patient with Mayer—Rokitansky—Kiister—Hauser syndrome
and an unusually high ovarian position in the hypochondrium.
A 3-5 MHz abdominal US sensor (Philips Medical
Systems, USA) was used. A single puncture was made
on each side with a 17-G double-lumen aspiration needle.
All accessible follicles were aspirated along the shortest
path from the anterior abdominal wall to the ovaries,
with simultaneous imaging of the right kidney, gallbladder,
intestine, liver, and spleen. A total of 4 IVF cycles were
performed, resulting in the aspiration of 19 oocytes, retrieval
of 13 zygotes, and transfer of 11 embryos to a surrogate
mother; however, pregnancy did not occur [30].

In 2011, a comparative retrospective study was conducted
in the USA with 69 patients who underwent transvaginal
oocyte aspiration and 69 patients who underwent
transabdominal oocyte aspiration (of which 57 patients had
transabdominal oocyte aspiration alone, and 12 patients had
both transabdominal and transvaginal oocyte aspiration).
Transabdominal oocyte aspiration was performed when
one or both ovaries were inaccessible for transvaginal
aspiration due to conditions such as adenomyosis, uterine
fibroids, obesity, congenital reproductive tract disorders,
surgical ovarian transposition, or pelvic adhesions.
A 17G double-lumen aspiration needle (Cook Medical, USA)
and a 1-4 MHz abdominal US sensor (Acuson Sequoia™,
Siemens Healthineers AG, Germany) were used, positioned
in the ovary view. The number of retrieved oocytes
in the transabdominal oocyte aspiration group (including both
transabdominal and transvaginal) was significantly lower
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than in the transvaginal oocyte aspiration group (11.9 + 0.8
vs. 14.1 = 1.0, respectively; p = 0.008). However, there were
no significant differences between the groups in the number
of mature oocytes (9.2 = 0.9 vs. 7.3 + 0.9 respectively;
p = 0.14), damaged oocytes (0.09 + 0.05 vs. 0.07 + 0.04,
respectively; p = 0.94), fertilization rate (63.4 + 3.1% vs.
67.1 + 2.7%, respectively; p = 0.35), high-grade embryos
(6.4 £ 0.6 vs. 7.7 £ 0.7, respectively; p = 0.08), or pregnancy
rates (27.5% and 36.2%, respectively; p = 0.36). The authors
concluded that US-guided transabdominal oocyte aspiration
is a safe and effective method that can be used when ovaries
are inaccessible for transvaginal aspiration [31].

Available studies suggest that US-guided transabdominal
oocyte aspiration is a feasible, effective, and safe option
for oocyte retrieval in IVF programs, particularly for fertility
preservation and in cases where ovaries are inaccessible
for transvaginal oocyte aspiration.

CONCLUSION

US examinations play a crucial role in IVF programs,
providing diagnostic value comparable to other diagnostic
methods. Assessing ovarian reserve and predicting
ovarian response and IVF outcomes requires determining
the number of ovarian follicles. Some studies suggest that
the AFC can be measured at any point during the menstrual
cycle without compromising diagnostic accuracy, offering
convenience for both patients and clinicians. 3D transvaginal

REFERENCES

1. Li YW, Liang XW, Fang JH, Chen ZY. Application of ultrasound
markers measured at different time points of COH cycle in the prediction
of ovarian response for individualised ovulation induction. J Obstet
Gynaecol. 2022;42(5):1467-1473. doi: 10.1080/01443615.2021.2004101
2. Ozerskaya IA. Manual on ultrasound diagnostics in obstetrics and
gynecology: textbook. Moscow: MEDpress-Inform; 2021. (In Russ.).
EDN: RNUAQE doi: 10.24421/978-5-00030-860-8

3. Coelho Neto MA, Ludwin A, Borrell A, et al. Counting ovarian
antral follicles by ultrasound: a practical guide. Ultrasound Obstet
Gynecol. 2018;51(1):10-20. doi: 10.1002/uo0g.18945

4. Zhang Y, Xu 'Y, Xue Q, et al. Discordance between antral follicle
counts and anti-Miillerian hormane levels in women undergoing
in vitro fertilization. Reprod Biol Endocrinol. 2019;17(1):51.
doi: 10.1186/s12958-019-0497-4

5. Wang X, Jin L, Mao YD, et al. Evaluation of Ovarian Reserve Tests
and Age in the Prediction of Poor Ovarian Response to Controlled Ovarian
Stimulation-A Real-World Data Analysis of 89,002 Patients. Front
Endocrinol (Lausanne). 2021;12:702061. doi: 10.3389/fendo.2021.702061
6. Anvis P, Rongiéres C, Pirrello O, Lehert P. Reliability of AMH and AFC
measurements and their correlation: a large multicenter study. J Assist
Reprod Genet. 2022;39(5):1045-1053. doi: 10.1007/510815-022-02449-5
7. LiuY,PanZ WuY, et al. Comparison of anti-Millerian hormone
and antral follicle count in the prediction of ovarian response: a
systematic review and meta-analysis. J Ovarian Res. 2023;16(1):117.
doi: 10.1186/513048-023-01202-5

Vol. 5 (4) 2024

D0l https://doiorg/10.17816/DD629721

Digital Diagnostics

US enables automated, highly accurate, and efficient AFC
assessment, and it is quicker than 2D transvaginal US. The use
of 3D transvaginal US with artificial intelligence-based data
processing has been employed to establish the threshold
dominant follicle volume (0.5 c¢m3) as a predictor
of mature oocyte count in IVF programs. While the role
of US in evaluating the endometrium and uterine blood flow
for predicting clinical pregnancy rates in IVF is still debated,
available research indicates that factors such as endometrial
thickness and volume, along with VI, Fl, VFI, and S/D ratio
in the uterine artery, measured via transvaginal US, may
help predict IVF outcomes. Transabdominal oocyte aspiration,
using different US sensors, is a feasible, effective, and safe
method for oocyte retrieval in IVF programs, particularly
for patients with ovaries inaccessible for transvaginal
aspiration.

ADDITIONAL INFORMATION

Funding source. This article was not supported by any external
sources of funding.

Competing interests. The author declares that she has no competing
interests.

Author's contribution. The author made a substantial contribution
to the conception of the work, acquisition, analysis, interpretation of
data for the work, drafting and revising the work, final approval of the
version to be published and agree to be accountable for all aspects
of the work.

8. Jacobs MH, Reuter LM, Baker VL, et al. A multicentre evaluation
of the Elecsys anti-Miillerian hormone immunoassay for prediction
of antral follicle count. Reprod Biomed Online. 2019;38(5):845-852.
doi: 10.1016/j.rbmo.2018.12.041

9. Razafintsalama-Bourdet M, Bah M, Amand G, et al. Random
antral follicle count performed on any day of the menstrual cycle
has the same predictive value as AMH for good avarian response
in IVF cycles. J Gynecol Obstet Hum Reprod. 2022;51(1):102233.
doi: 10.1016/.jogoh.2021.102233

10. Rombauts L, Onwude JL, Chew HW, Vollenhoven BJ.
The predictive value of antral follicle count remains unchanged
across the menstrual cycle. Fertil Steril. 2011;96(6):1514-1518.
doi: 10.1016/j.fertnstert.2011.09.005

11. Filippi F, Martinelli F, Paffoni A, et al. Fertility preservation in
women with malignancies: the accuracy of antral follicle count
collected randomly during the menstrual cycle in predicting the number
of oocytes retrieved. J Assist Reprod Genet. 2019;36(3):569-578.
doi: 10.1007/s10815-018-1377-0

12. Chen Q, Sun L, Huang J, et al. Three-dimensional transvaginal
ultrasonography in the evaluation of diminished ovarian reserve
and premature ovarian failure. Pak J Med Sci. 2023;39(3):747-751.
doi: 10.12669/pjms.39.3.7372

13. Mathur P, Kakwani K, Diplav, et al. Deep Learning based
Quantification of Ovary and Follicles using 3D Transvaginal
Ultrasound in Assisted Reproduction. Annu Int Conf IEEE Eng Med Biol
Soc. 2020;2020:2109-2112. doi: 10.1109/EMBC44109.2020.9176703



https://doi.org/10.1080/01443615.2021.2004101
https://elibrary.ru/rnuaoe
https://doi.org/10.24421/978-5-00030-860-8
https://doi.org/10.1002/uog.18945
https://doi.org/10.1186/s12958-019-0497-4
https://doi.org/10.3389/fendo.2021.702061
https://doi.org/10.1007/s10815-022-02449-5
https://doi.org/10.1186/s13048-023-01202-5
https://doi.org/10.1016/j.rbmo.2018.12.041
https://doi.org/10.1016/j.jogoh.2021.102233
https://doi.org/10.1016/j.fertnstert.2011.09.005
https://doi.org/10.1007/s10815-018-1377-0
https://doi.org/10.12669/pjms.39.3.7372
https://doi.org/10.1109/EMBC44109.2020.9176703

REVIEWS

14. Srivastava D, Gupta S, Kudavelly S, et al. Unsupervised Deep
Learning based Longitudinal Follicular Growth Tracking during IVF
Cycle using 3D Transvaginal Ultrasound in Assisted Reproduction.
Annu Int Conf IEEE Eng Med Biol Soc. 2021;2021:3209-3212.
doi: 10.1109/EMBC46164.2021.9630495

15. Raine-Fenning N, Jayaprakasan K, Deb S, et al. Automated follicle
tracking improves measurement reliability in patients undergoing
ovarian stimulation. Reprod Biomed Online. 2009;18(5):658-663.
doi: 10.1016/s1472-6483(10)60010-7

16. Re C, Mignini Renzini M, Rodriguez A, et al. From a circle
to a sphere: the ultrasound imaging of ovarian follicle with 2D
and 3D technology. Gynecol Endocrinol. 2019;35(3):184-189.
doi: 10.1080/09513590.2018.1522297

17. Yang J, Gao J, Wang Y, et al. Impact of follicular size categories
on oocyte quality at trigger day in young and advanced-age patients
undergoing GnRH-ant therapy. Front Endocrinol (Lausanne).
2023;14:1167395. doi: 10.3389/fendo.2023.1167395

18. Abbara A, Patel A, Hunjan T, et al. FSH Requirements for Follicle
Growth During Controlled Ovarian Stimulation. Front Endocrinol
(Lausanne). 2019;10:579. doi: 10.3389/fendo.2019.00579

19. Shapiro BS, Rasouli MA, Verma K, et al. The effect of ovarian
follicle size on oocyte and embryology outcomes. Fertil Steril
2022;117(6):1170-1176. doi: 10.1016/j.fertnstert.2022.02.017

20. Liang X, Zeng F, Li H, et al. Deep Learning Based Two-Dimensional
Ultrasound for Follicle Monitoring in Infertility Patients. BIOL.
2023;4(3):125-131. doi: 10.15212/bioi-2022-0024

21. Liang X, Liang J, Zeng F, et al. Evaluation of oocyte maturity
using artificial intelligence quantification of follicle volume
biomarker by three-dimensional ultrasound. Reprod Biomed Online.
2022;45(6):1197-1206. doi: 10.1016/j.rbmo.2022.07.012

22. Devine K, Dolitsky S, Ludwin I, Ludwin A. Modern assessment
of the uterine cavity and fallopian tubes in the era of high-efficacy
assisted reproductive technology. Fertil Steril 2022;118(1):19-28.
doi: 10.1016/j fertnstert.2022.05.020

CMUCOK JIATEPATYPbI

1. Li YW, Liang XW., Fang JH., Chen ZY. Application of
ultrasound markers measured at different time points of COH cycle
in the prediction of ovarian response for individualised ovulation
induction // J Obstet Gynaecol. 2022. Vol. 42, N 5. P. 1467-1473.
doi: 10.1080/01443615.2021.2004101

2. 0O3epckas W.A. PykoBOACTBO MO yNbTPa3ByKOBOW AMarHo-
CTMKE B aKyLLepcTBE M TMHEKoNoruu: yyebHo-MeToamyecKoe
nocobue. Mocksa: ME[npecc-uHdopm, 2021. EDN: RNUAOE
doi: 10.24421/978-5-00030-860-8

3. Coelho Neto MA,, Ludwin A, Borrell A, et al. Counting ovarian
antral follicles by ultrasound: a practical guide // Ultrasound Obstet
Gynecol. 2018. Vol. 51, N 1. P. 10-20. doi: 10.1002/u0g.18945

4. ZhangY. XuY., Xue Q, et al. Discordance between antral follicle
counts and anti-Miillerian hormone levels in women undergoing in
vitro fertilization // Reprod Biol Endocrinol. 2019. Vol. 17, N 1. 1D 51.
doi: 10.1186/512958-019-0497-4

5. Wang X, Jin L, Mao Y.D,, et al. Evaluation of Ovarian Reserve
Tests and Age in the Prediction of Poor Ovarian Response to
Controlled Ovarian Stimulation-A Real-World Data Analysis of 89,002

Vol. 5 (4) 2024

D0l https://doiorg/10.17816/DD629721

Digital Diagnostics

23. Kasius A, Smit JG, Torrance HL, et al. Endometrial thickness and
pregnancy rates after IVF: a systematic review and meta-analysis. Hum
Reprod Update. 2014;20(4):530-541. doi: 10.1093/humupd/dmu011
24. Zhang T, He Y, Wang Y, et al. The role of three-dimensional power
Doppler ultrasound parameters measured on hCG day in the prediction
of pregnancy during in vitro fertilization treatment. Eur J Obstet Gynecol
Reprod Biol 2016;203:66—71. doi: 10.1016/}.ejogrb.2016.05.016

25. Wu J, Sheng J, Wu X, Wu Q. Ultrasound-assessed endometrial
receptivity measures for the prediction of in vitro fertilization-embryo
transfer clinical pregnancy outcomes: A meta-analysis and systematic
review. Exp Ther Med. 2023;26(3):453. doi: 10.3892/etm.2023.12152
26. ESHRE Working Group on Ultrasound in ART; D'Angelo A,
Panayotidis C, Amso N, et al. Recommendations for good practice in
ultrasound: oocyte pick up. Hum Reprod Open. 2019;2019(4):hoz025.
doi: 10.1093/hropen/hoz025

27. Roman-Rodriguez CF, Weissbrot E, Hsu CD, et al. Comparing
transabdominal and transvaginal ultrasound-guided follicular
aspiration: A risk assessment formula. Taiwan J Obstet Gynecol.
2015;54(6):693—699. doi: 10.1016/j.tjog.2015.02.004

28. Sonmezer M, Giliimser C, Sonmezer M, et al. Transabdominal
ultrasound guided oocyte retrieval using vaginal ultrasound probe:
Definition of the technique. J Obstet Gynaecol Res. 2021;47(2):800-806.
doi: 10.1111/jog.14618

29. Sonmezer M, Sacinti KG, Giliimser C, et al. Transabdominal
ultrasound-guided oocyte retrieval for oocyte cryopreservation
using a vaginal probe: a comparison of applicability, effectiveness,
and safety with conventional transvaginal approach. J Assist Reprod
Genet. 2023;40(2):399—-405. doi: 10.1007/s10815-022-02705-8

30. Raziel A, Vaknin Z, Schachter M, et al. Ultrasonographic-guided
percutaneous transabdominal puncture for oocyte retrieval in a rare patient
with Rokitansky syndrome in an in vitro fertilization surrogacy program.
Fertil Steril. 2006;86(6):1760—1763. doi: 10.1016/j fertnstert.2006.05.039
31. Barton SE, Politch JA, Benson CB, et al. Transabdominal follicular
aspiration for oocyte retrieval in patients with ovaries inaccessible
by transvaginal ultrasound. Fertil Steril. 2011;95(5):1773-1776.
doi: 10.1016/j.fertnstert.2011.01.006

Patients // Front Endocrinol (Lausanne). 2021. Vol. 12. ID 702061.
doi: 10.3389/fend.2021.702061

6. Arvis P, Rongieres C., Pirrello 0., Lehert P. Reliability of AMH
and AFC measurements and their correlation: a large multicenter
study // J Assist Reprod Genet. 2022. Vol. 39, N 5. P. 1045-1053.
doi: 10.1007/510815-022-02449-5

7. LiuY,PanZ,WuY., etal. Comparison of anti-Mllerian hormone
and antral follicle count in the prediction of ovarian response:
a systematic review and meta-analysis // J Ovarian Res. 2023.
Vol. 16, N 1. 1D 117. doi: 10.1186/513048-023-01202-5

8. Jacobs MH. Reuter LM, Baker V.L, et al. A multicentre
evaluation of the Elecsys anti-Mllerian hormone immunoassay for
prediction of antral follicle count // Reprod Biomed Online. 2019.
Vol. 38, N 5. P. 845-852. doi: 10.1016/j.rbmo0.2018.12.041

9. Razafintsalama-Bourdet M., Bah M., Amand G., et al. Random
antral follicle count performed on any day of the menstrual cycle has
the same predictive value as AMH for good ovarian response in IVF
cycles // J Gynecol Obstet Hum Reprod. 2022. Vol. 51, N 1. 1D 102233.
doi: 10.1016/j.jogoh.2021.102233

878


https://doi.org/10.1109/EMBC46164.2021.9630495
https://doi.org/10.1016/s1472-6483(10)60010-7
https://doi.org/10.1080/09513590.2018.1522297
https://doi.org/10.3389/fendo.2023.1167395
https://doi.org/10.3389/fendo.2019.00579
https://doi.org/10.1016/j.fertnstert.2022.02.017
https://doi.org/10.15212/bioi-2022-0024
https://doi.org/10.1016/j.rbmo.2022.07.012
https://doi.org/10.1016/j.fertnstert.2022.05.020
https://doi.org/10.1093/humupd/dmu011
https://doi.org/10.1016/j.ejogrb.2016.05.016
https://doi.org/10.3892/etm.2023.12152
https://doi.org/10.1093/hropen/hoz025
https://doi.org/10.1016/j.tjog.2015.02.004
https://doi.org/10.1111/jog.14618
https://doi.org/10.1007/s10815-022-02705-8
https://doi.org/10.1016/j.fertnstert.2006.05.039
https://doi.org/10.1016/j.fertnstert.2011.01.006
https://doi.org/10.1080/01443615.2021.2004101
https://elibrary.ru/rnuaoe
https://doi.org/10.24421/978-5-00030-860-8
https://doi.org/10.1002/uog.18945
https://doi.org/10.1186/s12958-019-0497-4
https://doi.org/10.3389/fendo.2021.702061
https://doi.org/10.1007/s10815-022-02449-5
https://doi.org/10.1186/s13048-023-01202-5
https://doi.org/10.1016/j.rbmo.2018.12.041
https://doi.org/10.1016/j.jogoh.2021.102233

879

REVIEWS

10. Rombauts L., Onwude J.L., Chew HW., Vollenhoven B.J. The
predictive value of antral follicle count remains unchanged across
the menstrual cycle // Fertil Steril. 2011. Vol. 96, N 6. P. 1514-1518.
doi: 10.1016/j fertnstert.2011.09.005

11. Filippi F., Martinelli F., Paffoni A, et al. Fertility preservation
in women with malignancies: the accuracy of antral follicle count
collected randomly during the menstrual cycle in predicting the
number of oocytes retrieved // J Assist Reprod Genet. 2019. Vol. 36,
N 3. P. 569-578. doi: 10.1007/510815-018-1377-0

12. Chen Q,, Sun L., Huang J,, et al. Three-dimensional transvaginal
ultrasonography in the evaluation of diminished ovarian reserve
and premature ovarian failure // Pak J Med Sci. 2023. Vol. 39, N 3.
P. 747-751. doi: 10.12669/pjms.39.3.7372

13. Mathur P., Kakwani K. Diplav, et al. Deep Learning based
Quantification of Ovary and Follicles using 3D Transvaginal Ultrasound
in Assisted Reproduction // Annu Int Conf IEEE Eng Med Biol Soc. 2020.
Vol. 2020. P. 2109-2112. doi: 10.1109/EMBC44109.2020.9176703

14. Srivastava D., Gupta S., Kudavelly S., et al. Unsupervised Deep
Learning based Longitudinal Follicular Growth Tracking during IVF
Cycle using 3D Transvaginal Ultrasound in Assisted Reproduction //
Annu Int Conf IEEE Eng Med Biol Soc. 2021. Vol. 2021. P. 3209-3212.
doi: 10.1109/EMBC46164.2021.9630495

15. Raine-Fenning N., Jayaprakasan K., Deb S., et al. Automated
follicle tracking improves measurement reliability in patients
undergoing ovarian stimulation // Reprod Biomed Online. 2009.
Vol. 18, N 5. P. 658—663. doi: 10.1016/s1472-6483(10)60010-7

16. Re C., Mignini Renzini M., Rodriguez A., et al. From a circle
to a sphere: the ultrasound imaging of ovarian follicle with 2D and
3D technology // Gynecol Endocrinal. 2019. Vol. 35, N 3. P. 184-189.
doi: 10.1080/09513590.2018.1522297

17. Yang J.,, Gao J., Wang Y., et al. Impact of follicular size categories
on oocyte quality at trigger day in young and advanced-age patients
undergoing GnRH-ant therapy // Front Endocrinol (Lausanne). 2023.
Vol. 14. 1D 1167395. doi: 10.3389/fendo.2023.1167395

18. Abbara A, Patel A, Hunjan T, et al. FSH Requirements for Follicle
Growth During Controlled Ovarian Stimulation // Front Endocrinol
(Lausanne). 2019. Vol. 10. ID 579. doi: 10.3389/fendo.2019.00579
19. Shapiro B.S., Rasouli M.A,, Verma K., et al. The effect of ovarian
follicle size on oocyte and embryology outcomes // Fertil Steril. 2022.
Vol. 117, N 6. P. 1170-1176. doi: 10.1016/j fertnstert.2022.02.017
20. Liang X,, Zeng F., LiH., et al. Deep Learning Based Two-Dimensional
Ultrasound for Follicle Monitoring in Infertility Patients // BIOI. 2023.
Vol. 4, N 3. P. 125-131. doi: 10.15212/bici-2022-0024

21. Liang X, Liang J., Zeng F., et al. Evaluation of oocyte maturity
using artificial intelligence quantification of follicle volume biomarker

AUTHOR'S INFO

* Evgeniya V. Kirakosyan, MD, Cand. Sci. (Medicine);
address: 42 Lobachevsky str., 119415, Moscow, Russia;
ORCID: 0000-0002-6021-2449;

eLibrary SPIN: 4813-5625;

e-mail: evgeniya.kirakosyan@gmail.com

Vol. 5 (4) 2024

D0l https://doiorg/10.17816/DD629721

Digital Diagnostics

by three-dimensional ultrasound // Reprod Biomed Online. 2022.
Vol. 45, N 6. P. 1197-1206. doi: 10.1016/j.rbm0.2022.07.012

22. Devine K., Dolitsky S., Ludwin I, Ludwin A. Modern assessment
of the uterine cavity and fallopian tubes in the era of high-efficacy
assisted reproductive technology // Fertil Steril. 2022. Vol. 118, N 1.
P. 19-28. doi: 10.1016/j fertnstert.2022.05.020

23. Kasius A., Smit J.G., Torrance HL., et al. Endometrial
thickness and pregnancy rates after IVF: a systematic review and
meta-analysis // Hum Reprod Update. 2014. Vol. 20, N 4. P. 530-541.
doi: 10.1093/humupd/dmu011

24.7hang T, He Y., Wang Y., et al. The role of three-dimensional
power Doppler ultrasound parameters measured on hCG day in
the prediction of pregnancy during in vitro fertilization treatment //
Eur J Obstet Gynecol Reprod Biol. 2016. Vol. 203. P. 66-71.
doi: 10.1016/j.ejogrb.2016.05.016

25. Wu J,, Sheng J., Wu X, Wu Q. Ultrasound-assessed endometrial
receptivity measures for the prediction of in vitro fertilization-embryo
transfer clinical pregnancy outcomes: A meta-analysis and
systematic review // Exp Ther Med. 2023. Vol. 26, N 3. ID 453.
doi: 10.3892/etm.2023.12152

26. ESHRE Working Group on Ultrasound in ART; D'Angelo A,
Panayotidis C., Amso N., et al. Recommendations for good practice
in ultrasound: oacyte pick up // Hum Reprod Open. 2019. Vol. 2019,
N 4. 1D hoz025. doi: 10.1093/hropen/hoz025

27. Roman-Rodriguez C.F., Weissbrot E., Hsu C.D., et al. Comparing
transabdominal and transvaginal ultrasound-guided follicular
aspiration: A risk assessment formula // Taiwan J Obstet Gynecol.
2015. Vol. 54, N 6. P. 693-699. doi: 10.1016/j.tjog.2015.02.004

28. Sonmezer M., Gulimser C., Sonmezer M., et al. Transabdominal
ultrasound guided oocyte retrieval using vaginal ultrasound probe:
Definition of the technique // J Obstet Gynaecol Res. 2021. Vol. 47,
N 2. P. 800-806. doi: 10.1111/jog.14618

29. Sonmezer M., Saginti K.G., Giliimser C., et al. Transabdominal
ultrasound-guided oocyte retrieval for oocyte cryopreservation using
a vaginal probe: a comparison of applicability, effectiveness, and safety
with conventional transvaginal approach // J Assist Reprod Genet.
2023. Vol. 40, N 2. P. 399-405. doi: 10.1007/510815-022-02705-8

30. Raziel A., Vaknin Z., Schachter M., et al. Ultrasonographic-
guided percutaneous transabdominal puncture for oocyte retrieval
in a rare patient with Rokitansky syndrome in an in vitro fertilization
surrogacy program // Fertil Steril. 2006. Vol. 86, N 6. P. 1760-1763.
doi: 10.1016/j.fertnstert.2006.05.039

31. Barton S.E., Politch J.A, Benson C.B. et al. Transabdominal
follicular aspiration for oocyte retrieval in patients with ovaries
inaccessible by transvaginal ultrasound // Fertil Steril. 2011. Vol. 95,
N 5. P. 1773-1776. doi: 10.1016/] fertnstert.2011.01.006

0b ABTOPE

* KupakocsH EBreHns BanepukoBHa, KaHf. Mefl. Hayk;
aapec: Poccus, 119415, Mocksa, yn. Jlobadyesckoro, . 42;
ORCID: 0000-0002-6021-2449;

eLibrary SPIN: 4813-5625;

e-mail: evgeniya.kirakosyan@gmail.com



https://doi.org/10.1016/j.fertnstert.2011.09.005
https://doi.org/10.1007/s10815-018-1377-0
https://doi.org/10.12669/pjms.39.3.7372
https://doi.org/10.1109/EMBC44109.2020.9176703
https://doi.org/10.1109/EMBC46164.2021.9630495
https://doi.org/10.1016/s1472-6483(10)60010-7
https://doi.org/10.1080/09513590.2018.1522297
https://doi.org/10.3389/fendo.2023.1167395
https://doi.org/10.3389/fendo.2019.00579
https://doi.org/10.1016/j.fertnstert.2022.02.017
https://doi.org/10.15212/bioi-2022-0024
https://doi.org/10.1016/j.rbmo.2022.07.012
https://doi.org/10.1016/j.fertnstert.2022.05.020
https://doi.org/10.1093/humupd/dmu011
https://doi.org/10.1016/j.ejogrb.2016.05.016
https://doi.org/10.3892/etm.2023.12152
https://doi.org/10.1093/hropen/hoz025
https://doi.org/10.1016/j.tjog.2015.02.004
https://doi.org/10.1111/jog.14618
https://doi.org/10.1007/s10815-022-02705-8
https://doi.org/10.1016/j.fertnstert.2006.05.039
https://doi.org/10.1016/j.fertnstert.2011.01.006
https://orcid.org/0000-0002-6021-2449
https://www.elibrary.ru/author_profile.asp?spin=4813-5625
mailto:evgeniya.kirakosyan@gmail.com
https://orcid.org/0000-0002-6021-2449
https://www.elibrary.ru/author_profile.asp?spin=4813-5625
mailto:evgeniya.kirakosyan@gmail.com

CASE REPORTS Vol 5 (&) 2024 Digital Diagnostics
DOI: https://doi.org/10.17816/DD628840

Magnetic resonance imaging in diagnosis of serous
adenocarcinoma of fallopian tubes: a case report
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ABSTRACT

Serous adenocarcinoma of fallopian tubes is an extremely rare and difficult-to-diagnose type of cancer of the female reproductive
system. This condition is often asymptomatic or has a non-specific clinical presentation including serosanguineous vaginal
discharge and colic-like pain in the lower abdomen and pelvis. These symptoms are reported in the literature as the Latzko’s
triad and are considered pathognomonic for tubal cancer, but their combination is observed in less than 15% of patients.
The low incidence and lack of the pathognomonic clinical presentation lead to many diagnostic errors or detection of advanced
disease, which significantly worsens the patient’s prognosis. An accurate surgical diagnosis is made in only 4% of cases.
This case report describes serous adenocarcinoma of fallopian tubes with all signs of the Latzko's triad and MRI suggestive
of serous adenocarcinoma of fallopian tubes at a preoperative stage.
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MaruuTHo-pe3oHaHcHas ToMorpadus B AUArHoCTUKe
Cepo3HOM afieHOKapLUHOMbI dannonueBbiX Tpyo:
K/IMHUYECKUU cyyaH

0.U. MbiHko™?, AMM. Fonuap'?, B.A. Heuaes?, E.A. Kynukosa®, AJ1. I0amn?®, E.A. lOMaToBa?®

! HayuHo-NpaKTMYecKi KIMHUYECKNI LIEHTP AMAarHOCTUKM 1 TenleMeanLMHCKIX TexHonorui, Mocksa, Poccus;
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AHHOTALUA

CeposHas afeHoKapumMHoMa dannonueBbix TPY6 — KpaiHe pefiKas M CNOXKHaA ANA AMArHOCTUKW GopMa 3/10KauecTBEHHbIX
HOB0O0OPA30BaHNM KEHCKOW penpoayKTUBHOM cucTeMbl. [laHHas naTonorus yacTo npoTeKaeT becCMMNTOMHO UK COMpOBO-
XAaeTcs HecneunduyecKor KIIMHUYECKON KapTUHOW, BKIIOYaKOLLel CepO3HO-KPOBSIHUCTHIE BbILENEHUs U3 Blaranula, Konm-
Koobpa3sHyto 60/b B HUXKHEN YacTU KMBOTA M Ta3a. 3TM CUMNTOMbI M3BECTHLI B IUTEpaType Kak Tpuaga Jlauko u cuutakotcs
NaToOrHOMOHUYHBIMM 151 paka MaTo4Ho# TpyObl, OJHaKO UX coyeTaHue HabnopaeTcs MeHee YeM y 15% BonbHbIX. Hu3Kas ya-
CTOTa BCTPEYAEMOCTM W OTCYTCTBME NAaTOrHOMOHWUYHON KIIMHUYECKOM KapTUHBI MPUBOAAT K BbICOKOMY YMC/TY AUArHOCTUHECKUX
owmboK Mbo K BbiABNEHMIO 3aD0NeBaHNA YiKe B 3aMyLLEHHON CTafyK, YTO CYLLECTBEHHO YXYALLAET NPOrHo3 AN1A nauumeHTa.
TouHbIA AMarHo3 Ha NpefonepaLMoHHOM 3Tane YCTaHaBNMBAETCA BCEro NMb B 4% cnyyaeB. B JaHHOM KIMHWYECKOM Ha-
BnioieH NpUBOAMTCA ONUCaHUe CIyyast CEPO3HOIA afleHOKApLMHOMBI GannonueBbix TpYb co BCeMM NposBNEHUSMM Tpuabl
Jlauko n MP-KapTvHbl, N03BONIMBLLEIH 3aM0A03PUTb HaNMuKe Y NALMEHTKU CEPO3HOW afeHOKapLUMHOMBI (annonueBbix Tpyb
Ha NpefonepaLMoHHOM 3Tane.

KnioueBble cnoBa: pak dannonuesbix Tpy6; cepo3Has afieHOKapuuHoMa dannonueBbix Tpy6; MarHUTHO-pe3oHaHCHas
TOMOrpadms; onmMcaHue KIMHUYECKOro Clyyas.

Kak untupoBarts:
MeiHko 0., Fonyap A, Heuaes B.A., Kynukosa E.A., 10aun AJ1., IOmarosa E.A. MarHuTHo-pe3oHaHcHas TomMorpadus B AvarHOCTUKe Cepo3HOM afeHoKap-
LHOMbI hannonuesblx Tpyb: knnHdeckuii cnyyai // Digital Diagnostics. 2024. T. 5, N° 4. C. 882—-892. DOI: https://doi.org/10.17816/DD628840

Pykonucb nonyyena: 06.03.2024 Pykonucb opno6peHa: 25.09.2024 Ony6nukoBaHa online: 20.11.2024

A
9KOe®BEKTOP Cratba goctynHa no nuuer3un CC BY-NC-ND 4.0 International
© 3Ko-BekTop, 2024


https://creativecommons.org/licenses/by-nc-nd/4.0/deed.ru
https://doi.org/10.17816/DD628840
https://doi.org/10.17816/DD628840

CASE REPORTS Vol 5 (&) 2024 Digital Diagnostics 8
4

DOI: https://doi.org/10.17816/DD628840

IR PR ISP E IR RIS RIRIAE - ImERTEH)

Oleg I. Mynko'?, Anna P. Gonchar'?, Valentin A. Nechaev?, Evgeniya A. Kulikova®,
Andrey L. Yudin?®, Elena A. Yumatova??

! Research and Practical Clinical Center for Diagnostics and Telemedicine Technologies, Russia;
2 Pirogov Russian National Research Medical University, Russia;
¥ City Clinical Oncological Hospital 1, Russia

HE

i DN SRR e 2 — PRI L 5 L B DAAZ W ) 1t A T AR G P IR o X P B IO E
REEA AR ISR R I, B 4SRRI PE TS 7 . IS A . IX SRR
SCHRHPERR Y “Latzko=FKIE” , BN A2H IR E s AR B EAER, B RAA AR 15%H &
S [EINF X SRR . PRI R AL, I ARAEIRABLE, SECKEZRE R, SO ZIR
ST, TR RS T B TS . R %R T ER AT/ BIHERIZ B . A R
SR T OB YRR ], Z0m ) B “Latzko =BKIE” B FTA RIAIHEILHR Bl
B, RIEAE AR FT B B A PR 58 D9 U0 & TR e o

B FONEE ONE R R ROEIREUR ISR R

SIAA:

Mynko O, Gonchar AP, Nechaev VA, Kulikova EA, Yudin AL, Yumatova EA. f 3% B (575 i 0 & 2 M s a2 W B2 = IR 81, Digital
Diagnostics. 2024;5(4):882-892. DOI: https://doi.org/10.17816/DD628840

WeE]: 06.03.2024 H:5%: 25.09.2024 RATHH: 20.11.2024
&
ECOeVECTOR Avrticle can be used under the CC BY-NC-ND 40 International License

© Eco-Vector, 2024


https://creativecommons.org/licenses/by-nc-nd/4.0/deed.en
https://doi.org/10.17816/DD628840
https://doi.org/10.17816/DD630602

885

CASE REPORTS

INTRODUCTION

Serous adenocarcinoma of the fallopian tube (SAFT)
is a histological subtype of primary fallopian tube cancer.
At present, primary malignancies of the fallopian tube,
ovary, and peritoneum are classified together as epithelial
ovarian cancer [1], due to their similar clinical presentations
and treatment approaches. These cancers are thought
to originate from the same precursor cells, as suggested
by the shared histological tumor types across all three sites.
However, research in this area is still ongoing [1].

Some researchers propose that many cases of ovarian
cancer and peritoneal carcinomatosis may originate
from undiagnosed fallopian tube cancer. The absence
of specific clinical symptoms and imaging characteristics
often leads to delayed diagnosis, particularly when the disease
has already spread to nearby organs and tissues, making
it difficult to pinpoint the primary origin. Detecting fallopian
tube cancer in its subclinical phase remains a significant
challenge, with most cases diagnosed at an advanced stage,
negatively affecting the prognosis [2].

We believe this issue warrants closer attention. This
article presents a clinical case of pathologically confirmed
SAFT, initially suspected at an early stage based on magnetic
resonance imaging (MRI) findings.

CASE DESCRIPTION

Patient information

A 38-year-old female patient was referred to the radiology
department at City Clinical Oncology Hospital No. 1
for a contrast-enhanced pelvic MRI to further evaluate bilateral
adnexal lesions previously identified through ultrasound (US)
and contrast-enhanced computed tomography (CT).

Anamnesis morbi

The patient reported feeling unwell for 2 weeks, presenting
with abnormal abdominal pain and heavy menstrual bleeding.
These symptoms persisted for 14 days from the onset of her
menstrual cycle, leading to her admission to the emergency
hospital's gynecology department via ambulance.
At the time of admission, her symptoms continued; however,
the gynecological examination revealed no abnormalities.

Approximately 10 years earlier, the patient had undergone
hysteroscopy for uterine fibroids and had one operative
delivery at 38 weeks via lower segment cesarean section.

Upon admission, pelvic US showed a solid mass
with irregular margins located in the right ovary. The lesion,
measuring about 100 x 60 x 80 mm, demonstrated active
vascularity on color flow Doppler (Ovarian-Adnexal Reporting
and Data System [0-RADS] 4) and occupied the rectouterine
pouch and the entire right adnexal region. The left ovary was
not clearly visualized. Additionally, up to 1,000 mL of free
fluid (ascites) was detected in the pelvic cavity.
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The following morning, a contrast-enhanced CT scan
of the abdomen and pelvis revealed ascites and partially
calcified cystic and solid formations in the right adnexal area
(Fig. 1).

Laboratory tests showed no evidence of inflammation.
However, tumor marker levels were elevated: CA-125 was
682.9 IU/mL (reference range, 0.0-35.0 IU/mL) and HE-4 was
106.1 pmol/L (reference range, 0.0-60.5 pmol/L).

The patient was treated with symptomatic medications,
including tranexamic acid 500 mg twice daily intravenously
and ketorolac 60 mg twice daily intramuscularly.

After symptom resolution and clinical improvement,
she was discharged from the gynecology department
for outpatient follow-up by a local oncologist to continue
diagnostic evaluation and determine an appropriate treatment
plan.

Fig. 1. Pelvic computed tomography (axial view). Rounded cystic
and solid lesions (indicated by red arrows) and free fluid (ascites)
are visible in the right ovarian area.

Findings of physical, laboratory, and imaging
examinations

Five days later, the patient presented to the radiology
department of City Clinical Oncology Hospital No. 1
for a contrast-enhanced pelvic MRI. The exam was conducted
following a standard protocol, utilizing T1, T2, STIR, and DWI/
ADC sequences, both with and without contrast (Gadovist).

MRI results showed that the ovaries were not enlarged
and contained follicles; a hemorrhagic cyst was identified
in the right ovary (Figs. 2 and 3).

A tubular structure with high fluid signal intensity
and an irregular lumen, measuring up to 17 mm, was located
adjacent to the anterior and outer contours of the right ovary.
This structure had multiple hypervascular solid nodules
on the walls and showed signs of restricted diffusion
in the DWI sequence (Fig. 4). A smaller structure with similar
MRI characteristics was observed on the left (Fig. 5).

The remaining pelvic organs appeared normal,
with a small amount of free fluid present in the pelvic cavity.
No signs of peritoneal carcinomatosis were detected on MRI.

The final conclusions from the MRI findings were
as follows: a fallopian tube lesion (0-RADS 5), right ovarian
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endometrioma, simple cyst of the left ovary, and a small
amount of fluid in the pelvic cavity.

Differential diagnosis

Diagnosing primary fallopian tube tumors before surgery
is difficult due to the nonspecific nature of both clinical
symptoms and imaging findings. The differential diagnosis
typically includes the following conditions:
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«  Primary ovarian cancer with involvement of the fallopian tube
« Tubal ectopic pregnancy
« Adnexitis, including tubo-ovarian abscess

Treatment

After the examination, the patient was admitted
to the gynecologic oncology department. An elective surgery
was performed, which included radical hysterectomy,

Fig. 2. Pelvic magnetic resonance imaging (axial view). A single hemorrhagic cyst is observed in the stroma of the right ovary (0-RADS 1,

red arrow).

Fig. 3. Pelvic magnetic resonance imaging (axial view). The left ovary shows follicles and a simple cyst (0-RADS 1, red arrow).
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Fig. 4. Pelvic magnetic resonance imaging (axial view). The right fallopian tube contains fluid and solid nodules, with signs of restricted

diffusion on DWI mode (red arrow).

Fig. 5. Pelvic magnetic resonance imaging (axial view). Similar solid nodules are present in the left fallopian tube (red arrow). The right

fallopian tube appears convoluted in this slice (blue arrow).

omentectomy, and adhesiolysis. Intraoperative and urgent
histological examinations showed no evidence of peritoneal
carcinomatosis.

The histology and immunohistochemistry results indicated
the tumor was a high-grade SAFT.

Based on the disease stage, the surgical treatment
performed, and the findings from histology and physical
examinations, the oncology team decided to proceed
with six cycles of adjuvant chemotherapy and genetic testing
for BRCAT and BRCA2 mutations.

DOl https://doi.org/10.17816/DD628840

Follow-up and outcomes

At the time of writing, the patient had completed
a chemotherapy course with paclitaxel and carboplatin, which
was well tolerated. No mutations in BRCAT or BRCAZ were
found.

DISCUSSION

Published data shows that the incidence of primary fallopian
tube cancer ranges from 0.36 to 0.41 cases per 100,000 women
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annually, or approximately 300-400 cases per year [3, 4].
Ulrich et al. reported 69 morphologically confirmed cases
of SAFT between 1980 and 2005 at the pathology laboratory
of the N.N. Petrov National Medical Research Center
of Oncology and the Leningrad Region Cancer Center. As
a result, Russian experts estimate that SAFT represents
0.14%-1.8% of all female genital cancers [5].

However, the actual incidence may be higher, as SAFT
is often misdiagnosed as ovarian cancer. It is generally
believed that primary fallopian tube cancer accounts
for about 1% (0.2%-1.1%) of all gynecologic cancers, making
it one of the rarest conditions in gynecologic oncology [6].

Statistically, this condition is more common
in postmenopausal women aged 50-60 years. Primary
fallopian tube cancer is 14% more prevalent in Caucasian
women compared to other racial groups [7].

The main risk factors for fallopian tube cancer are similar
to those for ovarian cancer and include the following [8]:

« Family history

» BRCAT or BRCAZ mutations

« Other hereditary conditions, such as hereditary
nonpolyposis colorectal cancer (Lynch syndrome)

» Endometriosis

» Hormone replacement therapy (including postmenopausal
use)

« Obesity

In this clinical case, the patient was in premenopause
at the time of disease onset and had no history of the risk
factors mentioned earlier.

The disease is usually asymptomatic or presents
with nonspecific symptoms. Latzko’s triad, which includes
serosanguineous vaginal discharge, colic-like lower
abdominal pain, and a palpable or visualized pelvic mass,
is seen in fewer than 15% of cases [9]. In this case, the patient
exhibited all three components of Latzko's triad, highlighting
its clinical importance.

Due to the nonspecific nature of symptoms, radiological
findings are essential for detecting fallopian tube neoplasms.
US remains the primary diagnostic tool for identifying adnexal
lesions, though differentiating between ovarian and fallopian
tube neoplasms is often difficult due to its limitations. CT imaging
is particularly useful for cancer staging and detecting distant
metastases, especially when combined with positron emission
tomography [10]. However, among all imaging techniques, MRI
provides the highest sensitivity and specificity in diagnosing
fallopian tube neoplasms, as it most effectively distinguishes
between the soft tissue structures of the pelvic organs [11, 12].
MRI findings are key in making the diagnosis, staging the tumor,
planning treatment, and preparing for any necessary surgeries.

In current clinical practice, MRI examinations
of the uterine adnexa are typically performed using
the 0-RADS. The approach provided by the 0-RADS authors
takes into account various factors, including MRI signal, tumor
size and structure, as well as signs of restricted diffusion and/
or abnormal contrast uptake. These criteria can be applied
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to ovarian lesions, fallopian tube lesions (as in our case),

and adjacent ligament lesions (round, broad, or utero-ovarian

ligament) [13, 14]. The most common MRI findings that raise

suspicions for fallopian tube cancer include the following [15]:

« Oblong or tubular lesions in the adnexal area, often
with relatively uniform fluid signal intensity (low on T1WI
and high on T2WI). In our case, the lesion contained several
solid foci on the walls, clearly visible against the backdrop
of the distended fallopian tube. These solid foci showed
restricted diffusion on DWI/ADC and early contrast uptake
in the dynamic contrast-enhanced sequence.

« Fluid in the fallopian tubes (hydrosalpinx): This condition
results from tumor secretions that block the fallopian
tube, causing colic-like pelvic pain due to stretching.
The contents of the hydrosalpinx can vary, leading
to different MRI signals. In our case, the fallopian tubes
were distended with serous fluid, although a hemorrhagic
component due to recurrent bleeding is also possible.

« If the fallopian tube is unobstructed, there may be fluid
or serosanguineous contents in the uterine cavity or free
fluid in the pelvic cavity.

Primary fallopian tube cancer is generally not considered
a separate disease due to its rarity and nonspecific
symptoms. For instance, the World Health Organization
classifies primary cancers of the peritoneum, ovaries,
and fallopian tubes as a single group because of their similar
pathogenesis and treatment options [1]. The International
Federation of Gynecology and Obstetrics follows a similar
classification, including stromal and germ cell tumors in this
group as well [16, 17]. According to the current guidelines
from the Ministry of Health of Russia, ovarian cancer,
fallopian tube cancer, and primary peritoneal cancer are also
grouped together as malignant tumors because they originate
from the epithelium of these organs and share similar clinical
course and treatment strategies [18].

However, despite these classifications, several international
and Russian studies suggest that many cases of ovarian cancer
may actually be caused by fallopian tube lesions [18-21].
Although the two cancers share similar histological features,
the 5-year survival rate for fallopian tube cancer is lower
than that for ovarian cancer (50% vs. 77%) [22].

As mentioned earlier, the treatment approaches
for ovarian and fallopian tube cancers are similar, regardless
of histological type. These typically include surgical
treatment, which is based on the tumor stage (usually radical
hysterectomy), and adjuvant chemotherapy with carboplatin
and paclitaxel [18, 23, 25].

The 5-year survival rate for fallopian tube cancer depends
on the stage at diagnosis. According to the American
Cancer Society and the Surveillance, Epidemiology, and End
Results program, if fallopian tube cancer is diagnosed early,
before it spreads beyond the ovaries and fallopian tubes,
the 5-year survival rate can reach 93%. However, if surrounding
tissues or organs are affected, the survival rate drops to 74%,
and with distant metastases, it further decreases to 31% [24, 26).
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Given these statistics, we urge the medical community
to focus on providing additional educational materials
and programs for medical imaging professionals to improve
awareness of the diagnostic tools and clinical signs
of SAFT [27, 28].

CONCLUSION

This paper presents a rare clinical case. While the clinical
presentation was typical, it was the MRI findings that raised
the suspicion of primary fallopian tube cancer before surgery.
We believe primary fallopian tube cancer should be more
routinely considered in the differential diagnosis of patients
with suspected adnexal malignancies. Some studies suggest
that this cancer could lead to other malignant tumors that are
currently regarded as separate disease entities.
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The role of computed tomography in the differential
diagnosis of an intracardiac mass of the mitral valve:
a case series
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2 Sechenov First Moscow State Medical University, Moscow, Russia

ABSTRACT

The differential diagnosis of an echocardiographically detected intracardiac mass in the mitral annulus can be challenging and
usually requires a multimodal approach. This type of lesion is very often associated with subvalvular calcification of the mitral
valve. The rare, caseous, variant is the most difficult to diagnose. This case series highlights the clinical significance
of computed tomography in detecting and characterizing subvalvular mitral annular calcification when other modalities,
particularly echocardiography, are inconclusive. The aim of this article was to raise awareness among specialists of the classic
signs of caseous subvalvular calcification of the mitral annulus when visualized with different modalities. Special attention is
also given to providing a differential diagnostic series that identifies features that differentiate subvalvular calcification of the
mitral annulus from other conditions at this site. Healthcare professionals need to be aware of these mitral valve lesions in
order to predict possible associated complications and plan a treatment strategy that may help avoid unnecessary surgical
procedures in some cases.

Keywords: caseous calcification of the mitral annulus; intracardiac mass; echocardiography; computed tomography; magnetic
resonance imaging; case report.
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Ponb KoMnbloTepHou ToMorpadpum

B audPepeHLManbHON AUArHOCTUKE
MHTpaKapAuanbHoro 06béMHoro obpasoBaHus
B 06/1aCTM MUTpasibHOrO KJanaHa:

Cepus KNUHUYECKUX CllyyaeB

M.B. OHoitko', E.A. Meplumna', A.A. ApakensHu'?, B.E. CuHuupbIH'

! MocKoBCKM# rocyapCTBeHHbIit yHuBepcuTeTa uMenn M.B. JloMoHocosa, Mockea, Poccus;
2 MepBblit MOCKOBCKMIA roCyAapCTBEHHbI MeAMUMHCKUIA yHuBepcuTeT uMeHn U.M. CeyeHoa, Mocksa, Poccust

AHHOTALINA

InddepeHumanbHas OUarHoCTMKA UHTpaKapavanbHoro 06bEMHOro 06pa3oBaHMs B 061acTv KonbLia MUTPaNbHOIO KianaHa,
BbISIBIEHHOrO NpW NpPOBeLeHUM 3X0Kapauorpaduu, MoxeT bbiTb HenpocToit 3agavent. E€ pelueHne 0bblyHO TpebyeT MynbTH-
MofanbHoro noaxopa. OueHb YacTo nNpupoaa Takoro o0bpa3oBaHMA CBA3AHA C MOAKMANAHHBIM KabLMHO30M MUTPAsbHOMO
KnanaHa. HaubonbLuylo TPyOHOCTb B AMArHOCTMKe MpefcTaBNifieT JOCTaTONHO PeAKWUA ero BapuaHT — Kaseo3Has dopMma.
Ha npuMepe npeacTaBneHHOM Cepum KITMHUYECKNX Cy4aeB NOAYEPKMBAETCA BaXHOCTb M KIIMHUYECKAsA 3HAUMMOCTb KOMIbHO-
TepHoOW ToMorpadum Ans BbISBNEHUS U XapaKTEPUCTUKY MOJKIANaHHOIO KabLMHO3a KOJbLia MUTPaNbHOrO KilanaHa npu He-
0[JHO3HaYHbIX pe3ynbTatax Apyrux METOAOB AMArHOCTUKY, B YaCTHOCTU 3xokapanorpaduu. [laHHas pabota HaueneHa Ha no-
BblLLEHUE MH(DOPMUPOBAHHOCTU CMELMANUCTOB O KITACCMYECKMX MPU3HaKaX Ka3eo3HoM (GopMbl NOLKNANaHHOMO KasbLMHO33
KonbLia MUTpaNbHOro KianaHa npu BU3yanu3auuu B pasnuuHbix MofanbHocTsx. Ocoboe BHUMaHWe yoenseTcs NocTpoeHuio
b depeHUmManbHO-AMarHoCTUYECKOT0 PAAA, BbIAENEHUI0 XapaKTePUCTUK, NO3BONSAIOLMX OT/IMYUTD NOAKNANaHHBIA KanbLy-
HO3 KOJibLia MUTPasbHOro Kianaxa oT APYrux NatonorMiyeckux COCTOSHUIA B JaHHOI okanu3auun. OcBeLOMNEHHOCTb Bpayen
0 CyLLeCTBOBaHWM TaKOro poja M3MeHeHWW B 06n1acTu MUTpPanbHOMo KanaHa HeobxoauMa Ans NporHO3UPOBaHUS BO3MOX-
HbIX OCNOXHEHWIA, CBA3AHHBIX C HeM, U MNaHUPOBAHMA TAKTUKU JIEYEHNS, YTO NMOMOXET B HEKOTOPbIX Cyyasx u3bexarb He-
OnpaBAaHHbIX XUPYPrUYECKUX BMELLATENBCTB.

KnioueBble cnoBa: Ka3eo3Hbll Ka/bLMHO3 KOJbLia MUTPANbHOMO KilanaHa; MHTpaKapananbHoe 06bEMHoe 06pa3oBaHme;
3X0Kapauorpadus; KoMnbloTepHas ToMorpadus; MarHUTHO-pe3oHaHCcHas ToMorpadus; KIMHUYECKMIA ClyYai.
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INTRODUCTION

Intracardiac masses are often incidentally identified
during transthoracic echocardiography, which is a primary
imaging modality in cardiology. Masses located near the mitral
annulus may suggest caseous subvalvular calcification.

Subvalvular calcification of the mitral valve (SCMV)
is relatively common, particularly in individuals over 50 years
of age. It occurs twice as frequently in women compared
to men [1, 2]. In SCMV, calcifications typically appear
in the fibrous tissue of the posterior mitral leaflet, the area
between its base and the left ventricular wall, and within the left
ventricular myocardium. SCMV has been linked to conditions
such as atherosclerosis, hypertension, coronary artery
disease, heart failure, atrial fibrillation, and chronic kidney
disease. Additionally, SCMV is associated with an increased
risk of adverse cardiovascular events and mortality [3].
The diagnosis of SCMV is generally straightforward.

Caseous pseudoneoplastic SCMV is an uncommon variant
marked by the transformation of dense calcified tissue
into a paste-like consistency due to colliquative necrosis.
Histologically, these lesions consist of amorphous material
with infiltration by lymphocytes and macrophages, as well
as cholesterol and calcium deposits [4, 5]. Deluca et al.
reported that this variant is detected in approximately 0.64%
of patients with SCMV and 0.068% of all echocardiographic
examinations [6]. However, autopsy studies suggest
aprevalence of up to 2.7%, indicating it is likely underdiagnosed
due to limited clinician awareness or the inherent limitations
of echocardiography [7]. Caseous SCMV can be mistaken
for abscesses, tumors, or thrombotic lesions when assessed
using transthoracic echocardiography or magnetic resonance
imaging (MRI).

The following clinical cases illustrate the diagnostic utility
of computed tomography (CT) in differentiating intracardiac
masses in the mitral valve region that are incidentally
detected on transthoracic echocardiography or MRI.

CASES DESCRIPTION

Clinical case 1

A 60-year-old male patient with a history of long-standing
hypertension, myocardial infarction, multiple coronary
stent placements, and implantation of a bifocal
cardioverter-defibrillator was admitted to the cardiology
department in November 2023. He reported symptoms
of fatigue, shortness of breath, swelling of the feet and lower
legs, and chest pain triggered by minimal exertion (such
as climbing two flights of stairs), which subsided with rest.

Transthoracic echocardiography revealed a left ventricular
apical aneurysm, moderate hypertrophy of the remaining
viable myocardium, dilation of all cardiac chambers,
and moderately reduced global contractility. Atherosclerotic
changes were observed in the aorta, aortic valve,
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and mitral valve. Additionally, grade II-IIl mitral and tricuspid
regurgitation and grade | pulmonary hypertension were noted.
A fixed, hyperechoic mass measuring 28 x 26 x 37 mm was
identified near the posterior mitral leaflet. The mass lacked
acoustic shadowing and showed no evidence of blood flow.
It appeared to be adjacent to or arising from the posterior
basal segment of the left ventricle, the posterior mitral
leaflet, or the mitral annulus (Fig. 1). Retrospective evaluation
of echocardiograms from May 2017 and October 2018 showed
a large calcification at the site of the lesion.

To further assess the nature of the lesion,
electrocardiogram (ECG)-gated cardiac CT angiography was
performed. It revealed an irregularly shaped lesion measuring
25 x 23 x 43 mm located at the base of the posterior mitral
leaflet and within the left ventricular myocardium. The lesion
exhibited peripheral calcifications with densities ranging
from 1,335 to 1,350 HU and a central area of lower density
(540-560 HU), with no contrast enhancement during either
the arterial or venous phases. These findings were consistent
with caseous subvalvular calcification beneath the posterior
mitral leaflet (Fig. 2).

CT also showed advanced coronary atherosclerosis,
signs of scarring in the apical segments of the left ventricle,
and left atrial enlargement. Medical therapy led to improvement
the the patient’s coronary artery disease, and he was
discharged with instructions for ongoing cardiology follow-up.

Clinical case 2

A 72-year-old female patient underwent routine
transthoracic echocardiography, which revealed a fixed,
hyperechoic mass located in the inferior wall of the left atrium,
near the mitral valve. The lesion measured 21 x 15 mm
and had a well-defined, smooth margins. A left atrial myxoma
was initially suspected.

To further evaluate the lesion, ECG-gated cardiac CT
angiography was performed. The scan identified a rounded
calcified lesion measuring 35 x 12 mm at the level
of the mitral annulus in the subvalvular region of the left
ventricle. The lesion appeared heterogeneous, with calcified
areas showing densities of 1,300-1,350 HU and a central
region of lower density (330-340 HU), with no contrast
enhancement observed during either the arterial or venous
phases. These characteristics were consistent with caseous
subvalvular calcification of the mitral annulus (Fig. 3).

Additional imaging using the bone window demonstrated
a heterogeneous calcified area near the base of the posterior
mitral leaflet, also measuring approximately 35 x 12 mm,
with a density reaching up to 1,680 HU.

Clinical case 3

A 66-year-old male underwent cardiac MRI to assess
the extent of scarring in the inferior wall of the left ventricle
following a myocardial infarction that had occurred
20 years earlier. The scan revealed a 10 x 12 mm mass
near the posterior mitral leaflet, characterized by low
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Fig. 1. Transthoracic echocardiography, B-mode, clinical case 1: a—c, mass located near the posterior mitral leaflet; d, evidence of mitral
regurgitation on Doppler ultrasonography; a, parasternal long-axis view; b, apical four-chamber view; c, parasternal short-axis view
at the mitral valve level; d, apical two-chamber view.

Fig. 2. ECG-gated cardiac computed tomography, clinical case 1: a—c, contrast-enhanced images, bone window; d, non-contrast image,
soft tissue window; findings consistent with caseous subvalvular calcification beneath the posterior mitral leaflet: a, three-chamber view;
b, four-chamber view; c, short-axis view at the mitral valve level; d, axial view.

D0I: https://doiorg/1017816/DD629893
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MR signal intensity and peripheral contrast enhancement
with delayed uptake. Subsequently, ECG-gated cardiac
CT angiography was conducted. A comparison of the MRI
and CT findings confirmed that the lesion was consistent
with caseous SCMV (Fig. 4).

DISCUSSION

Echocardiography is the most widely used noninvasive
method for assessing cardiac structure and function.
It is typically effective in identifying echogenic subvalvular
lesions of the mitral valve, including SCMV. The brightness
mode (B-mode) is most effective for detecting SCMV
on echocardiography. In this mode, SCMV appears
as a hyperechoic lesion with a characteristic location,
well-defined borders, and an acoustic shadow. However,
when SCMV undergoes transformation into its caseous
form, the ultrasound characteristics change notably.
Caseous SCMV appears as a heterogeneous, ovoid lesion
with a hypoechoic center, lacking both an acoustic shadow
and Doppler-detectable blood flow [7]. Since caseous
SCMV can resemble a mass lesion on echocardiography,
distinguishing it from cardiac tumors, abscesses, or
thrombotic formations is essential.

Cardiac CT is a fast and reliable imaging method
for detecting SCMV and serves as a valuable adjunct
in preoperative planning for mitral valve surgery. CT provides
both qualitative and quantitative information about calcific
lesions. It also enables calculation of the coronary artery
calcium score, which is relevant because SCMV is often
associated with coronary artery disease [8]. On noncontrast
CT, SCMV typically appears as an ovoid, high-density lesion
consistent with calcification. In the bone window setting,
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the internal heterogeneity of the lesion becomes more
apparent, with either a dense homogeneous or heterogeneous
central area and prominent peripheral calcifications [9].
The absence of contrast enhancement in SCMV lesions
is a key feature aiding in differential diagnosis.

On MRI, SCMV usually presents as a hypointense mass
on both T1- and T2-weighted images. However, these
MRI characteristics are nonspecific and primarily suggest
the possibility of mitral valve calcifications. In contrast, CT
provides more definitive characterization, as it is not limited
by this ambiguity.

The most typical MRI features of caseous SCMV include:
« Anisointense or hyperintense signal in the central region

with a hypointense peripheral signal on T1-weighted

images
« A hypointense signal on short tau inversion recovery

(STIR) sequences
 Asignal that is either less intense or isointense compared

to the myocardium on steady-state free precession

(SSFP) sequences
+ Delayed peripheral contrast enhancement within the fibrous

capsule [9, 10].

The ultrasound, MRI, and CT findings in the clinical cases
presented here are consistent with previously reported
imaging characteristics of caseous subvalvular calcification
in the posterior mitral leaflet region [9, 11-13].

Transthoracic echocardiography of the mitral valve
is useful in considering a range of differential diagnoses
for mass-like lesions, including tumors such as papillary
fibroelastoma and mixoma, thrombotic formations,
and abscesses. However, establishing a definitive diagnosis
often requires additional imaging, particularly CT.

Fig. 3. ECG-gated cardiac computed tomography, clinical case 2: a—c, contrast-enhanced images, bone window; d, noncontrast image,
soft tissue window; findings consistent with caseous subvalvular calcification of the posterior mitral leaflet: a, four-chamber view;
b, two-chamber long-axis view; ¢, short-axis view at the mitral valve level; d, axial view.

D0I: https://doiorg/1017816/DD629893
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Fig. 4. Clinical case 3: a—c, cardiac magnetic resonance imaging; d, ECG-gated cardiac computed tomography; green arrows indicate
amass adjacent to the posterior mitral leaflet; red arrows show postinfarction transmural fibrotic changes in the inferior wall of the left
ventricle at the middle and basal segments; a—b, steady-state free precession (SSFP) sequence, two-chamber long-axis view, without
contrast; ¢, T1-weighted image with myocardium signal suppression and delayed contrast enhancement, two-chamber long-axis view;

d, axial view, bone window.

CT and/or MRI can help differentiate caseous SCMV
from mixoma or papillary fibroelastoma by assessing
features such as contrast enhancement (which is absent
in SCMV), tumor mobility, presence of a pedicle, MR signal
characteristics of tumor tissue, and tumor density on CT.

Since infective endocarditis is the most common
cause of valvular abscesses, correlating imaging findings
with clinical and laboratory data is critical. On CT, abscesses
typically appear as encapsulated masses with contrast
enhancement and a central hypodense necrotic area.

On contrast-enhanced CT, thrombotic masses typically
appear as hypodense, avascular lesions. On MR, the signal
intensity of thrombi varies depending on their age. Organized
thrombi with a high content of fibrous tissue may demonstrate
mild peripheral contrast enhancement—a feature also seen
in caseous SCMV. Since conventional calcifications, caseous
SCMYV, and thrombi may exhibit similar MRI characteristics,
it is essential to interpret MRI findings alongside CT results.

CONCLUSION

Interpreting echocardiographic findings and performing
differential diagnosis of intracardiac masses can be difficult,
highlighting the importance of incorporating additional
imaging modalities such as CT and MRI. Caseous SCMV

D0I: https://doiorg/1017816/DD629893

is a rare and usually asymptomatic condition, contributing
to its under recognition among clinicians. It is important to note
that, although uncommon, SCMV can lead to complications such
as stroke, arrhythmias, mitral regurgitation, or stenosis. SCMV
is also associated with established cardiovascular risk factors.
Accurate identification of an incidentally discovered intracardiac
mass and selection of the most appropriate treatment approach
require a comprehensive, multimodal diagnostic strategy.
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Hypoplasia of the inferior vena cava with hypertrophic
azygos/hemiazygos and collateral venous circles
of the abdomen: a case report
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ABSTRACT

Hypoplasia of the inferior vena cava is a rare congenital vascular defect with various forms; thus, identifying a specific
anatomical variant in the literature is challenging. In some cases, the inferior vena cava may also be interrupted. Herein, we
present a unique case of of an unknown subrenal hypoplasia of the inferior vena cava with azygos and hemiazygos hypertrophy
and the creation of several collateral circles, particularly in the anterior wall of the abdomen, in an asymptomatic 75-year-old
man. This report not only describes this unusual instance but also quickly demonstrates the variations of the venous system
in the abdomen, particularly on the right side, and the inferior vena cava and the azygos system, and explains the significance
of imaging in recognizing vascular anomalies. The case was explored using a multiphase computed tomography technique,
which correctly identified this complex vascular anomaly. The patient had never experienced symptoms associated with the
same vascular defect previously. Moreover, his symptoms did not appear to be related; therefore, a periodic follow-up was
recommended.

Keywords: hypertrophic azygos; inferior vena cava; inferior vena cava hypoplasia; collateral venous circles; venous system.
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'Mnonnasusa HUXXHeW NONIOW BeHbl, CONPOBOXAAIOLLANACA
runeprpodueit HenapHOM U NoNyHenapHou BeH

U o6pasoBaHMeM CETU KoJlaTepasibHbIX BeH

B OPIOLIHOK NOMIOCTU: KNUHUYECKUM Cly4au

M. Montatore', G. Muscatella, F. Masino', G. Ricatti?, M. Balbino', R. Gifuni', G. Guglielmi'??

! Foggia University School of Medicine, ®omxa, Uranus;
2 «Monsignor Raffaele Dimiccoli» Hospital, bapenetra, Utanus;
¥ IRCCS Casa Sollievo della Sofferenza Hospital, Can [IxoBanHu PotoHpo, Utanusa

AHHOTALIMA

TMnonnasus HUXHEN NoNoi BeHbl — 3T0 peAKas BPOXAEHHAs COCYAMCTas aHOManus, KOTopas OT/IMYaeTcs pasHoobpasvem
¢opM. B HEKOTOPBIX CyYanX HUKHSA Noas BeHa NpepbiaeTcs. IMEHHO NO3TOMY MOMCK ONMCaHMA ONpeLenéHHbIX aHaToOMM-
YeCKMX BapuaHTOB [aHHOW aHOManuu B UTepaType — 3T0 JOCTaTO4HO TPyAHas 3ajaya. B HacToswweli cTaTbe npeacTaBneH
YHUKaNbHBIA Cnyyait 6eccMNTOMHON MMNoNNasuu MHpapeHanbHOTo CerMeHTa HUXHEN Moo BeHbI, CONMPOBOXAAMOLLENCS
runepTpodueit HenapHoii 1 NoyHeNapHOM BeH, a Takke GopMUPOBaHMEM CETU KolaTepasbHbIX BEH Ha nepeaHei bpioLHoi
cTeHKe. CocyamncTas aHOManus BbIBNIEHa CAy4aliHO y Myx4MHbl 75 net. NoMMMO onucaHWs KITMHUYECKOro Ciyyas, B CTa-
Tbe KpaTKO 0XapaKTepu30BaHbl CONYTCTBYOLLME U3MEHEHUS BEHO3HON CMCTEMBI OpHOLLHOM NONIOCTU, 0CODEHHO BbIPAMEHHbIE
C NpaBoii CTOPOHbI, a TaKXKe U3MEHEHUs HUXHEl NOSoK BEHbI U CUCTEMBI HenapHoii BeHbl. B paboTe Takke npuseaeHo 060-
CHOBaHWe Ba)XHOCTW NMPOBEJEHNSA BU3YaNn3aLMOHHBIX UCCNeL0BaHWIA 1A BbIABNEHWS COCYAMUCTbIX aHOManuii. B npeacras-
NEHHOM KJIMHWUYECKOM Cly4ae BM3yanu3aums BbINOJHEHA C MOMOLLbIO KOMMbIOTEPHOM TOMOrpagum ¢ MHorodasHbIM KOH-
TPACTUpOBaHUEM, YTO MO3BOJIUNO TOYHO OMPEAENUTbL HaNUUMe CNIOXHOM COCYAMUCTON aHOManuK. Y naumeHTa paHee HUKOraa
He BO3HWKaNO CUMMTOMOB, YKasblBalOWMX Ha HalM4yMe JaHHOWM aHOManuu, a MpOSBSBLUMECS CUMMTOMbI, NO-BUAUMOMY,
He BblnK C Heli CBA3aHbI, NO3TOMY NaLMEHTY PeKOMEHA0BAHO Nepuoanyeckoe HabnoaeHue.

KnioueBble cnoBa: FMI'IeprOd)Mﬂ napH017| BEHbI; HUXHSAS NONas BeHa; TMNONIa3nus HUXHEN NOJION BEHbI; KonnatepalibHble
BeHbl; BEHO3HaA CUCTEMaA.
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INTRODUCTION

Hypoplasia or the absence of the inferior vena cava (IVC)
is a rare congenital condition that causes venous return
from the lower body through the azygos or hemiazygos
venous system [1,2]. The IVC may be hypoplastic or absent
and is termed “interrupted” in this case: this term refers
to total agenesis.

In most cases, this vascular anomaly is due to some
embryologic mechanisms, and a failed anastomosis exists
between the right subcardinal vein and the vitelline
vein, resulting in hypoplasia or, in some cases, agenesis
of the infrarenal/subrenal IVC and an interruption
at the suprarenal venous segment [3].

In some cases, the newborn suprahepatic IVC could
be missing or hypoplastic, resulting in direct outflow
into the right atrium [4]. In this case, the small suprarenal
IVC in the hepatic hilum drains through the azygos vein,
while the hepatic IVC exclusively receives the hepatic veins.
These anatomical variants are asymptomatic if the azygos/
hemiazygos continuation is well-developed and the venous
collateral loop is intact [5]. However, recurrent deep vein
thrombosis of the lower limbs, leg swelling, leg pain, varices
of the lower extremities, abdominal pain, and hematochezia

Vol. 5 (4) 2024
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in rare cases may present in the future [6,7]. Asymptomatic
conditions are frequently discovered in the early to middle
years of life, as in this case.

DESCRIPTION OF THE CASE

Anamnesis

A 75-year-old Caucasian man presented to the emergency
department after a referred fall and underwent his first
contrast-enhanced computed tomography (CT). A multiphase
examination was performed using a 64-detector scanner,
beginning with an unenhanced scan and progressing
to postcontrast scans of the arterial and portal venous
phases.

Diagnostic assessment and differential
diagnosis

CT did not detect fractures, and no consequences visible
under a radiological examination were observed. However,
during imaging, the radiologist detected an unknown venous
anomaly in the chest and abdomen.

The patient was not aware of this variant in the vascular
anatomy and had never had symptoms related to it (Fig. 1).

Fig. 1. Computed tomography images of the axial section of the abdomen (portal phase): @) The small suprarenal IVC is indicated by

a yellow asterisk. b) Lower in the abdomen, the yellow asterisk indicates the hypoplastic IVC, and the hypertrophic collateral venous
circles in the anterior abdomen wall on the right are indicated by a white asterisk. c) Another lower axial section showing the small IVC
(yellow asterisk). d) The drainage on the right side is accomplished by a constant iliac vessel (yellow asterisk).

DOl https://doi.org/10.17816/DD630215




CASE REPORTS

Interventions

To adequately study this vascular anomaly, postprocessing
reconstruction was conducted on all planes (axial, coronal,
and sagittal) using the MIP program, and 3D images were
generated.

At first glance, the most evident imaging finding
of the vascular anomaly was the presence of multiple
collateral venous circles on the anterior wall of the abdomen,
particularly on the right side, and the IVC under the kidneys
was hypoplastic (Fig. 2).

Certain distended azygos and hemiazygos veins received
blood from the abdomen. The azygos vein connected

a
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with the superior vena cava (SVC) through its arch; however,
its dimensions were abnormal. It began from D7 and extended
to D10-11, from the confluence of the right renal vein,
transhepatic vein, and an aberrant vein (Fig. 3 and Fig. 4).

Follow-up and outcomes

The patient had previously never experienced symptoms
that could be correlated with the same vascular abnormality,
and the symptoms he experienced did not appear to be
related. Therefore, periodic follow-up was recommended.

Fig. 2. Computed tomography images
of the coronal (up) and sagittal (down)
sections in the portal phase of the
chest and abdomen: @) Right abdominal
wall: consistent venous collateral
circles are visible (white asterisk).

b) The same image with a rising MIP
value indicates venous collateral rings,
particularly on the patient's right side.
¢) and d) Hypertrophic venous collateral
circles in the sagittal section at different
levels.
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Fig. 3. Computed tomography images of the coronal section and portal phase of the chest and abdomen: @) The white asterisk indicates
the confluence of the giant azygos, hemiazygos, and an aberrant vein. b) Same image at different sections. The yellow asterisk on the right
side at the level of the anterior abdominal wall indicates marked collateral vein circles.

Fig. 4. Computed tomography images of the axial section of the chest: the confluence with the hypertrophic azygos and hemiazygos veins
is seen in all images at different levels (from upper to lower). In @) and b), the white asterisk marks the confluence of the collateral circles
of the abdomen and chest.
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DISCUSSION

The IVC is a large retroperitoneal vein that transports
deoxygenated blood from the lower extremities, pelvis,
and abdomen to the right atrium. The azygos venous system
is a paravertebral connection in the posterior thorax that
connects the SVC to the IVC. The azygos, hemiazygos,
accessory hemiazygos, and left superior intercostal veins
form a H-shaped pattern, indicating the azygos venous
system [2,3]. IVC hypoplasia, characterized by an azygos/
hemiazygos system and collateral circle compensation,
is an uncommon vascular defect with numerous variations [4-
8]. The anomaly is primarily caused by the abnormal regression
or persistence of embryological veins (anterocardinal,
postcardinal, subcardinal, supracardinal, and vitelline) that
form the five embryological segments of the final structure
of the IVC, namely, iliac, subrenal, renal, suprarenal,
and hepatic, including suprahepatic and retrohepatic [9].
In this case, the patient had a very small IVC in the right
iliac fossa, with larger azygos/hemiazygos veins, indicating
an expanded hemiazygos system as the primary drainage
system.

Imaging plays a critical role in the detection of this type
of vascular abnormality. Herein, CT helped differentiate all
vessels, discover variants, and increase the azygos system.
The imaging options for studying the vascular abnormality
include echocardiographic techniques and color Doppler.

Imaging, CT angiography, and IVC angiography can detect
hypoplastic/interrupted IVC, identify abnormal vessels,
and assess azygos system dilatation due to increased flow.
Angiography is useful for determining the precise anatomy
of vessel drainage for surgical purposes. Detecting venous
abnormalities is crucial because they can interfere with right
heart catheterization, cardiopulmonary bypass surgery,
and pacemaker insertion. IVC hypoplasia, or interrupted
IVC in extreme cases, also known as azygos—hemiazygos
continuation, is a benign disorder that does not require
treatment owing to adequate vascularization [10-11].

However, patient knowledge is critical in the event
of surgical intervention [9-14]. A misdiagnosis mayoccurr
because of possible mediastinal shadow enlargement
on chest X-ray images or dilated azygos or hemiazygos
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vein adjacent to the descending aorta on transesophageal
echocardiography mimicking aortic pathology [5,10,12].
Interrupted IVC is often linked to other congenital defects,
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CONCLUSION

This report presents an uncommon venous abnormality
in the chest and abdomen of an asymptomatic adult
with hypoplastic IVC accompanied by azygos/hemiazygos
hypertropia and the presence of numerous collateral venous
circles. This case highlights the importance of imaging
in the detection of complex vascular abnormalities. Physicians
should carefully examine this unique vascular abnormality
to prevent misdiagnosis and improve surgical outcomes.
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