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CpaBHeHUe U3MepeHus IMHeilHOro pasMepa Shock o
U 06bEMa NIEroYHbIX 04aroB Mo AaHHbIM CKPUHUHra

paKa NIErkux ¢ NoMoLLbi0 HU3KOA03HOU KOMMbIOTEPHOM
ToMorpagum

M.M. Cyuunosa', U.A. Bnoxun', 0.0. Anewmna?, B.A. Tombonesckuit®, P.B. PewetHnkos',
B.10. Bocun', 0.B. Omensuckas', A.B. Bnagaumupckmi®*

! HayyHO-NPaKTUYECKMIA KITMHUYECKWIA LIEHTP AMAarHOCTUKM 1 TeNleMeAMUMHCKUX TexHonoruid, MockBa, Poccuiickas Qeaepauns

2 [ocynapcTBeHHan KMHnyeckan 6onbHuLa No 13, Mocksa, Poceuiickas ®Oenepauus

3 MHCTUTYT MeKyccTBEHHOTO MHTeeKTa, Mockea, Poccuitckas ®epepaumsa

“MepBbIit MOCKOBCKUIA roCyNAPCTBEHHbIA MeNLIMHCKWIA yHuBepcuTeT uMeHn U.M. CeueHoBa (CeueHOBCKMI YHUBEpCHTET),
Mocksa, Poccuiickas Depepaums

AHHOTALMA

06ocHoeanue. CornacHo pe3ynbTaTtaM rofaHAcKo-6enbruickoro uccnefoBaHns CKpuHuHra paka nérkux NELSON, nsme-
peHre 06bEMa (BONKOMETPISA) 04aroB NO3BOSIAET CHU3UTL PACNPOCTPAHEHHOCTb JIOXKHOMOMOXMUTENBHBIX pe3ynbTaTtoB Ao 2,1%.

Llesns — cpaBHeHMe AMArHOCTUYECKOM TOYHOCTW W COrNIaCOBAHHOCTM Pe3yNbTaToB PYYHOr0 U3MEPEHUS JIMHEMHOTO pas-
Mepa C MoslyaBTOMaTUYecKUM U3MepeHueM obbEMa 04aroB MO [LaHHBIM MWUOTHOTO MPOeKTa «MOCKOBCKUIA CKPUHUHT paKa
NErKoro» ¢ UCNoSib30BaHWEM HU3KOA03HOW KOMMbIOTEPHON TOMOrpaduu.

Mamepuanel u Memodei. B nporpamMmy cKpuHWHra obiv BKKOYeHbI 293 naumneHTa 6e3 BepudmumposarHoro Ao 2020 roga
AMarHo3a paka NErkoro, y KOTOPbIX Ha MepBUYHON HW3KOAO3HOM KOMMbIOTEPHOW TOMOrpadui, BbIMONHEHHOW B Nepuoa
¢ despansa 2017 no ¢espanb 2018 roaa, bbin BbIABNEH 04ar B NErKOM pasMepoM He MeHee 4 MM. JlydeBas Harpy3ka nog-
bupanacb MHaMBMAYanbHO M He npesbiwana 1 M3B. Bce n3obpaxkeHus HU3KOA03HOW KOMMbIOTEPHOW ToMOrpadum He3aBu-
CMMO OLeHMBaNUChb TpeMsl 3KCMepTaMu L1 M3MEePEeHUs [ANMHHOW OCW 0Yara, a TakKe 3KCTPanonmpoBaHHoro obbéma. B ka-
yecTBe pedpepeHCHOro 3Ha4eHUs pasmepa M 00bEMa bpanu cpefiHee, MofyYeHHOE MO UTOraM M3MepeHW akcneptoB. Ouar
<6 MM/<100 MM? NpuU3HaBan NOXHOMONOMKMTE TbHBIM Pe3yNbTaToM, ouar =6 MM/>100 MM? — NOXHOOTPULLATENbHBIM.

Pe3ynemamel. B uccneposahue bbinn BrtoveHbl 293 naumenta (166 MyxumH; 56%; cpenHuii BospacT 64,6+5,3 ropa).
JIéroubix ouaro <6 MM/<100 mm? 6bino 199. Ikcnepramm 1, 2 1 3 npu M3MepeHUn 06bEMa 3adMKCUPOBaHbI OTIMUNA OT pe-
depeHcHoro cTaHaapta no 32 [10,9%; 4 noxHononoxutenbHelx, 28 noxHooTpuuatensHbix], 29 [9,9%; 17 noxHononoxu-
TenbHblX, 12 noxuootpuuatenbHbix] U 30 [10,2%; 6 NOXHONONOKMTENbHBIX, 24 NOXHOOTPULIATENbHBIX] 04araM, a TaKxe
PACXOXKLAEHUS NPU U3MEPEHUM NIMHENHOrO pa3Mepa no 92 [65,5%; 107 noxHononoxuTenbHbIX, 85 NOXHOOTPULIATENBHBIX],
146 [49,8%; 58 noxHononoxutenbHblX, 88 noxHootpuuatensHbix] U 102 [34,8%; 23 NOXKHONONOXKMTENbHLIX, 79 NOXHOOTPU-
LlaTesNbHbIX] 04araM COOTBETCTBEHHO.

3arnoyenue. Vicnonb3oBaHne BOMOMETPUN JIEFOYHBIX 04AroB 3HAUUTENBHO CHUIKAET KOIMUECTBO JI0XKHOMONIOMUTENBHbIX
W JIOXKHOOTPULATENbHBIX Pe3yNbTaToB B CPAaBHEHUM C U3MEPEHUEM JIMHEMHOTO pa3Mepa 04aroB B NPOrpaMMe CKPUHUHIa paKa
NETKUX METOJ,0M HU3KOA03HON KOMMbIOTEPHOH ToMorpadum.

KnioueBble cnoBa: KOMMbHTEPHaA TOMOFpad)VIFI; CKPUHWHI paKa NErKoro; NEroyHble Y3Jbl.

Kak uutupoBatb

Cyunnosa M.M., BroxuH U.A., Anetumnta 0.0., FTombonesckuin B.A., Pewwethnkos P.B., bocun B.1O., OmMensHckas 0.B., Bnagaumupckuin A.B. CpaBHeHWe n3mepe-
HUS JIHEMHOr0 pa3Mepa 1 06bEMa NErOYHbIX 04aroB Mo AaHHLIM CKPMHUHIA paKa NErKUX C NOMOLLI0 HU3KOLL03HOW KoMMbloTepHoi ToMorpadum // Digital
Diagnostics. 2023.T. 4, N2 1. C. 5-13. DOI: https://doi.org/10.17816/DD117481

Pykonucb nonyyena: 13.12.2022 Pykonucb ogo6pena: 17.01.2023 Ony6nukoBaHa: 03.03.2023
5
SKO®BEKTOP Cratba goctynHa no nuuer3un CC BY-NC-ND 4.0 International

© 3Ko-BekTop, 2023


https://doi.org/10.17816/DD117481
https://doi.org/10.17816/DD117481
https://crossmark.crossref.org/dialog/?doi=10.17816/DD117481&domain=PDF&date_stamp=2023-04-19

ORIGINAL STUDY ARTICLES Vol. 4 (1) 2023 Digital Diagnostics
DOI: https://doi.org/10.17816/DD117481

Volumetry versus linear diameter lung nodule
measurement: an ultra-low-dose computed
tomography lung cancer screening study
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ABSTRACT

BACKGROUND: The Dutch—Belgian Randomized Lung Cancer Screening Trial (NELSON) used a volume-based protocol and
significantly reduced the prevalence of false-positive results (2.1%).

AIM: To compare the performance of manual linear diameter and semi-automated volumetric nodule measurement in the
pilot project “Moscow Lung Cancer Screening” ultra-low-dose computed tomography pilot study.

MATERIALS AND METHODS: The study included individuals with a lung nodule of at least 4 mm on baseline-computed
tomography of the Moscow lung cancer screening between February 2017 and February 2018, without verified lung cancer
diagnosis until 2020. The radiation dose was selected individually and did not exceed 1 mSv. All scans were assessed by three
blinded readers to measure the maximum and minimum transversal nodule diameter and extrapolated volume. As a reference
value of size and volume, the average value from the results of expert measurements was obtained. A false-positive nodule
was defined as a nodule <6 mm/<100 mm? and a false-negative nodule as a nodule 6 mm/>100 mm?.

RESULTS: Overall, 293 patients were included (166 men; mean age, 64.6 + 5.3years); 199 lung nodules were <6 mm/<100 mm®
and 94 were =6 mm/>100 mm?. Regarding volumetric measurements, 32 [10.9%; & false-positive, 28 false-negative], 29 [9.9%;
17 false-positive, 12 false-negative], and 30 [10.2%; 6 false-positive, 24 false-negative] nodule discrepancies were reported
by readers 1, 2, and 3 respectively. For linear diameter measurement, 92 [65.5%; 107 false-positive, 85 false-negativel],
146 [49.8%; 58 false-positive, 88 false-negative], and 102 [34.8%; 23 false-positive, 79 false-negative] nodule discrepancies
were reported by readers 1, 2, and 3 respectively.

CONCLUSIONS: The use of lung nodule volumetry strongly reduces the number of false-positive and false-negative nodules
compared with nodule diameter measurements, in an ultra-low-dose computed tomography lung cancer screening program.

Keywords: tomography X-Ray compute, early detection of cancer, lung neoplasms.
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BACKGROUND

Lung cancer remains one of the top 10 causes of
death worldwide, owing largely to late diagnosis." Low-
dose computed tomography (LDCT) screening was found
to significantly reduce lung cancer mortality in a high-risk
population [1]. LDCT screening is intended to detect lung
cancer at an early stage and primarily involves the detection,
classification, and subsequent management of lung nodules.
Numerous guidelines on pulmonary nodules have been
developed to assist with the aforementioned tasks, including
the International Early Lung Cancer Action Program [2] and
Lung CT Screening Reporting And Data System (Lung-RADS)
[4], as well as recommendations of the British Thoracic
Society (BTS), [5] European Position Statement on Lung
Cancer Screening (EUPS), [6] and National Comprehensive
Cancer Network [7].2

According to the results of the Dutch-Belgian NELSON
lung cancer screening, the volumetry of nodules can reduce
the incidence of false-positive results to 2.1% [1]. Volumetry
using semiautomatic volume estimation was thus approved
and recommended in the EUPS protocols [6] and later in the
NELSON-plus protocols [8]. According to the BTS guidelines
for the management of pulmonary nodules identified by
LDCT, volumetry should be used instead of measuring linear
dimensions whenever possible.

The NELSON study found that lung cancer screening with
LDCT was effective [9], although an effective radiation dose
of 0.4-1.6 mSv was used for screening, depending on the
patient’s body weight [10]. Moreover, according to SanPin
2.6.1.2523-09 sanitary standards,® the annual effective dose
during preventive X-ray examinations should not exceed
1 mSv. As a result, the radiation dose in the Moscow Lung
Cancer Screening pilot project was limited to 0.7 mSv [12]. To
the best of our knowledge, no validation study has compared
volumetric data with estimated maximum linear dimensions
based on computed tomography with a radiation dose of <1
mSv (ultra-LDCT) performed as part of lung cancer screening.
The findings of the Moscow Lung Cancer Screening project
provide an invaluable opportunity to conduct such a study [13].

This study aimed to compare the diagnostic accuracy
and consistency of the results of manual linear dimension
measurement with semiautomatic volumetry in the Moscow
Lung Cancer Screening pilot project using LDCT.

MATERIALS AND METHODS
Study design

A cross-sectional retrospective study was performed.
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Eligibility criteria

The inclusion criteria were as follows: age from 50 to
80 years, smoking index =30 pack-years, current smoking
or quitting <15 years ago, an ultra-LDCT study during the
specified time period, and no history of lung cancer.

The exclusion criteria were as follows: no pulmonary
nodules on LDCT; a history of lung cancer; a history of lung
surgeries (except for lung biopsy); severe cardiovascular,
immunological, respiratory, or endocrine diseases with a
life expectancy of <5 years; acute respiratory diseases;
taking antibiotics for at least 12 weeks before LDCT;
hemoptysis or weight loss >10 kg in the year before
screening.

Study conditions

The study included 293 participants of the Moscow
Lung Cancer Screening pilot project. The subject selection
flowchart is presented in Fig. 1. The study was conducted in
accordance with Order No. 49 dated February 1, 2017, of the
Moscow Healthcare Department.

Study duration

The dataset contains the findings of LDCT studies
performed between February 2017 and February 2018.

Description of the intervention

Scanning was performed in 10 outpatient clinics,
each with one CT scanner. Toshiba Aquilion 64 (Canon
Medical Systems, Japan) CT scanners were used with the
following scanning parameters: 64-slice CT scanners, tube
voltage of 135 KV, intensity of 15-25 mA (depending on the
patient’s body weight: <69 kg = 15 mA; 70-90 kg = 20 mA;
>90 kg = 25 mA), rotation time of 0.50 s, spacing of 1.484,
slice thickness of 1 mm, and slice spacing of 1 mm. The
matrix size was 512, and the reconstruction filter FC07
was used. Two scanners used a vendor-specific iterative
reconstruction algorithm (AIDR 3D), whereas the remaining
eight scanners used filtered back projection with quantum
noise reduction software (FBP/QDS+) [13]. Only axial slices
were retained. After scanning, maximum intensity projections
and multiplanar reconstructions were used to analyze the
data.

The breath-hold scanning time at maximal inspiration was
<10 s. The field of view was determined on the CT scan from
the lung apices to the costophrenic sinuses. The distance
from the ribs to the edge of the image reconstruction area
was <1 cm. The computed tomography dose index CTDIvol
depended on the patient’s body weight: <69 kg = 0.8 mGy,

! WHO [Internet]. The top 10 causes of death cited 2020 Dec 9]. Available at: https://www.who.int/news-room/fact-sheets/detail/the-top-10-causes-of-death.

2 American College of Radiology. Lung CT Screening Reporting & Data System (Lung-RADS®), Version 1.1 cited 2021 March 30]. Available at: https://
www.acr.org/Clinical-Resources/Reporting-and-Data-Systems/Lung-Rads.

3 Resolution of the Russia's Chief Public Health Officer dated July 7, 2009, No. 47 on the approval of SanPiN 2.6.1.2523-09 “Radiation Safety Standards

(NRB-99/2009)." Available at: https://docs.cntd.ru/document/902170553.
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Total number of city residents as of 2017
(n=12 678 079)

Total number of patients followed up in 10 outpatient clinics
(n=542 201)

Total number of patients at risk followed up
in 10 outpatient clinics (n=47 878)

Total number of patients with ultra-LDCT performed in 2017
(n=5310)
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Excluded (n=3,032)
1. Smoking history <30 pack-years.
2. A history of lung cancer/lung surgery

Total number of patients at risk with ultra-LDCT
performed in 2017 (n=2278)

(except for lung biopsy).

3. Cancer detected <5 years ago, except for skin cancer
and cervical cancer in situ.

4. Acute respiratory diseases.

Total number of patients at risk with ultra-LDCT
performed in 2017 for patients with confirmed lung cancer
(n=2249)

Patients (n=29) with lung cancer confirmed within 2 years
after the baseline ultra-LDCT study were excluded

Total number of excluded patients (n=1563) with

Patients without confirmed lung cancer (2017-2020)
with a follow-up ultra-LDCT study within the first year
of lung cancer screening (n=521)

no pulmonary nodules or nodules <4 mm in diameter

Sample size calculated using PASS 15 software
(n=312)

Data format unsuitable for re-evaluation (n=19)

Patients (n=293)

Figure 1. Subject selection flowchart.

70-90 kg = 1.0 mGy, and >90 kg = 1.2 mGy. The radiation
dose was selected individually based on the patient’s body
weight.

Primary study outcome

A total of 1,450 pulmonary nodules were measured,
878 (61%) solid and 572 (39%) subsolid nodules, and the
largest nodule was selected for each patient. After selecting
the largest nodule, the final analysis included 293 nodules.
Table 1 shows the distribution of nodules for each expert
based on linear dimensions and volume. Following a
consensus decision, 199 pulmonary nodules were classified
as benign (<6 mm/<100 mm?®) and 94 as requiring further
evaluation (=6 mm/>100 mmd).

DAl https://doiorg/1017816/DD117481

Ethics review

The study was approved by the independent ethics
committee of the Central Clinical Hospital and Outpatient
Clinic of the Administrative Directorate of the President
of the Russian Federation (Moscow) on May 20, 2017. All
participants signed an informed consent form.

Statistical analysis

The linear dimensions of pulmonary nodules were
rounded to the nearest whole number. Pearson’s chi-square
test was used to examine differences in discrepancies
and false-positive and false-negative results between the
pulmonary nodule volume and linear dimensions. Fleiss’
kappa was used to determine agreement among three



https://doi.org/10.17816/DD

ORIGINAL STUDY ARTICLES

independent experts. To interpret the magnitude of this
parameter, the Landis and Koch (1977) criteria were used:
poor agreement, <0; slight agreement, 0.00-0.20; fair
agreement, 0.21-0.40; moderate agreement, 0.41-0.60;
substantial agreement, 0.61-0.80; and almost perfect
agreement, >0.81 [14]. IBM SPSS Statistics version 26 was
used for all statistical calculations, and P < 0.05 was
considered significant.

RESULTS

Study subjects

The study included 293 participants, 166 (57%) of whom
were men aged 50-80 (mean age 64.6 + 5.3) years, with an
average smoking history of 34.5 + 10.7 years.

Main study outcomes

For volumetry, discrepancies with the reference standard
were distributed as follows: 32 (10.9%; 4 false-positive
results, 28 false-negative results), 29 (9.9%; 17 false-
positive results, 12 false-negative results), and 30 (10.2%;
6 false-positive results, 24 false-negative results) nodules
for experts 1, 2, and 3, respectively. For linear dimensions,
incorrect nodule measurements were identified as
192 (65.5%; 107 false-positive results, 85 false-negative
results), 146 (49.8%; 58 false-positive results, 88 false-
negative results), and 102 (34.8%; 23 false-positive results,
79 false-negative results) for experts 1, 2, and 3, respectively
(Table 2). When the BTS-recommended threshold value of
80 mm?® was used, the number of incorrect measurements

Vol. 4 (1) 2023

Digital Diagnostics

increased: 35 errors were registered for expert 1, 50 for
expert 2, and 41 for expert 3.

When three experts’ averages were used, a total of
30 (10.2%) errors were detected for volumetry, compared
with 147 (50.2%) for linear dimensions (P < 0.001). Volumetry
demonstrated significantly fewer false-positive results (n=9;
3.1%) than linear dimensions (n = 63; 21.5%; P < 0.001) and
significantly fewer false-negative results (21; 7.2% vs. 84;
28.7%, respectively; P < 0.001).

The expert agreement analysis revealed that
measuring volume had higher agreement than measuring
linear dimensions. For volumetry, Fleiss' kappa was
0.672 (substantial agreement, 95% confidence interval
0.670-0.674), whereas for linear dimensions, Fleiss' kappa
was 0.027 (slight agreement, 95% confidence interval 0.025-
0.029).

DISCUSSION

Summary of the main study outcome

According to our findings, the use of volumetry instead
of linear dimensions significantly reduced the number of
incorrect interpretations while also lowering the number of
false-positive and false-negative results. Expert agreement
was significantly higher when volumetry was used instead
of linear dimensions.

Discussion of the main study outcome

Our findings are consistent with those of the NELSON
study and support the use of pulmonary nodule volumetry for

Table 1. Distribution of nodules per expert for linear dimensions and NELSON-plus/EUPS category

Parameters Expert 1 Expert 2 Expert 3
Linear dimensions
Nodule =6 mm 101 147 191
Nodule <6 mm 192 146 102
Volume
=100 mm? 223 194 217
<100 mm? 70 99 76
Table 2. Results and discrepancies per expert for volumetry and linear dimensions
Parameters Expert 1 | Expert 2 | Expert 3
Volume
False-positive results 4 (1,4) 17 (5,8) 6 (2,0)
False-negative results 28 (9,6) 12 (4,1) 24 (8,2)
Discrepancies for each expert 32 (10,9) 29 (9,9) 30(10,2)
Linear dimensions
False-positive results 107 (36,5) 58 (19,8) 23 (7,8)
False-negative results 85 (29,0) 88 (30,0) 79 (27,0)
Discrepancies for each expert 192 (65,5) 146 (49,8) 102 (34,8)

Note. The percentage of the total number of nodules is shown in parentheses (n = 293).

DAl https://doiorg/1017816/DD117481
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ultra-LDCT results. Oudkerk et al. demonstrated that when
using LDCT, the nodule size cannot be accurately interpreted
solely by measuring its linear dimensions, especially in
contentious cases. When extrapolating the volume from
the linear dimensions, nodules measuring 8—10 mm fell
into groups with volumes ranging from 50 to 500 mm?3, and
compared with semiautomatic volumetry, the use of linear
dimensions resulted in a significant overestimation of the
nodule volume. Previously, Revel et al. [14] also reported a
problem in the analysis of small- and medium-sized nodules:
the assessment of intra- and inter-expert agreement revealed
that the measurement error reached 1.73 mm when assessed
by two radiologists. Furthermore, Xie et al. [15] discovered
that semiautomated volumetry yielded higher accuracy than
manual measurements. Moreover, volumetry, including the
use of artificial intelligence algorithms, is recommended
by the European Society of Radiology and the European
Respiratory Society [16]. In another study with pulmonary
nodule marking, several radiologists found that the number
of experts affected the correctness and consistency of
estimates when measuring the nodule diameter. With an
increase in the number of experts performing an independent
interpretation of CT findings, the correctness of their
assessments increases, whereas consistency decreases [17].

Study limitations

This study has several limitations. Owing to its
retrospective design, a sampling bias is possible.
Furthermore, this study used a relatively small sample. A
larger number of cases may be more representative of a
lung cancer screening population. According to Lung-RADS
recommendations, the linear dimensions of the nodule along
the long and short axes must be measured and the average
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value calculated; however, the purpose of this work was to
test the findings of the NELSON study.

CONCLUSION

This study shows that the use of semiautomatic volumetry
of pulmonary nodules in the interpretation of LDCT findings
can significantly reduce the number of false-positive and
false-negative results when compared with measuring linear
dimensions. This discovery is accompanied by increased
agreement among experts and may reduce the unavoidable
harms associated with lung cancer screening.
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TeneynbTpa3ByKoBbie UCC/Ie0BAHUA
C UCNOJIb30BaHMEM CMapPT(OHOB U OAHONNATHBIX
KOMNbIOTEPOB

K.M. Ap3amacos', B.A. [lporoso3?, T.M. Bobposckas’', A.B. Bnagsummpckmit'3

! Hay4HO-NPaKTUYECKMIA KITMHUYECKWIA LIEHTP AMAarHOCTUKM 1 TeNleMeAMUMHCKUX TexHonorui, MockBa, Poccuiickas Qeaepauns

2 Hay4HO-NpON3BOACTBEHHOE 06beanHeHMe «PyccKue 6asoBble MHGOPMaLMOHHBIE TexHoorMM», Mocksa, Poccuitckas Mepepaums

3 MNepBbIit MOCKOBCKMIA roCYAaPCTBEHHBII MEANLMHCKMA YHuBepcuTeT uMeHn WM. CeueHoBa (CeueHoBCKuit YHuBepcuTe),
Mockga, Poccuiickas Depepaums

AHHOTALNA

06ocHosaHue. PocT [OCTYMHOCTM W BBIYMCIUTENBHON MOLLHOCTM MOBMIIbHBIX YCTPOICTB NPUBOAMT K pacLMpeHuio ux ob-
NacTv npumeHenns. MeguuuHa He cTana UCKIIOYEHWEM: OAHOMNATHbIE KOMMbIOTEPbl U CMapThOHbI aKTUBHO MPUMEHSIIOTCS
B TeNeMeuLMHe.

Llesb — 13yunTb TEXHUYECKYIO BO3MOXHOCTb peann3aLmuy TeNeynbTpasByKoBbIX UCCEA0BaHUA NPYU NOMOLLM OfHOMMAT-
HbIX KOMMbLIOTEPOB U CMApPT(OHOB.

Mamepuanel u Memodel. B naHHOM UccnefoBaHUM NPOBOAMAM 3aXBaT YbTPa3ByKOBOro BUAEOU306paXKeHUs Npu nomo-
wm BHewHux USB-ycTpoiicTB Buaeo3axeata. B kayecTe nnatdopMbl Ans cepBepa TeneynbTpa3ByKOBbIX UCCEA0BAHUN UC-
nonb30BanyM oJHoNNaTHbIe KoMnbloTepbl Raspberry Pi, a Take cMapTdoH Ha base Android. B kauecTBe nporpamMMHoro obe-
cnevenms ucnonb3osanm VLC, Motion, USB Camera. [IuctaHuMoHHas oLEeHKa 3KCNepPTOM NpoBOAUNACh TaKKe Ha MOBMIbHBIX
yctpoucTBax: nocpeacteoM VLC npu pabote Ha cepsepe nporpammHoro obecneyenus VLC, B ocTanbHbix ciydasx — Google
Chrome Ha Windows 7 v Android, Chromium Ha Raspberry Pi.

Pesynemamel. YcTpoiicTBo BMAeo3axBaTa Ha 6a3e umnceta UTV007 no3sonset nonyuuts 6osee KayecTBeHHOe M306pa-
JKEHWe MO CPaBHEHMIO C YCTPOMCTBOM Ha 6a3e unnceta AMT630A. OnTumMantHoe pa3pelueHue Buaeomsobpaxenus 720x576
npu 25 Kkagpax B cekyHay. OnTMManbHbIM NporpamMMHbIM obecnedeHnemM ans opranusaumm teneY3W Ha Raspberry Pi senset-
¢ VLC n3-3a HU3KMX TpeboBaHMit K NponycKHol cnocobHocTu kaHanos cBssu (0,64+0,17 Mout/c). Ins Android-cMapTdoHoB
TeNeynbTpa3ByKoBOe MCCNeA0BaHMe MOXeET ObiTb peanu3oBaHo Ha nporpaMmHoM obecnedequn USB Camera, Ho Tpebyet
DosbLuelt NponycKHow crnocobHocTW KaHanos cBasm (5,2+0,3 Mout/c).

3arnoyenue. Vcnonb3oBaHue yCTPOicTB Ha 6ase ofHOMMATHBIX KOMNbLIOTEPOB M CMapT(OHOB MO3BOJISET peann3oBaTb
BHOAKETHYI0 TeNeynbTpa3BYKOBYIO CUCTEMY, YTO MOTEHLMANBHO COCOOCTBYET MOBLILLEHUK0 KA4eCcTBa BbIMOSHAEMBIX UCCHe-
[O0BaHWUI 3a CYET AMCTAHLMOHHOTO 00YYEHUS W KOHCYNbTMPOBaHMS Bpadel. [laHHble peLLeHnst MOryT MPUMEHSATLCS B TOM
uucne B YAANEHHbIX PEruoHax, Ang 3afady «nosieBon» MeAULMHbI U APYTUX BO3MOXHbIX HanpaBieHUii MOBUNbLHOro 3[paBo-
OXpaHeHws.

KnioueBble cnoBa: ynbTpasBykoBoe ucciepoBanue; Y3U; TeneY3U; teneMeamumHa; Buaeo3axsar.
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Tele-ultrasound imaging using smartphones
and single-board PCs

Kirill M. Arzamasov', Viktor A. Drogovoz?, Tatiana M. Bobrovskaya', Anton V. Vladzymyrskyy'-

! Moscow Center for Diagnostics and Telemedicine, Moscow, Russian Federation
2 Scientific and Production Association “Russian Basic Information Technologies”, Moscow, Russian Federation
3 The First Sechenov Moscow State Medical University, Moscow, Russian Federation

ABSTRACT

BACKGROUND: Mobile devices are widely available and their computational performance increases. Nonetheless, medicine
should not be an exception: single-board computers and mobile phones are crucial aides in telehealth.

AIM: To explore tele-ultrasound scope using smartphones and single-board computers

MATERIALS AND METHODS: This study focused on capturing ultrasound videos using external video recording devices
connected via USB. Raspberry Pi single-board computers and Android smartphones have been used as platforms to host a tele-
ultrasound server. Used software: VLC, Motion, and USB camera. A remote expert assessment was performed with mobile
devices using the following software: VLC acted as a VLC server, Google Chrome for 0S Windows 7 and 0S Android was used
in the remaining scenarios, and Chromium browser was installed on the Raspberry Pi computer.

OUTCOMES: The UTV007 chip-based video capture device produces better images than the AMT630A-based device. The
optimum video resolution was 720x576 and 25 frames per second. VLC and OBS studios are considered the most suitable for a
raspberry-based ultrasound system owing to low equipment and bandwidth requirements (0.64+0.17 Mbps for VLC; 0.5 Mbps
for OBS studio). For Android phone 0S, the ultrasound system was set with the USB camera software, although it required a
faster network connection speed (5.2+0.3 Mbps).

CONCLUSION: The use of devices based on single-board computers and smartphones implements a low-cost tele-
ultrasound system, which potentially improves the quality of studies performed through distance learning and consulting
doctors. These solutions can be used in remote regions for “field” medicine tasks and other possible areas of m-health.

Keywords: Tele-ultrasound, telehealth, ultrasound, video capturing.
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BACKGROUND

At present, mobile devices show higher performance with
lower costs. These factors expand the scope of mobile device
applications, including medicine and telemedicine. [1-3]

Teleultrasonography (or teleultrasound) is a unique
example of telemedicine. [4] In this diagnostic technique, a
functional diagnostics specialist or an ultrasound specialist
receives and analyzes data from a remote ultrasonogram
and sends back a medical report or recommendations. This
process requires a special software and hardware complex.

Some cases of teleultrasound using a smartphone have
been reported, [5-8] i.e., when an image from the screen
of an ultrasound scanner was captured by a smartphone
camera and transmitted using communication programs.
No additional equipment is required, and this is the great
advantage of this technique. However, some technical
difficulties were reported, such as the need for additional
staff or special devices for holding a smartphone when
recording an examination and the lower quality of ultrasound
images delivered to an expert compared with the original.

At present, there are mobile video capture devices that
can be connected not only to a personal computer but also
to mobile devices such as single-board computers (SBCs)
and smartphones.

This study aimed to evaluate technical opportunities for
implementing teleultrasound techniques using SBCs and
smartphones.

MATERIALS AND METHODS

Software

The study used Sequoya 512 Acuson and SonoAce-8000
ultrasound scanners. One of the study authors volunteered
to undergo a standard ultrasound examination of
brachiocephalic arteries performed by a functional
diagnostics specialist. Based on an expert review (three
specialists with >10 years of experience), the image quality
and possibility of interpretation were subjectively assessed.
Thus, fragments of the examination provided were stored in
an ultrasound scanner in the form of 5-s cine loops, which
were then cyclically reproduced on the ultrasound scanner.
A total of nine cine loops were recorded, three for each
mode: B-mode only, B-mode + color Doppler mapping, and
B-mode + spectral Doppler. The expert could evaluate the
image on the monitor screen of the ultrasound scanner and
screen of the client device in real time. Moreover, the above
technique allowed experts to evaluate results obtained with
different software and hardware systems during the same
examination (on the same cine loop).

We used a Defender C-090 USB camera and low-cost
video capture systems from an ultrasound scanner. Since
lox-cost systems use two types of microcircuits (chipsets)
as an analog-to-digital converter, i.e., UTV007 and AMT630A,
both options were tested:
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1) Gembird UVG-002, a video capture device based on
the UTV007 chipset with a resolution of 720 x 576 at
25 frames per second,

2) Espada USB 2.0 —RCA/S-video EUsbRcaé3 (hereinafter
referred to as EUsbRcaé3) is a video capture device based
on the AMT630A chipset with a resolution of 720 x 576 at
25 frames per second.

The following software was used for the on-server study:

+ VLC version 3.0.8 is a free video transmitting and
playing software with the option to stream video from
external devices. It runs under different operating
systems, including Linux and Android. The study used
this software simultaneously on the server and client
of the telemedicine system.

+ Motion Release 4.3.0, free software designed for CCTV
cameras, focused on motion detection in a frame. This
software runs under the Linux operating system and
was installed on SBCs. It has the option of running as a
background process. However, this software can only
broadcast images without sound. Access required user
identification and a password.

« USB Camera version 9.7.9. is freely distributed
software designed to transfer images from USB
cameras, and a non-commercial version was used to
operate as a server on Android devices.

The main criterion for software selection was the ability
to use various operating platforms. Then, these software
and hardware solutions were assessed for suitability for
use as a telemedicine system. Data transfer speed was
evaluated (expressed as mean + standard deviation).
Microsoft Excel software was used for statistical
processing of the results.

Telemedicine System

A telemedicine system consists of a server and a client.

In this paper, a server is a software and hardware complex

that transmits a video image from an ultrasound scanner.

A client is a device that receives and plays video. The client

and the server were connected through a local network

using a Wi-Fi router with a bandwidth of 72 Mbps. During
testing, the highest video signal quality (maximum resolution
and maximum frame rate) was selected. The client was
connected to the server using protocols supported by the
installed software, such as HTTP and RTSP. The following
client programs were required for video playback: VLC
for RTSP, Google Chrome on Windows 7 and Android, and

Chromium on Raspberry Pi for HTTP. Each software installed

on the server supported its codec: JPEG (Motion), VideoH.264

(VLC), and H.264 (USB Camera).

Two connection options are available (Fig. 1).

1. The server is a smartphone (Android 7.0, 2 GHz 8-core
processor, 3 GB RAM, or Onyx Max3 Android 9.0, 2
GHz 8-core processor, 4 GB RAM) connected to a
video capture device via an 0TG-USB cable. The video
capture device is connected to the video output of the
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ultrasound scanner. The client is a laptop based on
AMD E-450 APU, 8 GB RAM, 64-bit 0S Windows 7, or
a smartphone.

2. The server is a single-board microcomputer (Raspberry
Pi 1 Model B, CPU 700 MHz, 512 MB or Raspberry Pi 4,
CPU Quad Core Cortex 1.5 GHz, 4 GB with Linux version
4.19.118-v7+ installed) connected to the video capture
device via a USB cable with a USB webcam. Raspberry
Pi 1 did not have a Wi-Fi module and was connected to
the router via a LAN cable. The client is a laptop based
on AMD E-450 APU, 8 GB RAM, 64-bit OS Windows 7, or
a smartphone.

RESULTS

Ultrasound scanners. Two video outputs were tested
on the Sequoya 512 ultrasound scanner, including a coaxial
output for connecting a video printer and an S-Video output
for connecting a VCR. When the image was analyzed at the
output of the video printer, a black-and-white image was
obtained, partially going beyond the fields of video capture
devices. Conversely, when connected to the S-Video output,
a color image was obtained, corresponding to the original on
the monitor screen of the ultrasound scanner. Sequoya 512
was used with Raspberry Pi-based systems. SonoAce-8000
was used to implement teleultrasound based on Android
devices. As in the previous case, S-Video was selected for
the video output.

UVG-002. This device was successfully detected on all
mobile devices and ran normally with all tested programs.
It provided the declared maximum resolution on all devices.

Server 1

e e dull Smartphone

device

Ultrasound
scanner

ulll Cmaptdon

Figure 1. Connection diagram.
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The maximum frame rate was reached on all devices, except
for Raspberry Pi 1.

EUsbRcab3. This device was successfully identified on
all mobile devices and operated normally with all tested
programs, except for VLC on Raspberry. The declared
maximum resolution was not achieved on any of the devices.
The maximum resolution was 640 x 480.

USB camera. The USB camera was successfully detected
on all mobile devices and ran normally with all tested
programs. The maximum resolution was 640 x 480, and the
frame rate was 30 per second.

Motion software. It has been configured to run as a
server: continuous recording and transmission of images
from video devices with maximum resolution. Owing to
the low performance, Raspberry Pi 1 was able to produce
1-1.5 frames per second. Raspberry Pi 4 had none of these
problems; thus, it was possible to run several processes
simultaneously with the same quality of the broadcast video.

VLC software. The successful installation on Raspberry
Pi 4 allowed streaming from external video capture devices.
We also successfully implemented two VLC applications
simultaneously with video capture from a video capture
device and a webcam, whereas the image quality and frame
rate corresponded to the maximum. In addition, we tested the
ability to run VLC and Motion simultaneously on a Raspberry
Pi 4. VLC was installed on Android devices; however, in this
version, it did not allow the operation of a server but only
functioned in client mode. In the client mode, it was also used
on a Windows laptop.

USB-Cam software. The implementation of a telemedicine
server based on this software was extremely sensitive to the

Server 2

Video capture
device

- '
((W%/ Web%amera \’

Ultrasound N\
scanner
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quality of the communication channel. Therefore, at a signal
level below 80 dB, it was disconnected, and there was no
difference in which side the low quality of the connection was
from, the server or the client side.

DISCUSSION

Based on the study results, we prepared a list of devices
and software solutions for the implementation of mobile
teleultrasound systems. The test results are presented in
Table 1: a video capture device based on the UTV007 chipset
allows us to obtain a subjectively better image than a device
based on the AMT630A chipset. The UVG-002 device can
operate on all platforms and with all the used software. This
demonstrated a high-quality picture.

The EUsbRcab3 video capture module showed satisfactory
performance on mobile devices. We were unable to set
this module for operating with VLC, even though Motion
EUsbRcab3 smoothly ran with the same driver. The quality
of the resulting ultrasound image was extremely low on all
platforms: the inscriptions on the image were illegible, and
adequate assessment of the ultrasound image of such quality
was impossible.

For optimal software selection, the platform planned
to be used with the teleultrasound server was determined.
Therefore, in the case of an Android-based smartphone,
USB-Cam is the only software considered; however, in this
variant, teleultrasound will require a special bandwidth of
the communication channel. In our case, the channel capacity
for transmitting ultrasound data was 4.4-5.2 Mbit/s, which
is practically difficult to achieve using cellular networks.
Conversely, when connecting to Wi-Fi, this requirement for
the bandwidth of the communication channel becomes less
important. During the testing, this software and hardware
complex was highly sensitive to the quality of the Wi-Fi
signal (i.e., distance from the access point). Given these
facts, opportunities for the implementation of teleultrasound
in mobile networks are seriously limited.

At present, SBCs are increasingly and actively used in
telemedicine. [9, 10] We consider recent SBCs to be the
optimal platform for the implementation of teleultrasound.
The tested Raspberry Pi models showed a significant
increase in computing power, with the first generation of
Pi 1 being only able to transmit video at a speed of >1.5

Table 1. Test results for software and video signal devices
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frames per second (in our study, the minimum frame rate on
the ultrasound scanner was 16 frames per second), which
is thought to be insufficient to implement a teleultrasound
server. However, this device may act as a client in this
system. Raspberry Pi 4 demonstrated high performance by
simultaneously broadcasting two video streams.

The increased computing power of SBCs allows the
implementation of machine-learning technologies, [11, 12]
including in healthcare. [13] The available computing power
of an SBC may be sufficient for use with a medical decision
support system in parallel with the teleultrasound server for
evaluating ultrasound images for abnormalities.

The choice between Motion or VLC must be guided by the
bandwidth of the communication channel. Therefore, our data
show that one video stream for VLC required 0.5-0.6 Mbps,
and for Motion, the bandwidth should be at least 10 times
greater. The literature review demonstrates that a connection
speed from 0.6 [14] to 1.5 Mbps [15] is the minimum
allowable for comfortable work of a remote expert, provided
that the frame rate is 15 per second and the original video
resolution is preserved. If it is necessary to transfer only the
image from the screen of the ultrasound scanner and there is
no limitation on the bandwidth of the communication channel,
the Motion software is the best solution because it allows
autonomously starting and deploying the teleultrasound
server without human intervention. In other cases, VLC
may be selected. Our study also revealed the possibility of
simultaneously using two different systems.

In a previous paper [16], we showed the possibility of
using streaming technologies in a PC-based teleultrasound
system. However, the use of smartphones and SBCs makes
teleultrasound an even more mobile technique. A device
for a teleultrasound server with the necessary cables fits
easily into a doctor’s pocket, allowing him/her to keep the
connection kit ready and, if necessary, organize broadcasting
the examination within seconds.

Study Limitations

In this study, only two models of ultrasound scanners
were analyzed. However, this technical solution can be
also suitable for other ultrasound scanners that have
similar or different supported video outputs. This study
included only a small number of modern mobile devices,
video capture devices, and software for working with video

Parameters Motion VLC USB-Cam
Codec JPEG VideoH.264 H.264
Connection protocol HTTP HTTP, RTSP HTTP
UvG-002 18,7+2,8 0,64+0,17 5,240,3
Transfer rate, Mbps EUsbRca63 8,6+1,4 - 4,4+0,2
Webcam 15,345 0,49+0,19 2,0+0,1
DOl https://doiorg/10.17816/DD111816
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capture devices and webcams; however, we created several
functioning low-cost systems for mobile teleultrasound.
We focused on searching for the most affordable way to
perform teleultrasound. During the study, the cost of a
mobile device (Raspberry Pi4) and a video capture module
did not exceed 6,000 rubles. At present, a similar package
costs from 12,000 rubles. The software used (Motion, VLC,
and USB-Cam) had a free license or was distributed with an
open-source code. It is assumed that the operating system
(Windows, Linux, and Android) is installed on the devices as
part of the telemedicine system.

For such testing, the bandwidth [17] and security of
communication channels used for healthcare data transmission
must be considered. [3] The organization of VPN tunnels is
one of the possible ways to ensure the security of transmitted
data. However, the study of information security during
teleultrasound is not the goal of this paper. This study is unique
in that it proposes a new technical solution for teleultrasound.

Portable ultrasound systems are now available,
including those with the function of image transmission
(teleultrasound), such as Butterfly iQ + Butterfly Network Inc.,
Kosmos EchoNous, Vscan Air General Electric, and Lumif
Philips Healthcare. However, these systems are expensive
(>500,000 rubles) and do not have all the options necessary
for a complete examination using a stationary ultrasound
scanner. [18] The advantage of our approach is the use
of ultrasound equipment, which is part of the standard
ultrasound equipment.
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HuskoposHasa KoMnbloTepHas ToMorpagus
opraHoB rpyaHoi knetku B amarHoctuke COVID-19:
0630p nuTepartypbl

W.A. bnoxu, [I.A. PymsaHues, M.M. Cyuunosa, A.ll. FoHuap, 0.B. OMensHcKas

Hay4Ho-npaKTUYeCcKMiA KIMHUYECKMIA LIEHTP AMArHOCTUKM W TeleMeAULMHCKMX TexHonoruid, MockBa, Poccuiickan Qepepauus

AHHOTALMA

O6ocHoeaHue. [MoBbILIEHWE YKCIa UCCTIE[0BaHNUIA KOMMbIOTEPHOW ToMorpadum Bo BpeMsi naHaeMun COVID-19 aktyanu-
31poBano 3ajaqy CHUMXEHUS NyYeBON Harpy3KW Ha NaLMeHTa, TaK Kak BO3AENCTBME PafiMaLMOHHOTO U3/Ty4eHns LOCTOBEPHO
CBA3aHO C MOBBILLEHWEM PUCKA Pa3BUTUSA OHKONOTMYECKUX 3aboneBaHuii. B paboTe oTaeneHuit nyyeBon AMArHOCTUKM Aaxe
B YC/IOBUAX MaHAEMUW LOMKEH cODMOAATLCA MPUHLMM MUHUMAIBHOM A,03bl 06/1y4eHNs NPy MaKCMManbHOM YPOBHE KauecTBa
pvartocTukn — ALARA (as low as reasonably achievable), npeanoxeHHbiii MexayHapofHOM KoMUCCHEN NO pagvaLnMoHHOM
3awmre.

Llesny — cucteMaTn3aums AaHHbIX 0 BO3MOXKHOCTAX CHUXEHWUS NY4EBON HArpy3KW NpK OMArHOCTUKE MopayKeHus NIErkux
npu COVID-19 MeToa0M KOMMNbLIOTEPHOI TOMOrpadum.

Mamepuanel u Memodbl. MpoBefiEH aHaNM3 penieBaHTHbIX 0TEYECTBEHHbIX U 3apyDEHBIX MCTOYHUKOB JIUTEPATYPbI B Ha-
yuHbIX brbnuotekax PubMed n eLIBRARY no 3anpocam «low dose computed tomography COVID-19» u «HW3Ko[03Has KOM-
nbtotepHas Tomorpagus COVID-19», onybnukoBakHblx B nepuog ¢ 2020 no 2022 rop. Mybnukaumm Brtoyanuch B 0630p
Mnocsie OLEHKM UX COOTBETCTBMA TeMe 0630pa NYTEM aHanM3a Ha3BaHWA U abctpakTa. Cnucky nuTepatypbl Takke bblam npo-
aHanM3WpoBaHbl Ha NpeMeT BbISIBEHWS NPOMYLLEHHBIX NPY NOUCKE CTaTel, NONaAaloLLMX MO KPUTEPUM BKITIOUEHNS.

Pesynbmamel. W3yyeHve onybnvKoBaHHbIX pe3ynbTaToB MCCNeLOBaHW NO3BOMMA0 0600LWMTL COBPEMEHHbIE AaHHbIE
0 Ny4eBOV AMArHOCTMKe nopaxeHus nérkmx npu COVID-19 u ncnonb3oBaHuy KOMMNbIOTEPHOM TOMorpadum, a Takxke onpege-
JIUTb BO3MOXKHbIE BApUaHTbI CHUMKEHWS [L03bl JIY4EBOI Harpy3Ky.

3aknioyenue. TpefcTaBneHbl cNocobbl YMeHbLUIEHWUSA JIy4EBON HAarpy3KW NPU KOMNbIOTEPHOI TOMOrpadui opraHoB rpya-
HOM KIIETKW U COXpaHeHMsl BLICOKOTO KayecTBa AMarHOCTUYECKOr0 M300paeHusi, NoTeHUMasbHO OCTAaTOMHOro ANS Ha-
LEXHOro BbisBneHus npusHakoB COVID-19. CHuxeHne [o3bl 061y4YeHNs ABNAETCS OMpaBAaHHbIM NOAXOLOM K MOYYEHMIO
aKTyanbHOW AMarHOCTUYECKOW MHGOPMAaLMK, COXPaHSIOLLMM BO3MOXHOCTW BHEJPEHWUS TEXHONOMMIA NMPOJBUHYTOr0 KOMMbIO-
TEPHOr0 aHanM3a B KIMHWUYECKYI0 NPAKTUKY.

KnioueBble cnoBa: KOMMNbIOTEpPHAA TOMOrpadus; HU3K0403HAs KOMNbIOTEPHasa ToMorpadus; 063op nutepatypel; COVID-19;
AmarHoctuka COVID-19.
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Low-dose computed tomography in COVID-19:
systematic review

lvan A. Blokhin, Denis A. Rumyantsev, Maria M. Suchilova, Anna P. Gonchar,
Olga V. Omelyanskaya

Moscow Center for Diagnostics and Telemedicine, Moscow, Russian Federation

ABSTRACT

BACKGROUND: The increased number of computed tomography scans during the COVID-19 pandemic has emphasized
the task of decreasing radiation exposure of patients, since it is known to be associated with an elevated risk of cancer
development. The ALARA (as low as reasonably achievable) principle, proposed by the International Commission on Radiation
Protection, should be adhered to in the operation of radiation diagnostics departments, even during the pandemic.

AIM: To systematize data on the appropriateness and effectiveness of low-dose computed tomography in the diagnosis of
lung lesions in COVID-19.

MATERIALS AND METHODS: Relevant national and foreign literature in scientific libraries PubMed and eLIBRARY, using
English and Russian queries “low-dose computed tomography” and “COVID-19,” published between 2020 and 2022 were
analyzed. Publications were evaluated after assessing the relevance to the review topic by title and abstract analysis. The
references were further analyzed to identify articles omitted during the search that may meet the inclusion criteria.

RESULTS: Published studies summarized the current data on the imaging of COVID-19 lung lesions and the use of computed
tomography scans and identified possible options for reducing the effective dose.

CONCLUSION: We present techniques to reduce radiation exposure during chest computed tomography and preserve high-
quality diagnostic images potentially sufficient for reliable detection of COVID-19 signs. Reducing radiation dose is a valid
approach to obtain relevant diagnostic information, preserving opportunities for the introduction of advanced computational
analysis technologies in clinical practice.
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BACKGROUND

At the time of writing this paper (December 22, 2022),
the number of coronavirus disease 2019 (COVID-19) cases
reaches 650 million." Spread of the disease and consequent
mortality can be prevented and reduced with a combination
of measures, including early diagnosis.?

The main method of laboratory diagnostics is reverse-
transcription polymerase chain reaction (RT PCR). At the
first peak of the coronavirus pandemic, disadvantages of
this technique were revealed, such as a high rate of false-
positive results, limited test availability, and long waiting
time for results. [1] Moreover, computed tomography (CT) of
the chest can also provide false-negative results in patients
with signs of COVID-19. [2]

According to Russian [3] and international® guidelines,
diagnostic radiology for COVID-19-associated pneumonia
includes radiography and CT. Chest X-ray imaging has low
sensitivity to viral pneumonia [4], so CT plays an important
role in the diagnosis of COVID-19-associated pneumonia and
its complications. [5]

The active use of CT during the pandemic leads to high
radiation exposure to the population. [6, 7] To assess
changes in patient condition during the hospital stay, 2—6
CTs are usually performed within a short period since a
clear trend toward CT regression of abnormal changes is
one of the criteria for patient discharge.[3] Patients with
suspected COVID-19 may undergo 1-2 outpatient CT scans
to detect signs of the disease. [8. 9]

Radiation exposure is significantly associated with
the increased risk of developing cancer. [10] In radiology
departments, even in a pandemic, the “as low as reasonably
achievable” principle proposed by the International Commission
of Radiological Protection [11] should be observed. In March
2020, Kang et al. proposed the use of low-dose CT (LDCT) as
the first stage of radiation diagnosis in patients with COVID-
19-associated pneumonia. [6] The important role of LDCT in
COVID-19 was also highlighted by the webinar “COVID-19 and
Chest CT: Protocol and Dose Optimization,” which was held in
April 2020 and attended by 1633 people from 100 countries.
During the video conference, it was found that 55%, 43%, and
2% of healthcare institutions use standard (CTDIvol 5-10 mGy),
low-dose (CTDIvol <5 mGy), and high-dose protocols (CTDIvol
>10 mGy). [12] However, even a superficial assessment of
an X-ray workstation reveals a significant number of scan
parameters that affect radiation exposure, [13], and the
relationship between different protocol settings and radiation
dose may not be obvious, especially considering the pathology
examined.
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This literature review aimed to systematize data on
opportunities for reducing radiation exposure during lung CT
in patients with COVID-19.

MATERIALS AND METHODS

Relevant Russian and foreign literature sources were
reviewed in PubMed and eLIBRARY scientific libraries
for search queries “low dose computed tomography
COVID-19" and “Hu3Kop03Has KOMMblOTepHas ToMorpagus
COVID-19" for the period from 2020 to 2022.

Publications were included in the review after assessing
their relevance according to their titles and abstracts.
The review included original studies and meta-analyses, and
literature reviews, case reports, and congress abstracts were
excluded. References were also reviewed for relevant studies
on general principles of CT dose reduction that might have
been published before 2020. When such articles were found,
the most recent study was included in the review.

RESULTS AND DISCUSSION

In total, 45 foreign papers and five Russian papers were
reviewed. The latest search date was December 22, 2022.

Methods for Reducing Radiation Exposure

Methods for reducing radiation exposure can be divided
into hardware and software ones. Hardware methods
are related to tube potential, tube current, pitch factor,
and X-ray beam filter. Software methods are related
to the reconstruction filter, slice thickness, and iterative
reconstructions.

Hardware Methods. Tube potential (kVp) is nonlinearly
related to radiation exposure. [14] Zarb et al. [15] showed that
a decrease in tube potential by 14%—17% provides a radiation
dose decrease by 32%-38%. In this case, reducing the tube
potential increases the noise level while performing non-
contrast-enhanced examinations. A phantom study showed
that these parameters are interrelated via an exponent of
-1.3. [16] Moreover, reducing the tube potential in contrast-
enhanced examinations improves the quality of images by
significantly reducing radiation exposure. [17]

Tube current (mAs) is linearly related to radiation
exposure. [18] For example, a 50% decrease in tube current
leads to a 50% decrease in the effective dose [17], while the
signal-to-noise ratio is inversely proportional to the square
root of the current. [19]

A pitch factor for multislice CT has almost no effect
on radiation exposure. [20] As the pitch factor increases,

! World Health Organization. Novel Coronavirus (COVID-19) situation. Available at https://who.sprinklr.com.
2 Centers for Disease Control and Prevention. Coronavirus 2019 disease (COVID-19). Available at https://www.cdc.gov/coronavirus/2019-ncov/index.

html.

3 World Health Organization. Use of chest imaging in COVID-19: A rapid advice guide [11 June 2020]. Available at https://apps.who.int/iris/han-

dle/10665/332336.
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the signal-to-noise ratio decreases, and the tomograph
automatically increases the tube current to prevent
deterioration of image quality. [21]

An X-ray beam filter is used to absorb low-energy
photons that cannot pass through the patient tissues
and do not reach the detectors. Therefore, the use of
an additional tin filter can significantly reduce radiation
exposure during CT [22] but requires additional costs for
scanner modification.

Software Methods. The choice of the reconstruction filter
(convolution kernel) does not affect radiation exposure but
affects the signal-to-noise ratio, amplifying or smoothing
out the difference between pixels of different organs
or structures. [23]

A low slice thickness is associated with lower image
quality but decreases the risk of missing small abnormal
changes. Thus, slice thickness can be optimized. For example,
for the examination of pulmonary nodes, this parameter may
be 2 mm. [24]

The main way to reduce “noise” is iterative reconstructions,
which allow CTs with lower radiation doses and a similar
signal-to-noise ratio to the standard data reconstruction
technique. [25] The use of artificial neural networks for image
reconstruction is one of the promising methods. [26, 27]

Based on the literature review, reducing the tube current
reduces radiation exposure, and the signal-to-noise ratio can
be optimized using a reconstruction filter that smoothens the
difference between adjacent pixels (soft tissue) and iterative
reconstruction.

Vol 4 (1) 2023
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Low-dose CT in the diagnosis of COVID-19

In the literature review, a single, well-defined low-
dose protocol is warranted for COVID-19 (Table 1 [28-
54]). The reduced radiation exposure dose is achieved
mainly by changing the tube potential, tube current, use
of iterative reconstructions, and a tin filter. Some studies
reviewed had shortcomings related to data presentation:
dosimetric parameters (CTDI, DLP, SSDE, and effective
dose) were not mentioned, and small sample sizes were
used.

Interestingly, a parameter to be changed when optimizing
the scanning protocol can be universal for various clinical
tasks. Therefore, in LDCT for lung cancer screening, different
groups of authors also changed the tube current [55, 56].
However, the development of a specialized LDCT protocol
should be initiated with a study on a model object (phantom)
to select the optimal method for reducing the exposure.
For example, Gombolevsky et al. [57] developed the LDCT
protocol for the diagnosis of COVID-19 using a phantom with
thickening plates, while setting the automatic tube current
control system (Sure Exposure 3D) to a sufficient level to
detect ground-glass lesions with a maximum reduction in
radiation exposure (SD = 36). A comparison of the protocol
selected according to the results of the phantom study with
standard CT and LDCT for lung cancer screening is shown
in Fig. 1.

Any special low-dose protocols require clinical validation
and comparison with the gold standard. Therefore, clinical
trials of the developed LDCT protocol for COVID-19 used

Standard CT protocol
(SD=10)

CTD Ivol (mGy) :
DLP(mGycm)

33.80

947, 60 DLP (nGycm)

CTDI / DLP

Th1l-Thi12

Th9- Th10

Selected CT protocol
(SD=36)

CTDIvol (mGy)

Lung cancer screening protocol
(SD=68)

: CTDIvol (mGy) :
DLP (mGycm)

Figure 1. Comparison of a dedicated low-dose computed tomography protocol for COVID-19 (SD = 36) with standard and low-dose
computed tomography for lung cancer screening. Data on radiation exposure and axial tomograms of the phantom at the level of
the lower and middle zones of the lungs. Low-dose computed tomography for lung cancer screening was developed considering
the need for radiation exposure limitation as preventive measures according to SanPin (disease control and prevention standards)
and has the lowest signal-to-noise ratio. The proposed protocol for low-dose computed tomography for COVID-19 considers the
densitometric characteristics of ground-glass lesions with a significant reduction in radiation exposure.
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Table 1. Parameters of low-dose computed tomography for diagnosis of COVID-19 based on the literature review

Digital Diagnostics

Author, Tube Tube current, ra d?:t‘iec::g:ose thiill(i:Zss Reconstruction | Use of Iterative
year, link potential (kV) mA filter Reconstruction
(mSv) (mm)
Blokhin et al. 10-500, noise
(2022) [28] 120 level 36 (SD) 3 1 FC51, FCO7 No
Filatova et al.
(2020) [29] 100/110 40-120 1,27 1 - Yes
Afshar et al. (2022) [30] 110 20 1-1,5 2 D40s -
Fukumoto et al. CTDI Lung and soft
(2022) [31] 120 20-25 1.3 mGy 5 tissue -
Bieba et al. Depending Depending ) 1and 3 ) )
(2022) [32] on weight on weight
. Anthropomorphic
Barrio et al. . Br32
(2022) [33] 100/150  current modulation - 1 Bl60 -
system
ThieB et al. Fc01
(2022) [34] 100 10-100 0,53 0,5b 0,625 Fe85 Yes
Greffier et al. 130f, mediastinal,
(2021) [35] 100120 10 0.2 l 150f, lung images Yes
é"j{;:‘)"j‘§[3‘*g]al' 80 40 0,18 5 lung Yes
Julie et al.
(2021) [37] 120 i ) 12 ) )
Desmet et al.
(2021) [38] 80-140 20-30 0,64 0,6 - -
éség?)e[gg;' 80 35-50 0,2856 3 lung Yes
Stoleriu et al. 35-100 mGyxcm Medium
(2021) [40] 120 40-113 078-291 mey P Soft Yes
Ezaﬂ'ze]tﬁk” 120 120-380 1,210,10 1,25 Standard Yes
%";f;”&% al. 100 95 0,39 15 Sharp Yes
Zali et al.
(2021) [43] 100-120 50-100 - 1-3 - -
f‘zrgf?;'g["]et al. 80 2 0,219 2 Sharp ;
Leger et al.
(2020) [45] 120 . 0.49 12 ) )
I(-Izaﬂrgg)e{&(zt] al 100 20-120 0,5 0,625-1 Lung Yes
(inﬂeztue;l'[ ) 120 30 1,2240,14 1 - Yes
?2%”290')5 [?s?l' 100 20 0,56 1 Lung (150f) Yes
Radpour et al.
(2020) [49] 100-120 50-100 - 1-3 - -
é%”zgn)et[é"]‘l' 80-100 10-25 0,203 0,6 - Yes
Tofighi et al.
(2020) [50] 100 40 2,03 ) ) No
Tabatabaei et al.
(2020) [51] 120 30 1,8 3 - -
Schulze-Hagen et al. 170f
(2020) [52] 80 3 17 fand 3 130f -
Zhao Yue et al.
(2020) (53] 100 50 1,5 1 - -
Castelli et al.
(2020) [54] 120 i 047 12 _ )
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Figure 2. Radiation exposure is reduced by 5 times. Patient, 59 y. 0., BMI 29 kg/mZ2 Computed tomography with a soft tissue filter (effective
dose: 9.7 mSv), low-dose computed tomography with a soft tissue filter (effective dose: 2.1 mSv). In the upper lobe of the left lung, there

was a peripheral ground-glass lesion.

—

€

=}

€l

Figure 3. Radiation exposure is reduced by 1.5 times. Patient, 44 y. 0., BMI 46 kg/m2. Computed tomography with a soft tissue filter (ef-
fective dose: 15.3 mSv), low-dose computed tomography with a soft tissue filter (effective dose: 10.5 mSv). Bilateral peripheral ground-

glass lesions.

standard CT as a reference technique. [28] Some of the
clinical images obtained using the developed protocol are
shown in Figs. 2 and 3.

Limitations of LDCT

Kim et al. [58] showed that obesity (body mass index > 25)
appears to limit the use of chest LDCT in routine practice
due to X-ray absorption by adipose tissue. However, studies
on the inter-expert agreement of COVID-19 examinations
indicate the opposite. [59]

In addition, LDCT empirically appears to be related to the
negative effect of increased image noise on the operation of
Al systems, including the calculation of an emphysema index
in densitometric analysis, [60] and the radiomic analysis of
subsolid pulmonary nodules. [61] Effect of a scanning protocol
on the results of a quantitative analysis can be reduced using
relative parameters, for example, the percentage of affected

DOl https://doiorg/10]

lung tissue in COVID-19, [62] or by normalizing the obtained
data with special algorithms. [63]

CONCLUSION

Methods are presented to reduce radiation exposure
during chest CT and maintain high-quality diagnostic images
that are hypothetically sufficient to reliably detect signs
of COVID-19. Although there is no single way to optimize
scan protocols, dose reduction provides relevant diagnostic
information and retains the ability to incorporate advanced
computer-assisted technologies into clinical pathways.
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AHHOTALNA

MarHuTHo-pe3oHaHcHas ToMorpadus SBNSETCA OAHUM U3 OCHOBHbIX METOJ0B AMArHOCTUKM 3ab0neBaHuiA OpraHoB bpioLw-
HOM NONOCTU M 3abpHOLLMHHOIO NPOCTPAHCTBA, KOTOPLIN NO3BOJSIAET C BbICOKOM AMarHOCTUYECKO TOYHOCTBIO M BOCMPOM3BO-
AMMOCTbI0 BU3YasM3MpoBaTh 04aroBble WM AuddysHble U3MEHEHUS MapeHXMMATO3HbIX M NOJbIX OpraHoB. MarHuTHo-pe-
30HaHCHas ToMorpadus MMeeT onpefenéHHble NMPeuMyLLecTBa nepes KOMMbIOTEPHON ToMorpadueil B YyBCTBUTEBHOCTM
W cneundUYHOCTY OMpesieneHns NaToorUyecKUX U3MEHeHMIA MapeHXMaTo3HbIX OPraHoB, Xen4eBbIBOAALLMX NyTeN U Npo-
TOKOB MOZKENYA04HON Xene3bl, OPIOLLMHbI M OpraHoB 3abpHOLUMHHOMO NPOCTPAHCTBA.

MynbTUNapamMeTpUYecKuii NPOTOKON CKaHMPOBaHMS NpefocTaBiseT WHPOPMaLMIo He TONbKO O B3aWMHOW Tonorpadum
OpraHoB M UX CTPYKTYpe, HO M 0 (YHKUMOHANbHOM COCTOSHWM TKaHEN, YTO NO3BONSAET NEPENTU OT CTPYKTYPHOM K (yHKLMO-
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Basic pulse sequences in the diagnosis
of abdominal pathology
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ABSTRACT

Magnetic resonance imaging is used for diagnosing abdominal and retroperitoneal space pathology, which allows visualizing
focal or diffuse lesions in the parenchymal and hollow viscera with high diagnostic accuracy and reproducibility. Magnetic
resonance imaging has advantages over computed tomography in the sensitivity and specificity of determining pathological
changes in parenchymal organs, bile ducts and ducts of the pancreas, peritoneum, and retroperitoneal space.

The multiparametric protocol provides information about the mutual topography of organs and their structure and
the functional state of tissues. This allows to move from structural to functional evaluation. In most cases, the standard
abdominal protocol includes T1-weighted images, T2-weighted images, diffusion-weighted images, and magnetic resonance
cholangiopancreatography. Depending on the objectives and patient’s condition, this protocol can be significantly reduced or
supplemented.

Existing technical developments and achievements make it possible to simplify the scanning process and reduce the time
for obtaining images while increasing the reproducibility of techniques in different healthcare institutions.

Keywords: magnetic resonance imaging; MRI; scanning protocol; abdominal and retroperitoneal MRI.
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INTRODUCTION

Magnetic resonance imaging (MRI) is one of the most
important radiodiagnostic modalities, with an increasing
role in the routine diagnosis of abdominal organ diseases.
In addition to the absence of ionizing radiation and the high
natural soft tissue contrast, MRI allows for image analysis
in any plane and three-dimensional (3D) reconstruction of
areas of interest. Diffusion and perfusion techniques provide
information not only on the structure of tissues but also on
their functional state, such as determining the diffusion rate
of water molecules and the accumulation and leaching of
contrast agents.

Currently, MRI is one of the primary diagnostic methods,
with advantages over computed tomography in terms of
sensitivity and specificity in determining pathological changes
in parenchymal organs, biliary tract and pancreatic ducts,
peritoneum, and retroperitoneal organs [1].

BASIC PULSE SEQUENCES

Abdominal MRI can be challenging when obtaining
images with a high signal-to-noise ratio (SNR) from tissues
in motion due to the patient’s breathing, intestinal motility,
heart contractions, and pulsation of large vessels. Initially,
MRI was performed using standard spin-echo (SE) sequences
to obtain T1- and T2-weighted images (WIs). However, the
lengthy data-collection process necessitated additional
respiratory gating, which significantly increased the scanning
time (in some cases, the study protocol exceeded 60 min)
[2, 3]. Moreover, even minor respiratory desynchronization
resulted in image interpretation difficulties in some cases.

Currently, the standard abdominal MRI protocol includes
techniques based on shorter breath-hold sequences. These
include T1-WIls with spoiled gradient echo (SGE) and half-
Fourier acquisition single-shot turbo SE imaging (HASTE) or
single-shot fast SE (SSFSE) [4, 5] (Table 1).

Vol 4 (1) 2023
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T1- and T2-wl

Obtaining one T2-WI slice using a single-shot SE takes
approximately 1 s with a central filling of the k-space. Because
image contrast is determined by the central regions of the
k-space, single-shot techniques are much less sensitive to
patient movements, which is critical for unconscious patients.
T1-WIs with SGE are much more sensitive to movements; even
brief movements during scanning result in image artifacts that
affect all slices. Moreover, less motion sensitive techniques are
also available. They are based on the same principles that are
used for single-shot T2-WIs: fast filling of the central k-space
by analyzing one slice per pulse (e.g., turbo fast low angle shot
and fast inversion-recovery motion-insensitive [FIRM]).

Another approach is to use angiography-specific-modified
3D gradient echo sequences. Their names vary depending on
the manufacturer (initially, volumetric interpolated breath-
hold examination) [6]. These sequences provide images
with high resolution (2-3 mm) and nearly isotropic voxel
size, which is critical in the diagnosis of liver pathology and
vascular anatomy. This technique is also used for multiplanar
image reconstruction.

Another important aspect of T1-WIs is the use of
intravenous contrast enhancement, including hepatospecific
contrast agents. For example, gadoxetic acid has a high
affinity for hepatocytes and thus allows for better visualization
of liver pathologies (Fig. 1).

Contrast agents shorten the T1 relaxation time, resulting
in higher signal intensity on T1-Wls. Depending on the blood
supply to focal or diffuse lesions in parenchymal organs,
various contrasting patterns are distinguished, which in
general differ from those in adjacent unaffected tissues.
Arterial phase imaging is accomplished by short sequences
immediately after the administration of gadolinium-based
contrast agents.

The main method involves dynamic multiphase 2D or 3D
SGE sequences, which can be used to analyze signal intensity—
time curves in areas of interest. Most focal lesions (e.g.,

Table 1. Names of basic pulse sequences used by major magnetic resonance imaging scanner manufacturers

Manufacturer
TOSHIBA PHILIPS GE SIEMENS

Pulse sequences
Spin-echo SE SE SE SE
Fast spin-echo FSE TSE FSE TSE
Single-shot fast spin-echo FASE SSh TSE SSFSE/RARE HASTE

FE FFE GRASSE, GRE FISP, GRE
Gradient echo T1-FE CE-FFET1 SPGR FLASH

- CE-FFE T2 SSFP PSIF
Steady-state fast-field echo TrueSSFP Balanced FFE (BFFE) FIESTA True FISP
Fast scan FFE TFE Rapid SPGR TurboFlash
Saturation bands PreSat REST SAT PreSAT
Fat, eater, and background suppression FatSat SPIR CHEMSAT FATSAT

Note. Spin-echo, fast spin-echo, single-shot fast spin-echo, gradient echo, steady-state fast-field echo, fast scan, saturation bands, and fat, water, and

background suppression.
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Figure 1. Liver magnetic resonance imaging with a hepatospecific contrast agent. A hepatocellular carcinoma nodule (arrows): a T2-
weighted image: a hyperintense nodule is visualized; b T1-weighted image, arterial phase: a ring-like contrast uptake is visualized; ¢ T1-
weighted image, hepatospecific phase, 20 min after contrast agent injection.

those in the spleen, liver, or pancreas) are best visualized
during the arterial phase. Images taken 1.5-10 min after
contrast agent injection are in the equilibrium contrast phase,
with an optimal window of 2-5 min after injection. As a rule,
5 min after contrast agent injection, a delayed or excretory
phase begins. Many inflammatory or neoplastic diseases
are better visualized during this phase, and the addition of
fat suppression aids in the detection of these changes (e.qg.,
peritoneal implants, cholangiocarcinoma, inflammatory
bowel disease, and adrenal masses) [7-9].

Increasing the difference in signal intensity from lesions
compared with unaffected tissues helps in disease detection:
lesions localized in adipose tissue can be easily detected by
varying the fat signal intensity on T1-WIs and T2-WiIs. For
example, fibrotic changes or peritoneal fluid with low signal
intensity on T1-Wis are easier to detect on images without
fat suppression. On the contrary, pathologies with high signal
intensity, such as a subacute hematoma or a protein-rich
fluid, are easier to visualize with fat suppression.

Diffusion-weighted images

DWiIs are based on differences in the movement of water
molecules (diffusion) in the extracellular and intracellular

spaces and are used for visualization without exogenous
contrast agents. This technique allows for quantitative and
qualitative analyses of not only cell density but also cell
membrane integrity, making it a type of functional image
assessment [10]. Therefore, it should be included in standard
abdominal and retroperitoneal MRI protocols (Figs. 2 and 3).

DWIs were initially used to diagnose brain pathology,
primarily strokes: signal changes in a given pulse sequence
allow for the detection of ischemic changes long before
they are visible on T2-Wls. DWIs are now used to diagnose
various extracranial pathologies owing to advancements in
high-amplitude gradients, multichannel surface coils, and
parallel imaging.

Diffusion is proportional to cell density and cell membrane
integrity: restricted diffusion is observed in tissues with
increased cellularity or decreased extracellular fluid volume
(e.g., some tumors and abscesses; Fig. 4) and in the presence
of cytotoxic edema. Relatively free diffusion is observed in
tissues with low cell density or when their membranes are
damaged, such as cysts or necrotic tissues.

DWI sensitivity to water molecule movement can be
altered by varying the gradient amplitude and duration and
the time interval between gradient pairs. For this purpose, A

Figure 2. Abdominal magnetic resonance imaging, simple renal cortical cysts (arrows): a a diffusion-weighted image; b map of the

apparent diffusion coefficient. False restricted diffusion.

DOI: https://doiorg/1017816/DD123543



https://doi.org/10.17816/DD

REVIEWS

Vol. 4 (1) 2023

Digital Diagnostics

Figure 3. Abdominal magnetic resonance imaging, secondary hepatic lesions (arrows): @ a diffusion-weighted image; b map of the

apparent diffusion coefficient. True restricted diffusion.

Figure 4. Abdominal magnetic resonance imaging, encapsulated liver mass (abscess) (arrows): a T2-weighted image; b apparent diffusion
coefficient; ¢ map of apparent diffusion coefficient.

b-factor is used, which is proportional to the criteria described
above. Water molecules with high mobility or long diffusion
distance (e.g., in the intravascular space) exhibit signal
attenuation at low b-factor values (e.g., b = 50-100 mm?/s).
Conversely, high b-factor values (e.g., b = 1,000 mm?/s) are
typically used to visualize slow-moving water molecules
or short diffusion distances because they exhibit slower
signal attenuation (as the b-factor increases). For a correct
interpretation, DWIs must be taken with at least two
b-factors, namely, b = 0 mm?/s and b = 100-1,000 mm?/s,
because DWIs obtained with b = 0 mm?/s are T2-weighted
sequences. At low b-factor values (e.g., <200 mm?/s), the
apparent diffusion coefficient depends on tissue perfusion
and water diffusion. As the b-factor increases, the effects
of perfusion decrease. In general, the higher the b-factor,
the more sensitive the sequence is to diffusion effects; in
addition, high b-factor values (e.g., 100-1,000 mm?/s) are
better for suppressing the background signal [10, 14].

ROUTINE IMAGING PROTOCOL

In most cases, the abdominal MRI protocol includes T2-
Wis, pre- and postcontrast T1-WIs, including those with
fat suppression, DWIs, and MR cholangiopancreatography
(MRCP). These sequences enable accurate visualization
of lesions not only in the parenchymal organs, walls of
hollow organs, and bile ducts but also in the peritoneum,
retroperitoneal organs, and cellular spaces (Table 2).

DOI: https://doiorg/1017816/DD123543

However, this protocol can be supplemented or shortened
depending on the clinical situation and the study goals
and objectives. The American College of Radiology
recommends that slice thickness should not exceed
8 mm, slice spacing should not exceed 2 mm, and thinner
slices are preferred [15].

Standard T2-WIs are taken in the frontal and axial
planes using SE. These sequences have a relatively long
acquisition time but provide a high SNR. The routine use
of this approach in abdominal radiology is limited by
the patient’s breathing, pulsation of large vessels, and
intestinal motility. In such cases, respiratory gating can
be performed, which increases scan time (up to 5-7 min);
however, motion correction is not absolute: in most cases,
there is a blurring effect at the border of organs, which can
make diagnosing various pathologies difficult. As a result,
T2-WIs are now more commonly obtained using accelerated
fast SE, single-shot accelerated fast SE or steady-state free
precession sequences (Fig. 5).

Images can be taken with or without breath-holding.
When taking images without breath-holding, every effort
should be made to reduce respiratory motion artifacts by
multiple signal averaging and/or respiratory compensation/
triggering. The main difference between this and standard
SE is the relative decrease in tissue contrast, which can
lead to diagnostic errors, particularly small changes
compared with unaffected parenchymal organ tissue (e.g.,
small hepatocellular carcinoma). Conversely, T1-Wls
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Table 2. Basic pulse sequences and their role in the diagnosis of abdominal organ and retroperitoneal space diseases

Pulse sequences |

Main role

It is used to identify lesions that are mostly fatty or have adipose tissue or a hemorrhagic

T1FS

component (e.g., angiomyolipomas, teratomas, pancreatic steatosis, and renal

corticomedullary differentiation). It is used as a general sequence in abdominal organ
examinations and for contrast agent injection

They are used for affected tissue visualization when a combination of fat and water protons

T1 in-phase, out-of-phase

is observed in the same voxel (fatty liver, adrenal adenoma, hemochromatosis, and
hemosiderosis) and provide information about abnormally elevated fluid or fibrous tissue

(subacute hemorrhage, fat, or high protein content)

They are used to detect elevated serous fluid, hemangiomas, biliary hamartomas, tissue

edema, hemorrhagic or high protein cysts, and fibrous changes, can be used for iron

12,72FS detection in combination without-of-phase T1, and are used as general sequences in
abdominal organ examinations

DWI Primary and secondary abdominal and retroperitoneal tumors, including not visualized on T1
and T2 (e.g., peritoneal disseminations)

MRCP Pancreatobiliary system examination for strictures, cysts of intrahepatic bile ducts,

choledocholithiasis, and pancreatic cysts

compensate for this disadvantage: these areas, on average,
have a longer T1 time relative to the unaffected tissue and
are well visualized on nonenhanced SGE sequences or
early (arterial) postcontrast images as focal lesions with
a reduced signal.

MRCP is based on a modified SE sequence with a time of
echo (TE) of 250-500 ms that produces heavily T2-Wls. TE
elongation causes soft tissue opacity, and the fluid in the bile
and pancreatic ducts serves as its contrast agent.

The fluid-filled structures in the abdomen appear
hyperintense against the surrounding soft tissues because
they have a longer T2 relaxation time. When using
hepatospecific contrast agents, MRCP should be performed
before the contrast agent enters the bile ducts because
gadolinium shortens T2, resulting in poor visualization of

the biliary system. Thus, MRCP is performed before or no
later than 5 min after contrast agent injection (DWIs, e.g.,
can be taken even =5 min after contrast agent injection, to
save time). Furthermore, multiplanar reconstruction and
maximum intensity projection of the obtained images can be
performed for optimal visualization.

T1-Wis are taken with SE sequences (turbo SE [TSE] or
fast SE [FSE]), although SGE is usually preferred because of
its much shorter acquisition time.

For a more accurate assessment of hepatic steatosis or
signs of hemochromatosis, in-phase and opposed-phase T1-
Wis should also be included in the standard MRI protocol.
Furthermore, this sequence is useful in the diagnosis of
adrenal adenoma (Fig. 6), clear-cell renal cell carcinoma, and
pancreatic fatty infiltration (Fig. 7). These sequences must

Figure 5. Single-shot fast spin-echo mode: hepatocellular carcinoma with inferior vena cava invasion (yellow arrow) and tense ascites

(green arrow): a coronal plane; b axial plane.
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Figure 6. Abdominal computed tomography, axial plane (a): a right adrenal mass of nonuniform density is visualized (arrow); abdominal
magnetic resonance imaging (b, c), in-phase (b) and opposed-phase (c): a typical signal loss from the adenoma fat component in the

opposed-phase is detected (arrows).

Figure 7. Abdominal magnetic resonance imaging, pancreatic lipomatosis (arrows): a in-phase, b opposed-phase. In the opposite phase,
a signal loss from the pancreas with a normal signal from the liver is detected.

be obtained before contrast agent injection. Out-of-phase
images allow for the assessment of signal loss from adipose
tissue and fat-containing lesions such as liver adenomas or
hepatocellular carcinoma. Moreover, the determination of the
proton density fat fraction is the gold standard for noninvasive
guantitative assessment of hepatic steatosis. However, this
sequence is not included in the routine protocol.

Dynamic pre- and postcontrast T1-WIls can be obtained
using 2D or 3D pulse sequences [6], with 3D sequences
preferred because minimizing slice thickness reduces
truncation artifacts. 3D SGE sequences were initially used
to visualize vascular anatomy (MR angiography; Fig. 8). This
technique is currently widely used to visualize soft tissue
structures in the abdominal cavity and small pelvis. Short
repetition time and TE values allow for the acquisition of
many thin sections in a single breath-hold. The relatively
low SNR of this sequence may be a limitation; however, this
disadvantage is offset by the use of intravenous contrast.

DOI: https://doiorg/1017816/DD123543

Figure 8. Contrast-enhanced magnetic resonance imaging of the
abdominal aorta and its branches. Extravascular compression of
the celiac trunk by crus diaphragm (arrows): a SSFE; b contrast-

enhanced 3D mode.
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Respiratory trigering
STD

SMS

Free breathing
STD

SMS

In patients unable to cooperate, SGE can be performed
without breath-holding; such sequences include
magnetization prepared rapid acquisition gradient and turbo
fast low angle shot. The relatively low T1-weighted tissue
contrast (compared with standard SGEs) is a limitation of
this approach. In addition, this technique cannot be used
for dynamic liver contrast, particularly in the early arterial
phase: it takes approximately 1.5 s to obtain one slice;
thus, the time difference between scanning the upper
and lower sections of the liver does not allow capturing
all sections within a single (arterial) phase. By contrast,
despite being motion sensitive, standard SGE sequences
have a high temporal resolution to visualize the desired
tissue volume.

DWIs are widely used in abdominal radiology. The most
common are single-shot echoplanar sequences with or
without breath-holding. Parallel data acquisition is used to
reduce scan time and more accurately calculate the apparent
diffusion coefficient, and modern techniques allow for taking
DWiIs with high spatial resolution in <1 min (simultaneous
multislice imaging DWI) [16] (Fig. 9).

CONCLUSION

MRI is one of the main methods for diagnosing
abdominal organ and retroperitoneal space diseases, and
it allows for the visualization of focal or diffuse lesions

DOI: https://doiorg/1017816/DD123543

b400 b800

U'i <

Figure 9. Comparison of standard (STD DWI) and simultaneous (SMS DWI) multislice diffusion-weighted images with free breathing
and respiratory triggering using various b-factors (50, 400, and 800 s/mm?) and corresponding apparent diffusion coefficients. The
mean scan time was 10:30 min (5:56—18:13) for STD DWIs and 3:29 min (2:19-4:27) for SMS-DWIs [16].

-

- -

in parenchymal and hollow organs with high diagnostic
accuracy and reproducibility. The multiparametric MRI
protocol provides information not only on the mutual
topography and structure of organs but also on tissue
function, allowing for the transition from structural to
functional image evaluation.

In most cases, the standard abdominal MRI protocol
includes T1-WIs, T2-Wls, DWIs, and MRCP, although this
protocol can be shortened or supplemented depending on
the study goals and patient condition.

Many pulse sequences are now available, and current
technological advances are simplifying the scanning process
and shortening the time to image acquisition while increasing
the reproducibility of techniques in various healthcare
settings, even among novice users.
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IvarHocTuka naronorum u aHoManuu
COCKOBO-apeoJiApHOro KoMiieKca:
cepusa KIMHUYECKUX ciny4vyaeB

E.H. Kapanapse', B.E. Cutnubin?, M.A. Kapanapnse®

! Knunuko-amarHocTuueckuit ueHtp MEJICU Ha Kpacoit Mpecke, Mocksa, Poccuitckas Qenepaums
2 MOCKOBCKMI rOCYAapCTBEHHbIN YHUBEpCUTET MeHU M.B. JloMoHocoBa, MeaMuUmMHCKUIA HayuHO-06pa30BaTesbHbIi LieHTP,
Mockga, Poccuiickas Depepaums
3 POCCHICKMIN HALWMIOHASTbHBIR MCCTIEA0BATESLCKUIA MeAUUMHCKMIA YHuBepcuTeT uMenn H.W. Miuporosa, Mocksa, Poccuiickas Qeaepauns

AHHOTALNA

CockoBo-apeonspHbIi KOMMEKC — 0cobas aHaToMM4yecKas U ructoniornyeckas cTpyktypa. BapuabenbHocTb HopManb-
HOro CTPOEHMs, LUMPOKMIA CMEKTP NaToNOrMYeckuX MPOLECCOB W CIOXHOCTb AWMArHOCTMYECKOW BWU3yanu3auuu Bbi3biBaloT
TPYLHOCTM y Bpayei Iy4eBOi ANarHOCTUKUA U KIIMHULMCTOB.

Hanbonee yacTo B AMarHocTuKe nNaTonoriv COCKOBO-apeosisipHOro KOMMJIEKCA UCMONb3YIOT YNbTPa3BYKOBYH AMArHOCTUKY
1 Mammorpaduio. [pn He0AHO3HAYHBIX pe3ysibTaTtax NpefLecTBYHOLMX METOA0B WU AN OLEHKU PacnpoCTPaHEHHOCTU Npo-
Liecca NpUMEHSIIOT MarHUTHO-PE30HAHCHYK TOMOrPadmIo C BHYTPUBEHHBIM KOHTPACTUPOBAHUEM.

MarHuTHO-pe3oHaHCHas ToMorpadus MONIOYHOM Xene3bl — Hanboniee YyBCTBUTESbHBI METOZ, BbISBIEHUS 0COHEHHO-
CTEMN CTPOEHUS, ANArHOCTUKU J,0OPOKaYECTBEHHBIX W 3/1I0KAYECTBEHHbIX 3ab0/1eBaHNI, 3aTparvBatoLLMX COCKOBO-apeonsipHbIi
KOMMNeKc. MarHuTHo-pe3oHaHcHas Tomorpadus nonesHa B KayecTBe AOMOJHUTENBHOTO AWMArHOCTUYECKOTO MHCTPYMEHTa
NP1 HEOLHO3HAYHbIX pe3ynbTatax MaMMorpaguu M yNbTpa3BYKOBOrO UCCe0BaHUA. MarHUTHO-pe3oHaHcHas ToMorpadus
Nno3B0NISeT BM3Yyann3vpoBaTb PETPOApPeOsPHYIO 30HY, NOAXOAUT ANA AMArHOCTUKW NanunnoM, ageHoM, bonesku Memxera,
MPOTOKOBOW KapLMHOMBI in Situ M MHBA3MBHOIO paKa.

B cTatbe aaHo onMcaHue KIMHUYECKUX CTy4aeB AMArHOCTUKW NaToIorMM U aHOManuiA COCKOBO-apeosIiPHOro KOMIJIEKCa,
UTO MOXET BbITb MONE3HO 1A Bpayeil Jy4eBOM AUArHOCTUKM, TMHEKOMIOr0B, KITMHUYECKUX OpAMHATOpPOB.

KnioueBble cnoBa: KIMHUYECKNIA cnyqaﬁ; paK MOJIOYHOM ene3bl; COCKOBO-&pEOJ’IFIprIVI KOMIJIEKC; MaMMOFpadJVIFI.
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Diseases and abnormalities of the nipple-areolar
complex: a case report series
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ABSTRACT

The nipple—areolar complex is a specific anatomical and histological structure. Normal structure and pathological process
variabilities and the complexity of diagnostic imaging cause difficulties for radiologists and physicians. Breast magnetic
resonance imaging is highly sensitive for structural features and nipple-areolar complex cancer detection. Magnetic resonance
imaging is a useful diagnostic tool when mammography and ultrasound findings are inconclusive. It allows visualization of the
retroareolar region, suitable for the diagnosis of papillomas, adenomas, Paget's disease, ductal carcinoma in situ, and invasive
ductal carcinoma.

This is a case report on identifying the pathology and anomalies of the nipple-areolar complex, which may benefit
radiologists, gynecologists, and residents.

Keywords: case report, breast disease, nipple-areolar complex, mammaography.
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BACKGROUND

The nipple—areolar complex (NAC) is a unique breast
area. NAC consists of various cells and specific tissues
that are responsible for the outflow and secretion of breast
milk during lactation. [1] NAC is susceptible to a wide range
of conditions including developmental anomalies, benign
processes (inflammation, infection, and benign tumors), and
invasive and non-invasive cancers. [2]

The evaluation of the NAC is a challenging task for
clinicians and radiologists. In this area, pathological
processes often have nonspecific clinical and radiological
signs, which make establishing a correct diagnosis difficult
and time consuming.

The differential diagnosis of NAC conditions requires the
review of a patient's medical history and visual assessment
of the skin, abnormal nipple discharge, nipple retraction,
inversion, palpable formations, etc.

Imaging is an important component of diagnosing NAC
conditions. Standard mammography and ultrasonography
have some limitations. Images are especially difficult to
interpret because of mobility, superficial location, and
varying density of breast structures. The retroareolar region
is difficult to assess on mammograms; thus, in this area,
abnormalities often remain unnoticed. This is why magnetic
resonance imaging (MRI) is increasingly important for the
diagnosis of NAC conditions.

While planning the surgical treatment, it is important to
detect whether the NAC is involved in the tumor process.
When breast cancer involves the NAC, the tumor is classified
as T4, which determines the disease stage (prognosis) and
makes it impossible to save the nipple during mastectomy.
On the contrary, precise determination of tumor borders
with uninvolved NAC provides new opportunities for organ-
preserving breast surgeries. [3]

Contrast-enhanced MRI is the most sensitive method of
diagnosing breast cancer. [4] Breast MRI is performed for
confirming the results of mammography and ultrasonography,
breast cancer staging, evaluating the effectiveness of
neoadjuvant chemotherapy, and determining the more
precise localization of the lesion during biopsy. [5] MRI may
be used in patients with abnormal nipple discharge as an
additional diagnostic tool when standard mammography and
ultrasonography are inconclusive. [6]

CASE REPORTS

Case Report 1

A 59-year-old patient complained of erosive changes in
the nipple (Fig. 1). Physical examination revealed erythema,
erosion, and nipple retraction. Doppler ultrasonography
with color flow mapping revealed increased blood flow in
the nipple projection (Fig. 2). Mammography findings were
normal. To assess the extent of disease spread, breast
MRI with contrast enhancement was performed. The
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Figure 1. Erosive nipple changes in Paget’s disease.

Figure 2. Paget’s disease: increased blood flow on color Doppler
imaging.

Figure 3. Magnetic resonance imaging of Paget's disease
(early enhancement phase): the retroareolar area of segmental
enhancement from the nipple level to the posterior breast (arrow).

Figure 4. Magnetic resonance imaging of Paget's disease
(maximum intensity projection): the retroareolar area of segmental
enhancement from the nipple level to the posterior breast (arrow).
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Figure 5. A nipple adenoma:
mammography (mediolateral
oblique projection).

Figure 6. A nipple adenoma:
mammography (craniocaudal
projection).

Figure 7. Magnetic resonance imaging of a nipple adenoma
(early postcontrast series): a right nipple mass homogeneously
accumulating a contrast agent (arrow).

early postcontrast series (Fig. 3) and maximum intensity
projection (MIP) images (Fig. 4) showed a segmental
contrast retroareolar area from the nipple level to posterior
breast sections. Ultrasound-guided core biopsy followed by
immunohistochemical analysis revealed Paget's disease of
the nipple with high-grade intraductal carcinoma in situ.
Receptors for estrogen (G3 ER) and progesterone (PR) were
negative. Oncogenic protein Ki-67 was 45%.

Case Report 2

A 38-year-old patient complained of 1-month itching of
the right nipple and skin discoloration. Breast ultrasonography
and mammography findings (Figs. 5 and 6) were normal. The

Figure 9. Magnetic resonance imaging (early postcontrast
series): asymmetric contrast accumulation in the left nipple;
normal finding (arrow).
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Figure 8. Magnetic resonance imaging of a nipple adenoma
(parametric map): a right nipple mass with rapid contrast
enhancement and subsequent elimination, type lll graphic
curve.

breast was examined by contrast-enhanced MRI. The early
postcontrast series revealed a right nipple mass homogeneously
accumulating a contrast agent (Fig. 7). A parametric map showed
a nipple mass with rapid contrast enhancement and subsequent
elimination, a type Ill graphic curve (Fig. 8). Morphological
verification revealed nipple adenoma.

Case Report 3

In a 43-year-old patient who had no complaints, the
breast was examined by MRI to assess the integrity of
implants. The asymmetric enhancement of the left nipple
was accidentally found (Figs. 9 and 10). Three-year dynamic
observation did not reveal any unfavorable changes.

Figure 10. Magnetic resonance imaging (MIP): asymmetric contrast
accumulation in the left nipple; normal finding (arrow).
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Figure 11. Ultrasound image of the left breast with the inverted
nipple.

Case Report 4

In a 38-year-old patient who had no complaints, a
routine medical examination showed a left nipple inversion.
Ultrasonography of the left breast revealed no abnormalities
(Fig. 11). MRI with intravenous contrast (Fig. 12) showed
asymmetric contrast accumulation with a retroareolar mass
accumulating the contrast agent (inverted nipple). No focal
breast pathology was detected.

DISCUSSION

The NAC is a pigmented area in the most protruding part
of the breast, the site where milk ducts converge, draining
15-20 breast lobes. [7] Given its complex anatomy, [8]
superficial location, and mobility, this area requires special
attention during clinical examination and imaging.

In clinical practice, ultrasonography and mammography
are the most used methods for NAC pathology detection. If
imaging modalities revealed conflicting findings, MRI with
intravenous contrast enhancement is used to assess the
extent of disease spread.

Ultrasonography has some advantages as a method of
NAC examination. In addition to being widely available and not
requiring ionizing radiation, ultrasonography provides a good
spatial resolution of this superficial region, making it possible
to characterize small lesions in the retroareolar region. [9]

Mammography is the most sensitive technique for
detecting calcifications. In the NAC, calcifications are
uncommon and usually benign, such as cutaneous, calcified
intraductal detritus, and calcifications due to fat necrosis.
Microcalcifications can be seen in relation to intraductal
carcinoma, sometimes associated with Paget's disease.
[10] Mammaography is less sensitive than ultrasonography
because of the greater density and mobility of this part of
the breast. [11]

For mammography, the breast must be positioned
correctly. [10] The nipple must be located tangentially at
least in one projection, ideally in both craniocaudal and
mediolateral projections. In patients with inverted nipples
(normal variation), nipples should be tangential and
symmetrical.

DOI: https://doiorg/1017816/DD112093

Figure 12. Magnetic resonance imaging (subtraction): a
retroareolar mass with accumulation of contrast agent (inverted
nipple, arrow).

Dynamic contrast-enhanced MRI is the most sensitive
method for diagnosing breast diseases. In breast cancer,
MRI provides valuable information on the extent of disease
spread and can be used to plan the treatment and establish
a prognosis. [12] When evaluating a NAC tumor, MRI has
high sensitivity (90%-100%), moderate specificity (80%-
90%), and high negative predictive value (98%) [3]; thus, it
can be used for establishing a diagnosis if mammography
and ultrasonography results are conflicting and the clinical
presentation is nonspecific. [13] The advantages of MRI
include providing high-resolution images and possibility for
dynamic contrast enhancement. If contrast accumulation
is early, intense, asymmetric, and heterogeneous with
subsequent contrast elimination, it may be indicative of a
malignant neoplasm. [14] MRl is required for preoperative
planning to determine the extent of nipple-sparing
mastectomy in breast cancer treatment. [15-17] Finally, MRI
can be used as a supplementary method to mammography
and ultrasonography in the diagnosis of abnormal nipple
discharge and percutaneous biopsy. [18]

We describe a clinical case of diagnosis of Paget's
disease with a false-negative mammography result. MRI
with intravenous contrast enhancement allowed us to
determine the real extent of the disease spread. Paget's
disease accounts for 1%-3% of all breast carcinomas. It
is characterized by the presence of neoplastic cells in the
nipple epidermis [19] and clinically manifested as erythema,
erosion, and ulceration of the nipple, sometimes combined
with a palpable retroareolar mass and/or nipple retraction
or discharge. Differential diagnosis includes atopic or contact
dermatitis, malignant melanoma, Merkel cell carcinoma,
mycosis fungoides, nipple adenoma, and ductal exocrine
carcinoma. As in our case, to establish the final diagnosis,
skin biopsy and immunochistochemistry are required.

Imaging techniques are of critical importance because
in 90% of cases, Paget's disease is associated with ductal
carcinoma in situ or invasive cancer. [13, 20] In primary
mammography, images with enlarged NAC and anterior
breast third are important. Skin thickening, retroareolar
masses, or pleomorphic microcalcifications may be detected.
Ultrasonography showed no characteristic signs. It may help
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identify dilated subareolar ducts, calcifications, and nipple
changes.

In 22%-71% of cases, mammography provides a false-
negative result [21], and in this case, breast MRl is indicated
to identify abnormalities and deter the extent of disease
spread. [20] Characteristic MRI findings include asymmetry,
thickening, flattening, retraction of the NAC, and uneven
contrast accumulation in this area. MRI allows evaluating
adjacent structures and axillary lymph nodes.

Case 2 demonstrates the complexity of the diagnostic
search in a nipple adenoma. Ultrasonography and
mammography revealed no abnormalities, and the correct
diagnosis was established only by MRI followed by biopsy.
A nipple adenoma (erosive adenomatosis or subareolar
papillomatosis) is a rare variant of intraductal papilloma.
Clinical manifestations include a small palpable nodule
under the skin of the nipple, which is usually associated with
inflammatory nipple changes (pain, redness, and swelling).
Skin involvement results from the growth of glandular
epithelium toward the skin surface. Skin manifestations
are similar to Paget's disease, squamous cell carcinoma,
eczema, psoriasis, or infection. Histological verification is
the gold standard for definitive diagnosis. Mammography and
ultrasonography usually do not provide valuable information.
Ultrasonography may show a hypoechoic nodule in the nipple
or subareolar region. [22]

Cases 3 and 4 prove that asymmetric contrast
accumulation in MRI is not necessarily a sign of pathology.
Normally, in MRI, both nipples accumulate the contrast agent
at the same rate and intensity. However, nipple asymmetry
may be the normal variation. Possible reasons include special
NAC anatomy, breast size, breast compression and friction
with clothing, blood flow variations, and local inflammation.
[12] Aome physiological features and differences are involved
in contrast accumulation in NAC structures. Both breasts
usually show symmetrical thin rings of enhancement. In
some cases, enhancement is asymmetrical in the early
phase and becomes symmetrical in later phases. In a study
of 530 normal nipples in 265 asymptomatic women, Gao et
al. used T1-weighted NAC images to describe three areas of
enhancement. [12]

Nipple inversion is a benign condition associated with
the insufficient ability of the mesenchymal tissue to fix the
nipple in the right position. [12] It occurs in 4% of women
and men. Nipples are convex in 75% of women, flat in 23%,
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CONCLUSION

The complex anatomy of the NAC requires a special
multimodal approach to diagnosing pathologies in this area.
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MarHuTHo-pe3oHaHCHas ToMorpadus B AUarHoCTUKe
HEeKpPo3a HU3BEAEHHOr0 CerMeHTa TOJICTOM KULUKU
nocne 6ploWHO-aHaNbHOU pe3eKLMUN NPAMONA KULLKU
Nno NoBOAY paKa

C.A. Manuna', K.W. Nasior?, T.MN. bepesosckas’, A.A. Hesonbckux'-2,
A.J1. Notanos’, C.A. MBaHoB" %3

! HauvoHanbHbIA MeMUMHCKUA UCCNIeN0BaTeNbCKUIA LIGHTP pafmMonoritv, MeaMUMHCKUA Panonornyeckuii HayuHbli LeHTp uMenn A.®. Libiba,
06HMHCK, Poccuickas ®epepaums

2 OBHWHCKMIA MHCTUTYT aTOMHOIA SHEPreTUKU — (uinan HaumoHasbHOM MCCe[0BaTEsIbCKOTO AREPHOMO YHuBepcuTeTa «MUDN,
06HMHCK, Poccuitckas ®epepaums

3 Poccuickuin yunsepeuTeT apyx6el Hapoaos, Mocksa, Poccuiickas Oepepaums

AHHOTALMA

B pabote npepcTaBneH cnyyait HEKpo3a HU3BEAEHHOM TONICTOM KULLKM Nocne BpioLlHO-aHanbHOM pe3eKLnn NPAMON K-
KK, Ans WarHoCTUKKM KoToporo Bbina ucnonb3oBaHa MarHUTHO-pPe3oHaHCHas ToMorpadms.

MauveHty (MyumHa, 47 neT) B Xofe KOMOWHMPOBAHHOrO NIEYEHUS MECTHO-PAcrpOCTPAHEHHOrO paKa MpSMOMN KULLKKM
BbIMOIHEHA NanapoCKONWUYECKU acCUCTMPOBaHHas DpIOLLIHO-aHanbHas Pe3eKUMs NpAMON KULWKK ¢ (OPMUPOBaHWEM KOJO-
NNacTUYECKOr0 pe3epByapa U TPaHCBEP30CTOMbI. [locneonepaum oHHbI NEPUOA OCNOMKHUICA Pa3sBUTUEM CUHAPOMA BoOCNa-
nuTENbHOM peakumn. Ha 3-i nocneonepaumMoHHbIN LeHb METOAOM MarHUTHO-PE30HAHCHOM TOMOrpadumu C KOHTPACTHBLIM YCu-
NeHWeM BbISIBNIEH OTEK 15-CaHTUMETPOBOr0 CErMeHTa HU3BEAEHHOW TONICTOW KULIKW 0 KOSI0aHaNbHOr0 aHacToMo3a C pesKo
ocnabneHHbIM KOHTPACcTUpOBaHWEM; NPU PEKTOCKONMU U3MEHEHWI He BbisBNIEHO. Ha 6-11 nocneonepauyoHHbIii AeHb MEeTOA0M
MarHWUTHO-pe30HaHCHOI ToMorpadun obHapyeH fedeKT nepefHen CTEHKU KOJIONIacTMYeCKoro pesepsyapa ¢ hopMupoBa-
HWEM MPUCTEHOYHOW BO3YLLUHOW NONOCTH, MPU PEKTOCKONUU — MPU3HAKKM HEKpO3a CTeHKU Kuwku. Ha 10-# nocneonepaum-
OHHbIM [1eHb KapTUHA MarHUTHO-Pe30HaHCHOM ToMorpaduy be3 AMHaMMKKW. B cBA3M ¢ HapacTalowmMMK Npu3HaKaMu Bocnane-
HWS BbINOSIHEHA peflanapoToMus ¢ pa3obLLeHNeM aHacTOMO3a U Pe3eKLMeN HEKPOTU3MPOBAHHOTO CErMEHTa KULLKU.

NweMns HU3BEAEHHOW TONICTON KULIKW NOCNEe ONepaumii Ha MPAMON KULLKe ABNSETCA pefKuM, HO KpaliHe CepbE3HbIM
0CnoXHeHueM. Hale KnuHnyeckoe HabnofeHne AeMOHCTPUPYET BO3MOXHOCTW MarHUTHO-PE30HaHCHOW TOMOrpaum C KOHT-
PacTHbIM YCUNEHUEM B Ka4ecTBe HEMHBA3MBHOTO METOAA AMHAMUYECKOro Habmio4eHUs NaUMeHTOB C OCNIOMHEHHBIM Nocne-
0nepaLmoHHbIM NEPUOOM C LIENbi0 PaHHEN AMArHOCTUKM MILEMUW U Ae(EKTOB CTEHKM KULLKM, Y4TO CNocobCTBYET NPUHATUIO
BEPHOI TaKTUKM BEAEHMSA NaLUMeHTa.

KnioueBble cnoBa: MarHWUTHO-pe30HAHCHas TOMOrpagus; pak MPAMONA KMLLKKW; OplolIHO-aHaNnbHas pes3eKuus npsmoil
KWLLKM; AWarHoCTMKa NOCeonepaLnuoHHbIX 0CIOMHEHWH; ULLEMUS TOSICTONM KULLKKM; HEKPO3 TOJICTOM KULLKM; KIMHUYECKMIA
cnyyail.
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Magnetic resonance imaging in the diagnosis
of necrosis of a pulled-through colon segment after
abdomino-anal resection of the rectum for cancer

Sofiya A. Myalina', Ksenia |. Paziuk?, Tatiana P. Berezovskaya',
Alexey A. Nevolskikh' 2, Aleksandr L. Potapov', Sergey A. Ivanov' 23

! National Medical Research Radiological Center, A. Tsyb Medical Radiological Research Centre,0bninsk, Russian Federation
2 Obninsk Institute for Nuclear Power Engineering — National Research Nuclear University MEPhI,Obninsk, Russian Federation
3 Peoples’ Friendship University of Russia, Moscow, Russian Federation

ABSTRACT

This study presents a case of necrosis of the pulled-through colon after abdomino-anal resection of the rectum, which was
diagnosed by magnetic resonance imaging.

A 47-year-old man underwent laparoscopically assisted abdomino-anal resection of the rectum with reconstruction of
a coloplasty pouch and transverse colostomy in the course of combination treatment for locally advanced rectal cancer.
The postoperative period was complicated by the development of an inflammatory response syndrome. On postoperative
day 3, contrast-enhanced magnetic resonance imaging revealed swelling of the 15-cm segment of pulled-through colon
up to the coloanal anastomosis with sharply attenuated contrast enhancement, whereas rectoscopy showed no changes.
On postoperative day 6, a magnetic resonance imaging scan revealed a defect in the anterior wall of the coloplasty pouch
with a parietal aerocele, and rectoscopy showed signs of necrosis of the bowel wall. On postoperative day 10, the magnetic
resonance imaging scan presented no changes. Because of increasing signs of inflammation, relaparotomy with anastomosis
disconnection and resection of the necrotized bowel segment were performed.

Ischemia of the pulled-through colon after rectal surgery is a rare but serious complication. Our clinical case report
demonstrates the potential of contrast-enhanced magnetic resonance imaging as a non-invasive method in case follow-up in
patients with a complicated postoperative period for early diagnosis of ischemia and bowel wall defects, which helps to make
the appropriate patient management plan.

Keywords: magnetic resonance imaging; rectal cancer; abdomino-anal resection of the rectum; diagnosis of postoperative
complications; colonic ischemia; colonic necrosis; case report.
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BACKGROUND

Significant progress has been made over the last few
decades in the development of surgical techniques for rectal
cancer with the goal of improving treatment outcomes and
lowering the risk of perioperative complications [1]. The
number of sphincter-preserving surgeries, such as low
anterior resection and abdominoanal resection of the rectum
[2,3] with coloanal anastomosis, has increased dramatically.
Nevertheless, according to various authors, the proportion
of early postoperative complications is 20% or higher.
Necrosis of a pulled-through colon segment is the second
most common severe complication after an enteroenteric
anastomosis leak [3,4]. Thus, identifying noninvasive methods
to detect complications early and for case follow-up during
the postoperative period is particularly important.

Proctography, ultrasound, and computed tomography
have been used to diagnose postoperative complications.
However, these methods have some disadvantages due
to limited visualization of the pelvic area and radiation
exposure. Magnetic resonance imaging (MRI) without
radiation exposure has become more widely available,
making it a promising method for detecting and controlling
postoperative complications in patients undergoing rectal
resection. This method has several advantages, such as
good soft tissue contrast, which allows for assessing the
continuity of the colorectal anastomosis and detecting the
accumulation of fluid/blood/pus/gas in the pelvic area,
including the presacral space, and the ability to assess the
blood supply to a pulled-through colon segment on post-
contrast images.

We present a clinical case of colon necrosis following
laparoscopic-assisted abdominoanal resection of the
rectum with a coloplasty pouch and coloanal anastomosis
to demonstrate the utility of MRI in the diagnosis of this
complication.

CLINICAL CASE

About the patient

The patient was a 47-year-old man admitted to the A.
F. Tsyb Medical Radiological Research Center (Obninsk)
with the diagnosis of C20 cT4bN1aMO0 stage IlIB malignant
rectal neoplasm. The patient received combined therapy,
including preoperative chemoradiotherapy (total radiation
dose 50 Gy + capecitabine), 4 cycles of FOLFOX6 neoadjuvant
chemotherapy, laparoscopic-assisted abdominoanal
resection of the rectum with a coloplasty pouch and coloanal
anastomosis, and transverse colostomy. The entire left half
of the colon with the splenic flexure was mobilized by ligating
the inferior mesenteric artery at the base and the inferior
mesenteric vein at the ligament of Treitz. The rectum was
mobilized along all walls up to the anal canal. This procedure
has been associated with technical difficulties due to post-
radiation changes in the pelvic cavity (soft tissue edema and
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fibrotic changes) and anthropometric parameters. The large
intestine was transected at the middle third of the sigmoid
colon. The rectal mucosa was dissected along the dental
line border, and the rectum was mobilized by resecting
the internal sphincter. The surgical specimen was removed
via the abdominal cavity. The descending colon was fully
mobilized and pulled-through the anal canal, followed by the
formation of a coloplasty pouch and a hand-sewn coloanal
anastomosis. The histological examination of the surgical
specimen revealed a complete pathomorphological response
to neoadjuvant therapy.

Case follow-up

Intermittent low-grade fever and a high serum C-reactive
protein (CRP) level were detected starting on postoperative
day (POD) 1 (Fig. 1). Due to this clinical pattern, imaging
studies, including MRI and rectoscopy, were performed on
POD 3. Pelvic MRI included high-resolution T2-weighed
images (WIs) in three orthogonal planes and T1WIs with
fat suppression and intravenous gadolinium enhancement.
Diffuse edema was present on the wall of the colon 15 cm
proximal to the coloanal anastomosis, with sharply reduced
contrast uptake, which was interpreted as a disturbance
in blood supply in the pulled-through distal colon segment
(Fig. 2). The pulled-through colon mucosa was pink on
rectoscopy, with no signs of ischemia or necrosis; mucus
was in the lumen.

During the case follow-up, the patient received
conservative therapy, including infusion therapy, antibiotics,
and anticoagulants.

Hyperthermia (37.6°C) and a high CRP level (up to
114.6 mg/L) persisted on POD 6, necessitating another
imaging study.

On the follow-up non-contrast-enhanced MRI, the
previously detected changes (diffuse edema of the distal
colon wall) were accompanied by a defect in the anterior wall
of the coloplasty pouch, with a parietal air-filled cavity at the
bottom in which a small amount of exudate was detected
(Fig. 3). There were signs of necrosis in the pulled-through
colon on rectoscopy (Fig. 4): the mucosa was violet-gray and
dull; the lumen was deformed, and the folds were absent;
the lumen contained blood and necrotic masses, and there
was a putrid odor.

The case conference determined that the only surgical
option, in this case, was to disconnect the anastomosis
and resect the necrotic portion of the pulled-through
colon. However, in the absence of a clinical picture of total
necrosis of the pulled-through colon and purulent-septic
complications, positive changes in body temperature and the
CRP level, and the patient’s relatively satisfactory condition,
conservative treatment was continued with laboratory test
monitoring.

Fever up to 37.8°C persisted on POD 10, but the CRP
level decreased to 78.8 mg/L. A persistent defect in the wall
of the coloplasty pouch with a parietal air-filled cavity was
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Figure 1. Body temperature (g; °C) and serum C-reactive protein (b; mg/L) on postoperative day (POD) 1 to the relaparotomy (POD 16).

Figure 2. MRI scans of two adjacent sagittal sections of the pelvis in T2 mode (a, b) and 1-FS mode with contrast enhancement (c, d) on
POD 3: the upper (a, ¢) and lower (b, d) segments of the pulled-through colon with thickened walls and sharply reduced contrast uptake,
15 cm long, with a distinct boundary between the ischemic and normal colon segments (arrows).

observed on a follow-up contrast-enhanced MRI; no contrast
uptake was observed in the pulled-through colon segment
(Fig. 5).

Because of persistent signs of a disturbance in blood
supply in the pulled-through colon segment, a high CRP
level of 307.5 mg/L, and an increase in body temperature
to 38.1°C, surgery was performed on POD 17 including
resection of the pulled-through colon, disconnection of the

DAl https://doiorg/1017816/DD227288

coloanal anastomosis, an end colostomy, and pelvic lavage
and drainage.

No effusion was detected in the abdominal cavity during
the revision surgery. A greater omentum segment plugged the
pelvic inlet, and there were no signs of ischemia or necrosis in
the colon at the pelvic inlet level. The left half of the colon was
mobilized to the stoma, the colon was transected at the level
of the transverse colostoma, the distal segment of the colon
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Figure 3. Pelvic MRI scans in T2 mode on POD 6: two adjacent sagittal sections including the upper (a) and lower (b) segments of the
pulled-through colon, with persistent diffuse edema of the walls; axial section (c) at the level of the dashed-dotted line. A defect in the
anterior wall of the coloplasty pouch (arrow) with a parietal air-filled cavity (asterisk).

Figure 5. Pelvic MRI scans in T2 mode (a) and 1-FS mode with contrast enhancement at the level of the dashed-dotted line in the axial
plane (b) on POD 10: a defect in the wall of the coloplasty pouch (arrow) and an air-filled cavity (asterisk); two adjacent sagittal sections
in 1-FS mode with contrast enhancement (c, d): the upper and lower edges of the ischemic colon segment (arrows).

with signs of ischemia was isolated from the pelvic cavity, The pathological examination of the surgical specimen
the coloanal anastomosis was disconnected, and the surgical  revealed necrotic mucosal foci in the left half of the colon,
specimen was removed. Pelvic lavage and tamponade through ~ some of which extended the entire thickness of the colon
the anus were performed. An end transverse colostomy was  wall. Lipoxanthogranulomas and necrotic foci were detected

performed in the left hypochondrium.

in the adjacent fatty tissue of the mesentery. Fibrin deposits
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and detritus were found on the serous membrane of the large
intestine and adjacent mesentery. The postoperative period
was uneventful.

DISCUSSION

The pulled-through colon segment has a high risk of acute
ischemia after abdominoanal resection of the rectum with
coloanal anastomosis and neoadjuvant chemoradiotherapy
in patients with rectal cancer, which can result in serious
complications during the postoperative period. Although
the colon may appear normal immediately following the
anastomosis, the possibility of ischemia during the early
postoperative period cannot be excluded.

Preoperative radiation therapy, older age, male gender,
and cardiovascular diseases are important risk factors for
colonic ischemia. High ligation of the inferior mesenteric
artery and excessive colonic tension during anastomosis are
perioperative risk factors [5, 6]. Furthermore, laparoscopic
access has been associated with colonic ischemia because
pneumoperitoneum and increased intraabdominal pressure
reduce mesenteric venous blood flow [7]. Of the listed risk
factors, our patient was male and had undergone neoadjuvant
chemoradiotherapy, laparoscopic access, and high ligation of
the inferior mesenteric artery.

In our clinical case, the signs of ischemia in the pulled-
through colon segment, which was detected by MRI on POD
3, included nonspecific manifestations of non-enhanced
T2-WIs in the form of edema and thickening of the colon
wall, as well as the absence of contrast uptake above the
anastomosis with a distinct upper boundary on the post-
contrast images. The involvement of a significant area
(6-15 cm) from the anastomosis level is a characteristic
feature of this type of colonic ischemia [5], which we also
observed in our patient.

Necrosis was not observed on endoscopy at the time of
the primary postoperative MRI, which justified conservative
therapy. In most cases, a 2-week conservative treatment
of ischemia (antibiotic therapy) allows the patient to be
discharged in a satisfactory condition; however, the patient
will almost certainly develop an ischemic area stricture after
a few months [5].

Necrosis of the pulled-through colon segment, which
necessitates emergency surgery, is an unfavorable outcome
of acute ischemia. In our case, a follow-up MRI (POD 6)
revealed diffuse edema in the pulled-through colon segment
wall that persisted and an area of tissue destruction
appeared. A defect containing fluid and gas formed in the
wall of the coloplasty pouch. Changes in the MRI pattern
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were detected on POD 10 despite ongoing conservative
therapy. A follow-up endoscopic examination confirmed
the MRI findings of necrotic changes. Additionally, signs of
a general inflammatory response increased, necessitating
relaparotomy with disconnection of the anastomosis and
resection of the necrotic portion of the colon.

CONCLUSION

The presented clinical case demonstrates that ischemia
of the pulled-through colon segment following abdominoanal
resection can be diagnosed using contrast-enhanced MRI in
the absence of contrast uptake in a large area of the small
pulled-through colon with distinct boundaries. Non-enhanced
T2-WIs showed thickening and edema of the entire intestinal
wall in the affected area.

Follow-up MRI revealed signs of total necrosis of the
entire intestinal wall with destruction and the formation of
a parietal cavity containing fluid and gas. MRI signs of total
intestinal wall necrosis in combination with relevant clinical
and laboratory findings should be considered an indication
for relaparotomy.

Thus, MRI with intravenous contrast enhancement
is recommended as a noninvasive method for detecting
and monitoring acute ischemia of the pulled-through
colon segment following the formation of colorectal
anastomoses.
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AHHOTALNA

LLInpokoe pacnpocTpaHeHWe HOBOW KopoHaBupycHoiM MHdekummn (COVID-19) npuBeno K akTMBHOMY U3Y4eHUIO e€ auar-
HoCTUYecKux ocobeHHocTei. OcTpas BUpYCHas NHeBMOHMA, cBsizaHHas ¢ COVID-19, yxe noapobHo onucaHa no pesynbTatam
KOMMbIOTEPHOI TOMOrpadum, peHTreHorpadmm U CTaTUHECKOW MarHUTHO-Pe30HaAHCHOW TOMOrpaduu, OfHaK0 KapTWHa, Ha-
bnopgaeMas npu AMHaMUYECKOW MarHUTHO-Pe30HaHCHOW ToMorpaduu, He Noslyuuna JOCTaTOYHOM0 OCBELLEHMSA B CreLmManu-
31pOBaHHOW IUTepaType.

YumnTbIBas KOMMMEKCHBINA AMArHOCTUMECKUI NOAX0A, BaXKHO, YTOObI BPaun-pEHTTEHONO0MM UMENIM BO3MOXKHOCTb NPaBUITbHO
pacno3HaBaTb 1 uHTepnpeTupoBatb COVID-19 no u3obpaxeHnsaM MarHUTHO-pPe30HaHCHOM ToMorpadum.

B npencTaBneHHoI cepum KITMHUYECKUX Cly4aeB NPOAEMOHCTPUPOBaHbI BO3MOXHOCTU METOAMKM AMHAMUYECKON MarHUT-
HO-pe30HaHCHol ToMorpaduu B 0bHapyXeHWM Npu3HaKa «obnayHoro Heba» M ero OTAMYKA OT KOHCONMAALMM Y NALMEHTOB
¢ COVID-19, uto no3BonseT NPeANONOKUTENBHO Pa3rpaHUUNUTb PaHHEE WM NETKOE U3MEHEHWE OT NPOrPeCcCUpYIOLLEro KIK-
HWYECKOT0 TeYeHus.

TakuM 0bpa3oM, AMHaMUYeCKas MarHUTHO-pe30HaHCHas ToMorpadms MOXKET O0Ka3aTbCs Ype3BbiYaliHO MOSIE3HBIM MHCTPY-
MEHTOM, K TOMY e 6e3 ny4yeBoW Harpy3ku, B Ciyyasix, KOrfa AocTyn K KOMMbTEPHOM ToMorpadun orpaHuyeH u Tpebyetcs
AVHaMu4eckas MopQodyHKLMOHabHas BU3Yyanu3aums.

KnioueBble cnoBa: MarHWTHO-pe30HaHCHas ToMorpadus; ouHammyeckas MPT, MPT B pexuMe peanbHOro BpeMeHM;
nHeBMoHus; COVID-19.
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Dynamic MRI in a COVID-19 patient: a case series
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ABSTRACT

Extensive spread of the coronavirus disease (COVID-19) prompted an investigation of its diagnostic features. Acute viral
pneumonia associated with COVID-19 has been described in detail using CT, radiography, and MRI. There is no data in the
literature on the descriptive picture observed with dynamic MRI. Considering a comprehensive diagnostic approach, radiologists
should know how to correctly recognize and interpret COVID-19 on MRI. This case series demonstrated the ability of dynamic
MRI to detect the cloudy sky sign and distinguish it from consolidation in COVID-19 patients, thus presumably distinguishing
between early or mild changes and a progressive clinical course. These changes in dynamic lung images on MRI can be
recorded depending on the phase of the respiratory cycle. Thus, MR, as a radiation-free tool that can be used to examine a
patient with acute viral pneumonia COVID-19, can be useful in cases where access to computed tomography is limited and
dynamic morphofunctional imaging is required.

Keywords: dynamic MR, real-time MRI, pneumonia; COVID-19; magnetic resonance imaging.
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BACKGROUND

Over the last 2 years, a novel coronavirus infection
(COVID-19) caused by SARS-CoV-2 has become an
important research focus due to the prevalence of pulmonary
symptoms. The computed tomography (CT) is used to detect
the primary chest symptoms of COVID-19, which include
localized unilateral or diffuse bilateral ground-glass opacity
(GGO) progressing to lung parenchyma consolidation.[1,2]

Due to a paucity of laboratory diagnostics funding at
the start of the pandemic, a chest CT scan was considered
as a possible factor in deciding whether a patient should
be tested for COVID-19 using laboratory methods. This
screening approach was later cancelled, and currently,
chest CT is only recommended if clinical signs and
symptoms of COVID-19 are observed.[3,4] In severe cases,
chest CT scans are performed several times for condition
monitoring, resulting in high radiation exposure. Software
for magnetic resonance imaging (MRI) of the chest is
continually being improved and is regarded as a promising
area of imaging development for lung conditions. Lung MRI
may be considered the method of choice in some cases
due to some advantages, such as the lack of radiation
exposure.[5-7]

Our case reports describe the use of dynamic lung MR in
SARS-CoV-2-positive patients. An MRI was performed within
the first few days after the onset of viral pneumonia symptoms
(subfebrile/febrile fever, dry cough, and weakness). This
study focuses on abnormal changes revealed by dynamic
MRI using three-dimensional cinematic chest imaging in
COVID-19 patients with acute viral pneumonia.

CASE REPORTS

MRI scan

A patient was examined in the supine position using
abdominal and vertebral radiofrequency (RF) coils built into
the tabletop of a 3T MRI scanner (Signa Pioneer, General
Electric, USA). Under free-breathing conditions, the scan
was performed without a respiratory trigger. The RF coil

Vol. 4 (1) 2023

Digital Diagnostics

was fixed to reduce dynamic artifacts associated with
respiratory movements. The study was conducted under
free-breathing conditions using automatic synchronization of
diaphragm movement to optimize the time of data collection.
For cinematic MRI, a single fast spin echo was used with
additional parameters as follows: TR 1,460 ms, TE 108.6 ms,
rotation angle 90°, FOV 450 x 450 mm, matrix 384 x 256,
slice thickness 6 mm, slice spacing 6 mm, average number
0.6, and non-Cartesian k-space filling method. To obtain
these scans, we asked the patient to take a slow breath while
mentally counting to 10 and then exhale slowly in the same
manner. Three dynamic images in three orthogonal planes
were obtained for each patient.

MRI analysis

The search focused on polysegmented sites with
increased signal intensity (hyperintense compared with
muscle tissue but hypointense compared with pulmonary
consolidation sites, i.e., with less intense signal compared
with consolidation sites), which could represent a “cloudy
sky” sign. We also noted changes in the signal intensity of
the lesions during inhalation and exhalation.

Case Report 1

A patient (female, 45 years old) presented to the clinic
on the fifth day after the onset of dry cough and mild fever
up to 37.5°C. Dynamic lung MRI in the coronal plane (Fig. 1)
showed an area of hyperintense signal in the lower lobe of
the right lung (S9-S10), interpreted as an area of central
induration (more intense signal) with a surrounding “cloudy
sky” (less intense signal) during inhalation. A hyperintense
signal was found in the corresponding area in the axial
and sagittal planes, indicating consolidation with a “cloudy
sky” along the edge of the area. At the end of exhalation,
increased signal intensity was observed in the described
area in the coronal plane (Fig. 2) with decreased visual size
of the affected areas due to lung tissue contraction. During
exhalation, no changes in signal intensity were observed in
the axial and sagittal planes.

If the same hyperintense signal is observed regardless
of respiration phases, this could indicate alveolar infiltration

Figure 1. Dynamic magnetic resonance imaging of the lungs during inhalation in the coronal, axial, and sagittal planes. In the axial and
sagittal planes, arrows point to areas of compaction. In the coronal plane, the arrow points to a “cloudy sky” (S9-S10).
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Figure 2. Dynamic magnetic resonance imaging of the lungs during exhalation in the coronal, axial, and sagittal planes. Arrows indicate
the areas of consolidation (59-510).

(consolidation), but a less intense signal during exhalation S8, and S9 of the left lung's lower lobe. An inhomogeneous

could indicate intermediate changes (cloudy sky”). increased signal was found during inhalation in the coronal,
axial, and sagittal planes (Fig. 3). The signal intensity increased
Case Report 2 in the coronal and sagittal planes during exhalation (Fig. 4),

A patient (female, 25 years old) complained of a dry cough,  with the increased visual size of the affected areas and the
high fever (up to 39°C), chills, and chest heaviness. She went  expanded “cloudy sky” area. These findings may be attributed
to the hospital on the sixth day after the onset of the first  to expiratory contraction of lung tissue during exhalation.
symptoms, when they became extremely pronounced. Dynamic Chest breathing movements can also influence scanning
MRI showed a large area of increased signal in segments S6,  and thus the observed pattern. The “cloudy sky” observed

Figure 3. Dynamic magnetic resonance imaging of the lungs during inhalation in the coronal, axial, and sagittal planes. Orange arrows
point to consolidation areas visible during inhalation (Sé, S8, and S9). The white arrow points to the area with the “cloudy sky.”

Figure 4. Dynamic magnetic resonance imaging of the lungs during exhalation in the coronal, axial, and sagittal planes. Arrows point
to lesions with areas of both marked interstitial changes (the sign of the “cloudy sky”) and alveolar (compaction) changes that can be

differentiated during inhalation (see Figure 3).
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Figure 5. Dynamic magnetic resonance imaging of the lungs during inhalation in the coronal, axial, and sagittal planes. Arrows point to
areas of low-intensity signal with the “cloudy sky” pattern (S6, S9, and S10).

Figure 6. Dynamic magnetic resonance imaging of the lungs during exhalation in the coronal, axial, and sagittal planes. Arrows paint to
an increase in low-intensity signal areas with the “cloudy sky” pattern (Sé, S9, and S10).

at the periphery of the signal enhancement area during
inhalation becomes more intense during exhalation, most
likely due to increasing density of the lung parenchyma.

Case Report 3

A patient (male, 49 years old) with a mild cough and
subfebrile fever up to 37.5°C consulted a doctor on the
second day after the onset of symptoms. Dynamic lung MRI
showed the predominant “cloudy sky,” which was confirmed
by different signal intensities and signal change area sizes
depending on the respiratory cycle phase. During inhalation,
a weak signal was detected in the lower lobe of the right
lung (S6, S9, and S10) in the coronal, axial, and sagittal
planes (Fig. 5). Increased signal intensities and area sizes
were observed in the coronal and sagittal planes at the end
of exhalation (Fig. 6) compared with the areas described. The
“cloudy sky” was more prominent in the axial plane during
exhalation, whereas the area of visible lung damage was
wider.

DISCUSSION

CT scanning is the gold standard for lung evaluation in
COVID-19 pneumonia and other viral pneumonias. In most
cases, early signs of acute coronavirus pneumonia caused by
SARS-CoV-2 present as GGO on chest CT scans. Consolidation

DOl https://doi.org/10.17816/DD114723

areas indicating an alveolar lesion typically appear in the
later stages of the disease.

MRI changes in patients with viral pneumonia are
associated with inflamed parenchyma, leading to an increased
signal. Viral pneumonia is also characterized by the presence
of the “cloudy sky” sign, which is similar to GGO. [5] During
dynamic MRI, we observed signal concentration with “cloudy
sky” sign during exhalation and pronounced rarefaction
during inhalation, which may be indicative of early lung
changes in acute viral pneumonia. The consolidation pattern,
which is characteristic of alveolar involvement, does not
change significantly during respiration. Therefore, dynamic
lung MRI allows us to differentiate areas of consolidation
and GGO, which is not always possible with static lung MRI.

Previously, our authors examined patients using an
MRI-LUNG protocol [5] (static scanning) and found that the
visible parenchyma lesions are similar to the pattern of CT
lesions. Real-time tests showed that MRI enables for rapid
and painless lung imaging under free-breathing conditions.
A limitation of our study was the lack of CT data to compare
identified patterns.

The use of MRI in COVID-19 patients has already been
studied.[6, 8-14] Dong et al. [8] suggested that MRI may
be used to diagnose pregnant women and children. This
suggestion was confirmed by Fields et al. [9] compared with
various diagnostic methods, such as CT, MRI, and positron
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emission tomography with CT. Langenbach et al. [10] from
Germany reported a case of a patient referred to MRI for
primary lung cancer with characteristic changes in the
lower long lobes. In this case, COVID-19 was subsequently
confirmed. Szarf et al. [11] presented a case report
describing MRI data on perilobular opacities similar to the
sign of “cloudy sky” and consolidation, which could indicate
the presence of organized pneumonia. Akhlaghpoor et al. [12]
performed a similar MRI imaging of viral pneumonia caused
by COVID-19, demonstrating and describing 8 case reports.
In addition to these changes, Dheir et al. [13] reported MRI-
detected nodules in 11 patients and CT-detected nodules in
12 patients, with sensitivity and specificity of 91.67% and
100%, respectively.

CONCLUSION

Several case reports have clearly demonstrated that
dynamic MRI can be used to detect “cloudy sky” sign (as the
GGO pattern in CT) and differentiate it from consolidation in
COVID-19 patients.

The study showed that dynamic lung examination may be
superior to standard static scans. Despite its high potential,
lung MRI remains an experimental technique that needs
more research to understand its role in the management of
COVID-19 patients. However, the observed patterns can be
applied to other lung conditions.
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CucTeMbl UCKYCCTBEHHOr0 MHTENNEKTA
B KIMHUYECKOW PU3NO0NOrUM:
Kak caenartb ux obyyenue apeKTUBHbLIM?

.B. Lyros', [.E. LLlaposa', J.P. Abynaase', [1.B. lpo3nos?

! Hay4HO-NpaKTMHECKWIA KIMHUYECKUA LLEHTP AMarHOCTUKM W TeNeMeINLIMHCKIX TexHosormii, Mockea, Poccuitckan Mepepauma
2 HaumoHanbHbIn MeULMHCKUIA UCCRe0BaTeNLCKUI LIEHTP Kapauonorm, Mocksa, Poceuitckas ®enepalins

AHHOTALUMA

KnvHuueckas dusuonorms — pasgen MeAUUMHCKUX HayK O oAU W XapaKTepe M3MeHeHW GU3MoNorMyeckux npouec-
COB, NPOMCXOASALLMX B OPraHM3Me Npy NPeanaTosiorMyeckux 1 NatonorMiyeckux CoCTOSHUAX, — MPEeAnonaraeT nojHoe, KoM-
MEKCHOE, MHOTOCTOPOHHEE UCCNief0BaHUe QYHKLUMIA KaK MOPaXEHHbIX, Tak U 3[40POBbIX OpPraHoB, YTO NO3BONIAET OLEHUTH
KOMMEHCaTOpHble BO3MOXHOCTU OpraHu3Ma.

MporpaMMHoe obecneyeHune 1 pasiuyHbIE NPOrpaMMHO-annapaTHbIe KOMMEKCh, CO3AaHHbIE C UCMOMb30BAHUEM TEXHO-
JIOTMiIA UCKYCCTBEHHOTO MHTENNEKTA, BCE aKTUBHEE MPUMEHSIOTCA B PasiMyHbIX 0TPACHAX MEAWLMHLI, B TOM YMC/E U B KIK-
HWYecKkoW Quamnonorum. 3ToMy cnocobCcTBYIOT NOSBNEHWE HAbOPOB MEAMLMHCKMX [LaHHbIX, YBENIMYEHWUE BbIYUCIUTENBHBIX
MOLLHOCTEW, pa3BuUTMe 06/1auHbIX CEPBUCOB, @ TaKKE MHOTOYMCIEHHbIE MybAMKaLMW, AeMOHCTpUpylowme 3QeKTUBHOCTb
1 NepCneKTUBHOCTb NPUMEHEHUS NOA0OHBIX MHTENIEKTYaNbHBIX PELLEHUI.

HecMoTps Ha To, 4TO B LIeIOM NOAXOA K OPMMPOBaHMI0 MEAMLMHCKMX HaboPOB [aHHBIX CX0XK, B KIIMHUYECKON (U3K0-
JIOTUM UMEETCA LIeNbI pAS, KITOYEBbIX 0CODEHHOCTEN U CYLLECTBEHHBIX 0TAMuMiA. CobntofeHne npefiaraeMblX HaMK NpaBun
no popMMPOBaHMI0 HAbOPOB [aHHBLIX NOTEHLMANEHO NO3BONUT 3PMEKTUBHO 0BYYUTL CUCTEMBI MCKYCCTBEHHOIO MHTEN/IEKTA
B 0611aCTV KNMHUYECKOW GU3NOIOTM W NPUMEHSATB UX Ha NMPaKTUKe.

BetynuBluwii B cuny HaumoHanbHbI cTanaapT Poccuickoi ®epepaumm FOCT P 59921.9-2022 BxoauT B KOMMNJEKC CTaH-
£apToB «CUCTEMBI UCKYCCTBEHHOTO MHTENNIEKTA B KIIMHUYECKON MeMUMHE» W YCTaHaBNMBAET [OMONHUTENbHBIE TpeboBa-
HWSA K anropuTMaM aHanusa AaHHbIX M MeToAaM UCMbITaHUIA CUCTEM UCKYCCTBEHHOTO MHTEJINEKTA, NPUMEHAEMbIX B 0b1acTy
KIMHWUYEeCKo m3nonornn. BaxHol 0cobeHHOCTbI0 HOBOMO CTaHAapTa SIBNSIETCA ero KBasWMETPUYECKU Tvn (Mpunaraetcs
0653aTenbHbI Habop AEMOHCTPAUMOHHBIX LaHHBIX).

Poccus opHoit 3 nepBbIX CTPaH B MUpe MPUCTYMKNA K pa3paboTKe KBa3MMETPUYECKMX CTAHAAPTOB, U YXe B TEKYyLLEM
rogy BCTynAT B cuny 15 oTpacnieBbIX CTaHAAPTOB B Cdepe MCKYCCTBEHHOTO MHTENNEKTa (U3 HUX ABa — MO MeAuWLMHE).

KnioueBble cnoBa: Habop AaHHbIX; 31eKTpoKapAMorpadus; KIIMHUYecKas pusnoNoris; aHHOTMpOBaHWE; aBTOMaTUYeCKUI
aHanu3 3KT.
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Artificial intelligence in clinical physiology:
How to improve learning agility
Dmitry V. Shutov', Dariya E. Sharova', Liya R. Abuladze', Dmitrii V. Drozdov?

! Moscow Center for Diagnostics and Telemedicine, Moscow, Russian Federation
Z National Medical Research Center of Cardiology, Moscow, Russian Federation

ABSTRACT

Clinical physiology involves a complete, comprehensive, multilateral study of the functions of both affected and healthy
organs, which allows us to assess the compensatory capabilities of the body.

Artificial intelligence is increasingly being used in medicine, including in clinical physiology. This is facilitated by the increase
in computing processing power, development of cloud services and datasets, and numerous scientific articles demonstrating
the effectiveness and viability of such intelligent solutions.

Although the approach to medical dataset development is generally similar, there are a number of key features and
significant differences in clinical physiology. Artificial intelligence systems in clinical physiology may be effectively trained and
applied in practice by following the recommendations in this study.

The national standard of the Russian Federation GOST R 59921.9-2022, which has entered into force, is included in the set
of standards “Artificial Intelligence systems in clinical medicine” and establishes additional requirements for data analysis
algorithms and test methods of artificial intelligence systems used in the field of clinical physiology. A crucial feature of the
created standard is its qualimetric type (i.e., it has a mandatory set of demonstration data).

Russia is one of the first countries to start developing quasi-metric standards worldwide, and 15 industry standards in the
field of artificial intelligence (2 of them in medicine) will come into force this year.

Keywords: dataset; electrocardiograph; clinical physiology; annotation; automated ECG interpretation.
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INTRODUCTION

Clinical physiology is a branch of medicine that studies
the role and nature of physiological changes in the body
during pre-pathological and pathological conditions. Clinical
physiology is a complete, comprehensive, multifaceted
study of the body's functions (not only of affected organs
but also of healthy ones), allowing us to assess the body's
compensatory capabilities.[1]

Artificial intelligence (Al) systems are increasingly being
used in almost all fields of medicine: [2] there is a significant
number of works on electrocardiography (ECG) evaluation,
including through smart watches, [3-7] and an increasing
amount of research in the field of computer vision around
the world,[8, 9] as well as the development of various smart
solutions'. PhysioNet?, for example, includes a large number
of open data sets pertaining to various pathologies. The
largest open ECG data sets contain 21,837 [10] and 10,646
ECGs, [11] respectively; however, despite the importance of
the issue, the formation of such data sets remains a major
challenge that necessitates a thorough approach.

We identified the following major issues while analyzing
public open ECG data sets:

1. Differences in technical conditions for ECG recording:
sampling rate, least significant digit value, analog-
to-digital converter bit depth, recording duration, and
number of channels

2. Incompatible descriptive languages (thesauri): different
“schools,” different patiet populations, and different end-
user goals

3. Imbalance in ECG disorder classes within the data set and
in data sets with the general population

4. Concerns about the quality of the annotation/classification

5. Lack or absence of clinical data (metadata)

These issues can be worsened when other diagnostic and
control methods in clinical physiology are used. This is due to
the fact that the following data can be used to create a data
set and then train Al systems in clinical physiology®:

1. Physiological parameter values (blood pressure, heart
rate, and saturation level)

2. Digitized biological signals (electrocardiogram and vessel
pressure indicator)

3. Induced and returned signals (neuromyogram, rheogram,
Doppler curve, and ultrasound M-scan)

4. Dynamic images (cine loops)

5. Complex data

Vol 4 (1) 2023
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DATA SET FORMATION METHODOLOGY:
ARE THERE ANY DIFFERENCES?

Data set formation methodology in clinical physiology
is broadly similar to that of radiodiagnosis [12]: planning;
creation of a thesaurus or glossary and inclusion and
exclusion criteria; selection of experts and moderators; data
analysis for compliance with inclusion criteria; annotation
approval; and multilevel moderation. However, there are
several key differences as follows:

1. The order in which the data array is processed differs
significantly. The work sequence for preparing a data set
(number series, graphs, and individual measurements)
is as follows:

+ Data segmentation (separation)

- Data measurement

+ Data annotation: a method of providing verbal
(semantics) meaning to an object or set of data

+ Data classification
2. A dictionary (glossary) is sufficient for classifying simple

(binary) properties of objects, and a thesaurus is required

for multiclass objects.

3. Moreover, some less evident and difficult-to-categorize
factors can lead to significant errors when creating a
data set* *:

« Highly qualified operators are required to conduct
clinical physiology research; one of the most
important factors in source data generation is operator
dependence.

+ When forming the final data set, the presented array
of studies should be analyzed for the following factors:
sufficient recording duration, number of channels,
disabling signal filtering, as well as compliance with
accepted technical parameters, dynamic range, signal-
to-noise ratio, and results storage format.

« Experts and moderators involved in data separation must
be qualified: while data anonymization is permissible,
details of their qualifications and contributions must be
included in the Al system test report.

+ A set of equipment and software for Al system
tests in clinical physiology should be developed; at
the same time, the characteristics of hardware and
software must exceed the minimum requirements
set by the Al system manufacturer and consider the
typical characteristics of a specific or potential user’s
computing facilities.

! Center for Diagnostics and Telemedicine [Internet]. Al services in radiodiagnosis. Available at https://mosmed.ai/.
2 PhysioNet [Internet]. The Research Resource for Complex Physiologic Signals. Available at https://physionet.org/.
3 GOST R 55036-2012/ISO/TS 25237:2008. National Standard of the Russian Federation. Health informatics. Pseudonymization. Available at https://

docs.cntd.ru/document/1200100339.

4 GOST R 55036-2012/1SO/TS 25237:2008. National Standard of the Russian Federation. Health informatics. Pseudonymization. Available at https:/

docs.cntd.ru/document/1200100339.

5 GOST R 59921.5. National Standard of the Russian Federation. Artificial intelligence systems in clinical medicine. Part 5. Requirements for the
structure and application of data set for training and testing algorithms. Available at https://docs.cntd.ru/document/1200183858.
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INCLUSION AND EXCLUSION CRITERIA
FOR RECORD SELECTION IN CLINICAL
PHYSIOLOGY DATA SET FORMATION

Exclusion criteria (absolute; only one is required):
+ The records are provided in a proprietary format, and
the manufacturer refuses to create a matching layer
+ Noncompliance with technical specifications for saved
data (for example, the recording duration for a digital
ECG is less than 10 s, the sampling rate is less than
500 Hz, the least significant digit value is greater than
5 pV, and the analog-to-digital converter hit depth is
less than 10 bits).
» Access to metadata is either impossible or significantly
restricted
+ Less than 70% of the ECGs in the final data set are
annotated and classified appropriately
Inclusion criteria (all must be met):
+ The records are provided in one of the following
formats: WDBF, EDF, aECG (HL-7), SCP-ECG, DICOM-
ECG, and XML
+ Compliance with the technical specifications for saved
data (for example, for a digital ECG, the recording
duration must be at least 10 s, the sampling rate must
be at least 500 Hz, the least significant digit value
must be 5 pV, and the analog-to-digital converter bit
depth must be at least 10 bits)
+ Access to metadata is not restricted
+ At least 90% of the ECGs in the final data set are
annotated and classified appropriately
It appears that data sets for Al system training should
include the full range of possible phenomena (syndromes,
diagnoses, and outcomes) from the most rare (casual) to the
most common. The type of data set determines the need to
respect the variability of gender and racial differences in patients
(for example, these metadata are required for assessing
respiratory function parameters). The incidence of phenomena
(syndromes) in a population is given less weight in the data set
formation. It is recommended to use additional metrics when
using unbalanced data sets for rare (casual) phenomena.

NORMATIVE DOCUMENTS REGULATING
THE DEVELOPMENT AND APPLICATION
OF DATA ANALYSIS ALGORITHMS

AND TEST METHODS OF ARTIFICIAL
INTELLIGENCE SYSTEMS IN CLINICAL
PHYSIOLOGY

The national standard of the Russian Federation GOST
R 59921.9-2022¢, which became effective on January 1,
2023, is included in the set of standards known as “Artificial

Vol 4 (1) 2023
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Intelligence Systems in Clinical Medicine” and establishes
additional requirements for data analysis algorithms and test
methods of Al systems in clinical physiology.

Developers of Al systems for clinical physiology and other
interested parties will be able to study the requirements:

- Data set generation, preparation, segmentation,
measurement, detection, annotation, and classification
for Al system testing

» Data set structure, application procedures, and access
conditions

+ Organizing terminological resources and presenting
data analysis results

+ Information exchange between medical devices,
intelligent systems, and other healthcare automation
systems

« Technical, bench, laborator, and clinical test processes
and results, as well as postregistration and operational
control of software and hardware-software systems
based on artificial intelligence technologies

+ The form and content of software and hardware-
software systems based on artificial intelligence
technologies, in accordance with the tasks being
solved in the field of medicine and healthcare

The prescribed requirements for data sets distinguish
the new national standard from other GOST R standards
and English-language counterparts. Three scenarios are
proposed in particular: clinical trials conducted only on a test
site (bench) using data sets; clinical trials conducted within a
health facility; and combined clinical trials. All scenarios are
illustrated with flowcharts (Figure 1).

The standard also includes test options for assessing Al
system resistance to errors in input data and testing using
synthetic and combined data. The new GOST K standard
allows the testing of Al systems that are compatible with
various data types and presentation formats. The following
can be used for Al system testing in clinical physiology:

» Measured physiological parameter values (blood

pressure, heart rate, and saturation level)

+ Digitized biological signals (electrocardiogram and
vessel pressure indicator)

+ Induced and returned signals (neuromyogram,
rheogram, Doppler curve, and ultrasound M-scan)

«  Dynamic images (cine loops, for example, in an ultrasound
examination mode and motion video recordings)

+ Complex data containing data of several types listed
above (synchronized and in-phase)

The data can represent the results of single measurements
(patient studies), or they can be chosen to systematically
represent the development of pathological processes (a time
series of homogeneous measurements), or they can reflect
changes upon presentation of graduated stimuli, or they
can reflect changes in parameters depending on external

¢ GOST R 59921.9-2022. National Standard of the Russian Federation. Artificial intelligence systems in clinical medicine. Algorithms for data analysis
in clinical physiology. Testing methods. General requirements. Available at https://docs.cntd.ru/document/1200193730.

DOl https://doiorg/1017816/DD123559

85


https://doi.org/10.17816/DD

LETTERS TO THE EDITOR

[ % Patient

Vol. 4 (1) 2023

Digital Diagnostics

Test site, bench

Data

@ Artificial intelligence
i/ system

’ acquisition ‘

Data e

acquisition -7
/

Biomedical information I | £ O prysiological signal
[ recording system @—7 datya setg ’
y <

N

Data ~

acquisition S~

Functional generator
009 (patient emulator)

[ ]

Figure 1.

& NI Naguorr Onepacont Kowporypoaes Ones  Mosscca

Flowchart for conducting clinical trials with data sets (one implementation option)

W12 | Kedpopa|  TXYZ| Owemnonsa | 80P |

Caoaasc IKM 12 1200156 (017] NoxM Bospacr: Nlev:33 16.02.1981

S Tabmuia nap
J“ I l l I i I 5 B8 GRS piod | 102 e | weloc) S
] [ Bihre Tlatem 3 " - s % 0 1 E
: } Moe | Wi Graem ) o > e i
{ Cooa  Bitwc  uarem || OV o™ |
nw - Yormecres | - Borod || QT o e | T 2013 ‘
- ﬂ Oma P F || Te @ A s " s || v T e || ST sTem Her E‘—:,
[ | 16 | £ () ® - - | =» g
[ et 1 =i T = ' 182 L T - - || » s L o2 e 04 8 e
R E | com i [ SR | S 2] =l a o - =
gl it w po s e =
XAmeL S 5
VR |- w a | s N ; Ss ;: P = e 27 5 s
"6 | - ~e
vl ﬂ_ M| e s - 2 o a: | |
a 6 | 2 u % - 2 e 2 D
g “ | |~ % & ¥ W T
" I -c
wﬂ, o 1] | o~ o o <1 E: - el v
E - “ & m S
B . o am @ o e <$
- 2 s m -
el @ om 23 i || S| Amam
- 0 % m -
m = em | m [ || %] A wm
2 u 2 m "
| ioms 2 w2 an s | 81 e v
* “ » m -
P o om e z =7 || W e
| % 5 - m B '
o w om @ : - || ®) W] M
e | Esveanmeneoc Earvn
~ O @ns O Om1 ':ftﬁ
L o [z <]
AXTHBILUR WINGOWS I
14 0 vle
(B = =]
T = = 7 Tl i TR
{svefEn vJisewalue vlifjjmiafe -wsOie -{iCom’ Gisaams L Dhmien | ] e 8 ERE

Figure 2. An example file from the demo data set of GOST R 59921.9-2022, Artificial Intelligence Systems in Clinical Medicine. Algorithms

for data analysis in clinical physiology. Testing methods

conditions (during sleep, at rest, during physical or mental
stress, distress, etc.).

The fact that the new standard is a quasimetric GOST R
(i.e., it comes with a mandatory set of demo data) is also an
important feature (Figure 2).

Russia was one of the world’s first countries to develop
quasimetric standards. In the field of artificial intelligence,
15 industrial standards will come into force in 2023, with two
of them in medicine.”

CONCLUSION

Compliance with the aforementioned rules will allow for
the acquisition of a data set for Al system training in such
a way that all three phases of clinical trials are potentially

passed, namely, (a) testing to ensure the accuracy of the in-
put data (recognition of signals received with a violation of
the study technology, as well as those containing artifacts
and noise); (b) testing to ensure the accuracy of the recogni-
tion of syndromes, phenomena, clinical equivalents, and/or
the formation of a conclusion (annotation) according to an
agreed thesaurus or glossary; and (c) testing on synthetic
and combined data (recognition of a synthetic stimulus signal
that initiates or amplifies natural signals and evaluation of
stimulation efficiency or inefficiency).
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