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CpaBHeHUe MynbTMNapaMeTpU4ecKoro

U bunapaMeTpuyecKoro NpPoTOK0N0B MarHUTHO-
pe3oHaHCHOU ToMorpadum ANA BbiSIBIEHUS
paKa npeAcTaTesibHOMN Kesie3bl peHTreHoNoraMu
C Pa3sfIUYHbIM OMbITOM
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AHHOTALNA

06ocHoBaHue. [poBeieHNe MarHUTHO-PE30HAHCHON TOMOrpaduu MO3BONISIET BbISBUTL KIIMHUYECKW 3HaYUMbIN paK MpeacTaTesbHON
Kenesbl, JUarHOCTUPOBATb KCTPAKANCYNAPHYK0 3KCTEH3WI0, CTaAMPOBaTh OHKOMOTMYECKUIA npoLiecc. [TpoToKeN cKaHUpOBaHWS, BKII0-
YaloLLMI TONBbKO T2-B3BeLLEeHHbIe W AN Y3MOHHO-B3BELLEHHbIE M30bpaXKeHus, MpeLCcTaBnseT coboi KNU3HeCnocobHylo anbTepHaTUBYy
MY/bTUNapaMETPUIECKON MarHUTHO-PE30HaHCHOM ToMorpadu Npy YCIOBUM COXPaHEHMS BbICOKOI LMarHOCTUYECKON TOYHOCTM TecTa.
B HegaBHMX MccCel0BaHUAX AMarHOCTUYECKas TOYHOCTb B1napaMeTpUIecKoi U MynbTUNapaMeTPUYECKOA MarHUTHO-PE30HaHCHOM To-
Morpadum B BbISBNIEHUM paKa NpeAcTaTesbHON ene3bl NPOLEMOHCTPUPOBANa HE3HAUUTENbHBIE Pa3nuMs.

Llenb — cpaBHeHWe [MarHOCTUYECKON TOYHOCTW B1napaMeTpuyecKon U MynbTUNapaMeTPUYECKON MarHUTHO-PE30HAHCHOM TOMO-
rpaguv Ans BbISBNEHUS KIIMHWYECKW 3HAYMMOr0 paka npeactaTenbHomn xeneswl no cucteme PI-RADS v2.1 ¢ ucnonb3oBaHueM
MyNbTU(OKabHOM BMONCUM NOJ, KOHTPONIEM MarHUTHO-PE30HAHCHOI ToMorpatmu B KauecTBe 30/10TOr0 CTaHAApTa.

Marepuanel u Metoabl. [laHHoe uccneoBaHWe ABASETCA PETPOCNEKTUBHBIM. Mbl M3HauanbHO obpabotanu 3anucu uctopuin bo-
nesHu 126 naumeHToB. KputepusaMm BKIKOYEHUS B UCCNEA0BaHNE BbinM HanuymMe MymbTUNapaMeTpUUECKO MarHUTHO-Pe30HaHCHOM
Tomorpadum no ctangapty PI-RADS 2.1, knuHudyeckon nHdopMauum 06 ypoBHSX CBOBOAHOIO U CBA3aHHOMO MpocTaTcneunuye-
CKOTO aHTUreHa KPoBM, MyNbTUQOKamNbHON broncum NpeLcTaTenibHOM Menesbl Npu COBNIAEHNN BPEMEHHOTO UHTEpPBaNa MeXay
MarHWUTHO-pe3oHaHCHOW ToMorpadmeil u Broncueit He bonee 14 gHei. Tpu uccneoBaTens (Bpa4n-peHTIEHOMOMM C OMbITOM paboThbl
MeHee 2 neT, oT 2 o 5 neT, bonee 5 NeT cOOTBETCTBEHHO) HE3aBUCUMO ApYT OT [ipyra OLEeHMBanM bunapamMeTpuyecKyio MarHUTHo-
PEe30HaHCHY0 ToMorpatmio NpeaCcTaTeIbHON Jene3bl Ha NPeAMET HanuyMUs NaTonornieckux o4aros. CnycTa 2 Hefenu uccnefoBa-
TeNW OLeHUBANM [aTaceT MyNnbTUNapaMeTPUIECKOI MarHUTHO-Pe30HaHCHO ToMorpaduu npeacTatenbHon xenesbl. Kaxabli Bbl-
ABNEHHbIN 04ar, HaumHas ¢ kateropum PI-RADS 3, conoctaBnsncs ¢ pe3ynbTaToM MynbTUdOKanbHoM BbloxkH-broncumn. Pesynbtar
Buoncumn npefcTaBnAcs B BUAE CyMMbl 3Ha4YeHU! No WKane Gleason, npu 3TOM K KIMHWYECKW 3HAYUMBIM AaHHBIM buoncuu oT-
Hocunack cyMMa Gleason 7 u Bbiwwe. OnyxoneBbIMK 04araMu no JaHHbIM MarHUTHO-Pe30HaHCHON TOMOrpadumi CYUTANNCh HaXoaKY,
cootBeTcTBYloWMe Kputepuam PI-RADS 4 u 5.

PesynbTatbl. Haunyulume nokasatenu UyBCTBUTENBHOCTU U CMIELMAUYHOCTH BbISBIEHUS 04aroB Ha MarHUTHO-PE30HaHCHO ToMorpa-
dumn npencrarenbHoW xenesbl — 62,5 n 74,6% cootBeTcTBEHHO. HauBbiCLias JOCTUTHYTas AMarHOCTUYECKas TOYHOCTb COCTaBMUNa
70,1%. MynbtMnapameTpuyeckasi MarHUTHO-pe3oHaHcHas Tomorpadmsa obnagaet Bonee BbICOKMMM MOKa3aTensMu CneunduyHocT1
BbISIB/IEHUS 04aroB Npe/iCTaTeNbHOM enesbl Npy UHTEPNPeTaLmMK PEHTTEHOMOraMu C OMbITOM paboTbl MeHee 2 neT 1 bonee 5 ner.
3aknouenune. Kak bunapameTpuyeckas, Tak W MynbTUNapaMeTpUyeckas MarHUTHO-pe30HaHCHas ToMorpadus npencTaTenbHoi
Xenesbl NPOAEMOHCTPUPOBaa HEONTUMasbHbIe NOKa3aTenu AMarHoCTUHECKON TOYHOCTU. IMeeTes TEHAEHUMSA K YNYULIEHUIO YyB-
CTBUTENILHOCTW U cneuMdrUyHOCT MeTofa C YBeNUYEHUEM onbiTa paboTbl peHTreHonora. bunapamMeTpuyeckue NPOTOKONbI CKaHM-
pOBaHMs MpeiCTaTeNbHOM ene3bl UMelT be3ycNoBHOE IKOHOMUYECKOE MPEUMYLLECTBO Nepef, MybTUNapaMeTpUIECKUMU 3a CHET
OTCYTCTBUS PacXOL0B Ha KOHTPACTHOE BELLECTBO M PacXOfHble MaTepuanbl U 3HAYUTENILHOTO CHUMEHUS BpeMeHW 3arpysku MP-
CKaHepa, 0JJHaK0 UX MCMO/b30BaHWE MOXET NPUBECTU K CHIKEHMIO IUAarHOCTUYECKON TOYHOCTM MeTOAa.

KnioueBble coBa: MarHUTHO-pe3oHaHcHas ToMorpadus; MPT; pak npeacTaTenbHoi xenessl, PI-RADS.
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Comparison of multiparametric and biparametric
magnetic resonance imaging protocols for prostate
cancer diagnosis by radiologists with different
experience
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ABSTRACT

BACKGROUND: Magnetic resonance imaging can detect clinically significant prostate cancer and diagnose extracapsular
extension and cancer stage. A scanning protocol that includes only T2-weighted and diffusion-weighted images represents
a viable alternative to multiparametric magnetic resonance imaging provided that the high diagnostic accuracy of the test is
maintained. In recent studies, biparametric and multiparametric magnetic resonance imaging demonstrated slight differences
in the diagnostic accuracy in detecting prostate cancer.

AIM: To compare the diagnostic accuracy of biparametric and multiparametric magnetic resonance imaging for the detection
of clinically significant prostate cancer using PI-RADS v2.1 with magnetic resonance imaging-guided multifocal biopsy as the
gold standard.

MATERIALS AND METHODS: This retrospective study initially processed the medical records of 126 patients. The inclusion
criteria were as follows: presence of PI-RADS 2.1 multiparametric magnetic resonance imaging, clinical information on
free and bound prostate-specific antigen blood levels, a multifocal prostate biopsy performed, and a time interval between
magnetic resonance imaging and biopsy of no more than 14 days. Three investigators (radiologists with <2, 2-5, and >5 years of
experience) independently evaluated biparametric magnetic resonance imaging of the prostate for the presence of pathological
foci. After 2 weeks, the researchers evaluated the multiparametric magnetic resonance imaging dataset of the prostate. Each
lesion detected, starting from PI-RADS category 3, was compared with the result of a multifocal fusion biopsy. The biopsy
result was presented as a sum of Gleason scores, and a Gleason score of >7 was considered clinically relevant. According to
magnetic resonance imaging data, findings meeting PI-RADS criteria 4 and 5 were considered tumor foci.

RESULTS: The best values of sensitivity and specificity of foci detection on magnetic resonance imaging of the prostate gland
were 62.5% and 74.6%, respectively. The highest diagnostic accuracy achieved was 70.1%. Magnetic resonance imaging had
higher specificity rates for detecting prostatic foci when interpreted by radiologists with 2 years and >5 years of experience.
CONCLUSION: Both biparametric and multiparametric magnetic resonance imaging of the prostate demonstrated suboptimal
diagnostic accuracy. The sensitivity and specificity of the method tended to improve with increasing experience of the radiologist.
Biparametric protocols of prostate scanning have a definite economic advantage over multiparametric protocols because of the
absence of contrast agents and consumables and a significant decrease in magnetic resonance scanner loading time; however,
their use can lead to a decrease in the diagnostic accuracy of the method.

Keywords: magnetic resonance imaging; MRI; prostate cancer; PI-RADS.
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BACKGROUND

Multiparametric magnetic resonance imaging (mpMRI),
which includes T2-weighted imaging (T2WI), diffusion-
weighted imaging (DWI), and dynamic contrast enhancement
(DCE) sequences, is critical in the clinical assessment of
patients with high prostate-specific antigen (PSA) levels.

MRI can be used to diagnose clinically significant prostate
cancer, detect extracapsular extension, and determine the
disease stage. In 2019, the American College of Radiology
and the European Association of Urology (European
Symposium on Urogenital Radiology, ESUR) released the
Prostate Imaging Reporting and Data System, version 2.1
(PI-RADS v2.1) for standardizing MRI data acquisition and
image interpretation [1].

Since 2020, the American Urological Association and
European Association of Urology have recommended the
use of mpMRI for biopsy-naive men who were suspected of
prostate cancer [2, 3]. A clinical study by 0. Rouviére et al. [3]
showed that 27% of men with high PSA levels could avoid an
unnecessary biopsy using mpMRI. Since most men undergo
PSA testing at least once in their lifetime, these guidelines have
resulted in a marked increase in demand for prostate MRI.

Assigning a PI-RADS assessment category relegates the
use of DCE imaging to a minor role because it is only used for
the differential diagnosis between PI-RADS 3 and 4 lesions
in the peripheral zone. In addition, the use of DCE poses a
risk of nephrogenic systemic fibrosis in patients with renal
insufficiency. Therefore, interest in parametric MRI (bpMRY) is
growing, which is an abbreviated prostate MRI protocol that
excludes DCE imaging [4-6].

Owing to its high diagnostic accuracy, the bpMRI protocol,
a combination of T2ZWI and DWI sequences, is emerging as a
viable alternative to mpMRI [7]. Recent studies have shown
minor differences in the diagnostic accuracy between bpMRI
and mpMRI for detecting prostate cancer [6]. Efforts to create
a bpMRI protocol have been successful in demonstrating
intensity nonuniformity, resolution, and nonlinearity
comparable to those of mpMRI [8].

The growing interest in bpMRI has encouraged the PI-
RADS Steering Committee to issue a consensus statement
calling for a higher-quality data before making evidence-
based recommendations on bpMRI as an initial diagnostic
work-up [9].

The aim of this study was to compare the diagnostic
accuracy of bpMRI with that of mpMRI in detecting

DOl https://doiorg/10.17816/D0D322816

mpMRI: multiparametric magnetic resonance imaging
T2WI: T2-weighted imaging

SS-EPI: single-shot echo planar imaging

TSE: turbo-spin echo

clinically significant prostate cancer based on PI-RADS
v2.1 using targeted MRI/transrectal ultrasound (TRUS)
fusion-guided prostate biopsy (number of points) as the
gold standard.

The objectives of this study were to identify the
sensitivity and specificity of mpMRI in comparison with
bpMRI in diagnosing clinically significant prostate cancer (PI-
RADS =4). In addition, the study compared the sensitivity and
specificity of mpMRI with those of bpMRI images assessed
by radiologists with different levels of experience. Finally, the
interobserver agreement between radiologists with different
levels of experience in assessing mpMRI and bpMRI images
was evaluated.

MATERIALS AND METHODS
Study Design

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

Eligibility Criteria

Inclusion criteria: availability of a PI-RADS 2.1 mpMRI
scan, clinical laboratory values of blood-free and bound PSA
levels, and targeted MRI/TRUS fusion biopsy. Biopsy must be
performed within 14 days after MRI.

Noninclusion criteria: image artifacts on the prostate MRI
scan or MR images not compliant with PI-RADS 2.1, absence
of one or more clinical markers, and a time interval between
mpMRI and biopsy of >14 days.

Exclusion criteria: significant mpMRI artifacts, which
precluded an adequate assessment, and uninformative
biopsies.

Following the above criteria, radiologists with <2 years or
>b years of experience excluded 19 patients from the sample,
whereas those with 2-5 years of experience excluded
23 patients.

Study Site

Patients who underwent prostate MRI and TRUS fusion
biopsy were recruited from the European Medical Center (a
private medical institution).

Study Duration

The study analyzed electronic medical records from
January 1, 2022, to June 1, 2022.
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Medical Intervention

The medical records of 126 patients were analyzed.
Prostate mpMRI was performed using a Siemens Magnetom
Aera 1.5T 4G (Germany) with a body coil. The scanning
protocol included the following set of pulse sequences
(Table 1). After unloading and anonymization, several DCE
images were removed from the mpMRI sequences, resulting
in a dataset of bpMRI sequences. Three investigators
(radiologists with <2 years of experience, 2 -5 years of
experience, and >5 years of experience) independently
evaluated prostate bpMRI sequences for pathological lesions.
The lesion was assigned a score from 1 to 5 (as instructed in
PI-RADS v2.1, DWI was used for peripheral zone lesions, and
T2WI for transition zone lesions); then, an overall prostate
PI-RADS v2.1 score was determined. The reference method
was prostate histopathology based on targeted MRI/TRUS
fusion biopsy.

After 2 weeks, the investigators evaluated the prostate
mpMRI dataset, which included a series of dynamic contrast
enhancement images. MRI interpretation was conducted
by investigators who were blinded to the biopsy results.
According to PI-RADS 2.1 [1], early contrast enhancement
allows for reliable differentiation between PI-RADS 3 and
4 lesions localized in the peripheral zone.

Primary Outcome

The prostate lesion identified by bpMRT or mpMRI should
be consistent with the histopathological findings.

Outcome Reporting Method

The identified lesions were tabulated, specifying their
zonal location based on the PI-RADS 2.1 sector map. The
central zone and anterior fibromuscular stroma were
excluded from the assessment.

Each identified lesion of PI-RADS >3 was compared with
the findings of targeted MRI/TRUS fusion biopsy. MRI/TRUS
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fusion biopsy overlays a prostate ultrasound on the saved
prostate MR images (typically, axial T2WI). The biopsy sites
were targeted and tracked on the obtained three-dimensional
reconstruction of the prostate.

The biopsy findings were presented as the total Gleason
score [10]. A total Gleason score of >7 is considered clinically
significant. PI-RADS 4 and 5 MR images were consistent with
malignant lesions.

Ethics Review

This study was approved by the Local Ethics Committee
of the European Medical Center (Minutes of the Meeting No. 1
of April 24, 2023).

Statistical Analysis

For each dataset, the experts separately calculated the
diagnostic power parameters, including the Youden index.
Interobserver agreement between radiologists was estimated
as percentages and Fleiss kappa.

Calculations were performed using R software
version 4.1.3' using irr? and dpyr packages®.

RESULTS

Study Subjects (Participants)

Radiologists with <2 and >5 years of experience analyzed
a total of 107 patient datasets, whereas radiologists with
2-5 years of experience analyzed 103 patient datasets.

Key Findings

The highest sensitivity and specificity of bpMRI for
detecting pathological lesions in the prostate were 70.0%
and 67.2%, respectively. The highest sensitivity and specificity
of mpMRI for detecting pathological lesions in the prostate
were 62.5% and 74.6%, respectively. No adverse events were
reported.

Table 1. Prostate multiparametric magnetic resonance imaging protocol

T2WI TSE Sagital  120/3800 250 x 250 %1 303 2:26
T2WI TSE Axial 110/3938  180x 180  0.45x 0.6 25/0 3:33
DWI SS-EP! Axial 872425  160x 160 1.25x1.32 3003 6:50
T2WI TSE Coronal  110/2500  160x 160  0.38 x 0.42 25/0 450
Eecsi‘lﬂi‘é‘ﬂ'gfe’]“spgral Axial 236 250x250  09x1 3/0 5:46
CE-TIWI Axial 1323 400x350  16x17 4/0 0:21

Notes. CE, contrast enhancement; DCE, dynamic contrast enhancement.

! R Project for Statistical Computing. Available at: https://www.r-project.org/.
2 irr: Various coefficients of interrater reliability and agreement. Available at: https://cran.r-project.org/web/packages/irr/index.html.
3 dplyr: Grammar of data manipulation. Available at: https://github.com/tidyverse/dplyr.
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The number of prostate lesions detected by radiologists
with different levels of experience is presented in Table 2.
The diagnostic accuracy of the radiologists is presented
in Tables 3 and 4 for the bpMRI and mpMRI sequences,
respectively. The interobserver agreement values are shown
in Tables 5 (unit fractions) and 6 (Fleiss kappa).

DISCUSSION
Summary of the Key Findings

The main finding of our study is that the diagnostic power
of prostate MRI is low. The maximum diagnostic accuracy
for lesion detection was 70.1%, with a sensitivity of <62.5%
and specificity of <74.6%. Based on the obtained values, MRI
cannot be considered a reliable method for early diagnosis
because of its suboptimal sensitivity (Fig. 1).

This study also showed that mpMRI improved the
diagnostic power of the method by increasing specificity.
This is true when interpreted by radiologists with <2 (77.6%
with mpMRI vs. 70.2% with bpMRI) and >5 years (74.6% with
mpMRI vs. 67.2% with bpMRI) of experience.

Discussion of the Key Findings

The results obtained are consistent with those published
in the scientific literature worldwide. J. Wallstrém et al. [6]
reported that the mpMRI scan identified one additional case
compared with the bpMRI (84 vs. 83 cases, respectively).
In a retrospective study by C.K. Kuhl et al. [7], mpMRI
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detected an additional 10 out of a total of 329 cancers.
In a prospective study by J.P. Zawaideh et al. [11], bpMRI
identified 116 cases, whereas mpMRI identified 117 cases.
In meta-analyses, Z. Kang [12] and X.K. Niu [13] reported
similar diagnostic accuracy of bpMRI and mpMRI in
detecting prostate cancer.

Our findings are inconsistent with those of the classical
PROMIS study [14], which demonstrated high sensitivity
(93%) but low specificity (41%) of MRI. However, this study
considered PI-RADS 3 lesions to be positive MRI results. The
histological criteria for clinically significant prostate cancer
differed because Gleason 3 + 4 lesions were excluded. The
suboptimal diagnostic accuracy of MRI may be due to the
abnormal distribution of normal cases and pathologies in our
sample.

The main difference in mpMRI is the inclusion of DCE
in the scanning protocol. This study demonstrates that
DCE enhances the specificity of detecting prostate lesions
by radiologists with <2 years and those with >5 years of
experience (Tables 2 and 3; Fig. 2). However, radiologists
with 2-5 years of background paradoxically experienced
a decrease in specificity when evaluating the mpMRI
datasets.

DCE imaging in prostate mpMRI has traditionally been
limited by longer image acquisition times. This includes
the time-consuming procedure of contrast administration,
which involves preparing for the injection by catheterizing
the patient. Longer analysis times for DCE images and

Table 2. Absolute and relative number of prostate lesions detected by radiologists with different levels of experience, n (%)

Level of experience, years Protocol True positive True negative False-positive | False negative
9 bpMRI 19 (17.8) 47 (43.9) 20 (18.7) 21 (19.6)
mpMRI 19 (17.8) 52 (48.6) 15 (14.0) 21 (19.6)
2 bpMRI 31(29.8) 23 (22.1) 42 (40.4) 8(1.7)
mpMRI 32 (30.8) 19 (18.3) 46 (44.2) 7(6.7)
5 bpMRI 28 (26.2) 45 (42.1) 22 (20.6) 12(11.2)
mpMRI 25 (23.4) 50 (46.7) 17 (15.9) 15 (14.0)

Notes. bpMRI/mpMRI, biparametric/multiparametric magnetic resonance imaging.

Table 3. Comparison of the PI-RADS 2.1 diagnostic criteria for prostate lesions using biparametric magnetic resonance imaging by

radiologists with different levels of experience

Level of _ . Prognostic value ]
. Sensitivity Specificity Accuracy — - Youden index
eéxperience, years Positive Negative
9 475 70.2 61.7 48.7 69.1 0.177
(31.5-63.9) (57.7-80.7) (51.8-70.9) (36.8-60.8) (61.6-75.8) '
95 79.5 35.4 51.9 42.5 74.2 0.149
(63.5-90.7) (23.9-48.2) (41.9-61.8) (36.7-48.4) (58.8-85.3) :
.5 70.0 67.2 68.2 56.0 79.0 0372
g (53.5-83.4) (54.6-78.2) (58.5-76.9) (46.1-65.5) (69.4-86.1) :

Notes. The values are presented as the median (Me) and 95% confidence interval (95% CI).
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Table 4. Comparison of the PI-RADS 2.1 diagnostic criteria for prostate lesions using multiparametric magnetic resonance imaging by

radiologists with different levels of experience

Level of e . . Prognostic value )
. Sensitivity Specificity Accuracy — - Youden index
éxperience, years Positive Negative
9 47.5 71.6 66.4 314 55.9 0.251
(31.5-63.9) (65.8-86.9) (56.6-75.2) (28.2-47.3) (42.2-68.8) '
95 82.1 28.2 49.0 41.0 73.1 0113
(66.5-92.5) (18.6-41.8) (39.1-59.0) (35.9-46.3) (55.7-85.4) '
55 62.5 74.6 70.1 59.5 76.9 0371
~ (45.8-71.3) (62.5-84.5) (60.5-78.6) (47.8-70.3) (68.6-83.6) '
Notes. The values are presented as the median (Me) and 95% confidence interval (95% CI).
Table 5. Interobserver agreement between radiologists (unit fractions)
Protocol
bpMRI, mpMRI, bpMRI, mpMRI, bpMRI, mpMRI,
Level <2 years <2 years >5 years >5 years 2-5 years 2-5 years
of experience
bpMRI, <2 years 1 0.798 0.558 0.673 0.413 0.356
mpMRI, <2 years 1 0.654 0.817 0.356 0.298
bpMRI, >5 years 0.808 0.442 0.452
mpMRI, >5 years 1 0.413 0.357
bpMRI, 2-5 years 1 0.904
mpMRI, 2-5 years 1
Notes. bpMRI/mpMRI: biparametric/multiparametric magnetic resonance imaging.
Table 6. Interobserver Agreement Between Radiologists (Fleiss’s kappa)
Protocol
bpMRI, mpMRI, bpMRI, mpMRI, bpMRI, mpMRI,
Level <2 years <2 years >5 years >5 years 2-5 years 2-5 years
of experience
bpMRI, <2 years 1 0.669 0.318 0.482 0.195 0.136
mpMR, <2 years 1 0.446 0.693 0.129 0.087
bpMRI, >5 years 0.699 0.206 0.229
mpMRY, >5 years 1 0.194 0.165
bpMRI, 2-5 years 1 0.846

mpMRI, 2-5 years

1

Notes. bpMRI/mpMRI, biparametric/multiparametric magnetic resonance imaging.

higher software requirements are also important factors.
However, DCE helped increase the diagnostic accuracy
(66.4% vs. 61.7% for a radiologist with <2 years of
experience and 70.1% vs. 68.2% for a radiologist with
>5 years of experience).

The use of bpMRl is also supported by concerns over the
long-term safety of gadolinium-based contrast agents. Small
amounts of gadolinium may be retained in the brain and other
tissues. Although newer macrocyclic contrast agents have
not been reported to cause adverse effects in clinical practice

DOl https://doiorg/10.17816/D0D322816

for patients with normal renal function, MRI contrast agents
should be used only when they provide significant diagnostic
value [15], as demonstrated in this study.

As previously mentioned, DCE as part of mpMRI is used
to distinguish between PI-RADS 3 and 4 lesions located in
the peripheral zone of the prostate. Based on the Epstein
criteria, a clinically insignificant cancer is defined as a
Gleason score of <6, being organ-limited (TNM stage of <T3),
and having a volume of <0.5 cm®, which must be confirmed
histopathologically [16]. The same definition was used in
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Fig. 1. An example of a false-positive result of parametric magnetic resonance imaging: (a) T2-weighted image in the axial plane: in the
lateral posterior segment of the peripheral zone of the left lobe in the middle part of the prostate, a low-signal lesion consistent with
the diffusion restriction zone is observed; (b) apparent diffusion coefficient map. This lesion was judged by the radiologist as PI-RADS 5.
Fusion biopsy showed no signs of tumor growth in the prostate tissue.

PI-RADS v2.1 [1]. Identifying clinically insignificant tumors is
crucial for active follow-up.

This study differs from those by the authors mentioned
above [6, 7] in that it reports a decrease in the number of
false-positive prostate tumors with DCE. As a result, this

DOl https://doiorg/10.17816/DD322816

Fig. 2. An example of upgrading the PI-RADS category after
dynamic contrast enhancement imaging: (a) a T2-weighted image
in the axial plane: a low-signal lesion consistent with the diffusion
restriction zone is detected in the lateral posterior segment of
the peripheral zone of the right lobe in the middle part of the
prostate; (b) an apparent diffusion coefficient map: this lesion was
characterized as PI-RADS 3 in bpMRI; however, with the dynamic
contrast enhancement sequence (c), the lesion shows early contrast
enhancement, indicating PI-RADS 4.

method had a higher positive prognostic value. J.P. Zawaideh
et al. [11] obtained similar results.

If a lesion of the PI-RADS >3 is detected, DCE will not
alter the approach to scheduling a prostate hiopsy. It is
important to consider that transrectal biopsy is an invasive
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procedure that carries the risk of infection and requires
hospitalization [17].

Limitations

This study has significant limitations. The retrospective
design of the study required the selection of patients who
underwent fusion biopsy. Therefore, the distribution of normal
cases and pathologies in our sample did not correlate with
that of the general population. Sequential viewing of both
bpMRI and mpMRI datasets by radiologists, even after the
2-week washout period, did not eliminate bias. The limited
number of participating radiologists in the study prevented us
from making a definitive conclusion about the consistency of
their evaluations.

The interobserver agreement among experts with <2
and >5 years of work experience was moderate. However,
the results were more consistent with the use of mpMRI.
The literature presents varying data on the influence of
radiologists’ experience on the diagnostic quality of both
protocols. For instance, E.D. Campli et al. [18] found no
significant effect, whereas M. Gatti et al. [19] demonstrated
that radiologists with little experience evaluated bpMRI with
less accuracy.

CONCLUSION

Regardless of the protocol used, prostate MRI demonstrated
suboptimal diagnostic power. Although parametric prostate
scanning protocols may have economic benefits over
multiparametric ones because of the absence of costs for
contrast agents and consumables and a significant reduction
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CTpyKTypHble U3MEHEeHUs Ceporo BeLLecTBa
Npy BapuMaHTax nepBUYHOM nporpeccupyiolleid adasum

[.P. Axmapynnuna, P.H. KonoBanos, 10.A. LnuniokoBa, E.1H0. ®epoTosa

HayuHblii LieHTp HeBponoruu, Mocksa, Poccuitckas ®epepauus

AHHOTALIMA

06o0cHoBaHue. lepBuyHas nporpeccupytolan adasus — pefKoe HelipofereHepaTMBHOE 3aboneBaHune, reTeporeHHOCTb KO-
TOPOr0 3HAUMTENBHO YCNOXHSAET ero AUarHocTuKy. Bokcenb-opueHTMpoBaHHas MopdoMeTpus No3BoNisfeT 06BEKTMBHO OLle-
HWUTb MOPAXXEHWE CEpOro BeLLecTBa rofIOBHOTO MO3ra W onpefenuTb NaTTepHbl aTpodum, XapaKTepHbIe L1 KaXA0ro U3 Ba-
PWaHTOB 3abosieBaHus, YTO MOXKET YAYHLLMTbL €ro AMarHoCTUKY, a TaKXKe UCMOJb30BaTbCA B M3yHeHUW NaToreHesa.

Lienb — BbISBUTb NaTTEpHbI aTPOGMM NPY KaX0M U3 BapUaHTOB NEPBUYHOM NpOrpeccupyloLLei adasuv B CPaBHEHUM C KOH-
TPOSIbHOM FPYNMON.

Matepuansl u Metogbl. B ocHoBHYH rpynny 6binv BKNKYEHbI NAUMEHTBI C AUArHO30M OJHOMO M3 BapUaHTOB MEPBUYHOM
nporpeccupytoLLeit adhasum, ycTaHOBMEHHBIX B COOTBETCTBUM C AENACTBYIOLLMMM JUArHOCTUHECKUMU KPUTEPUAMM. [ pynny KOH-
Tpons cocTaBuiM 340poBble A06poBONbLbI 663 HEBPONOrUYECKWUX NPOSBNEHUIA U CTPYKTYPHBIX U3MEHEHUI FOJIOBHOMO MO3ra.
BceM yyacTHMKaM npoBoaMnach MarHWTHO-pe30HaHCHas ToMorpadus rosioBHOTO Mo3ra C nocneaytolen noctobpaboTkomn
n306pakeHuii U NpoBeeHNEM BOKCESb-0pUEHTUPOBAHHON MOphOMETpUN €O cpaBHeHUEM 06bEMa Ceporo BeLLecTBa Mexay
KaM[bIM 13 BapuaHTOB 3aboneBaHWs U KOHTPOMbHOI rpynnoi. MccnegoBaHue npoBoAMioCh C NOMPaBKOW Ha NoJ, Bo3pacT
1 WHTPaKPaHManbHbIi 06bEM YHaCTHUKOB.

Pe3ynbrathl. B uccnenoBaHue bbinu BKKOYEHB! 25 NALMEHTOB € arpaMMatyeckuM, 11 — ¢ ceMaHTueckum n 9 — c noro-
MEeHMYEeCKMM BapuaHTamMu NepBUYHOIA NporpeccupyloLleid adasum, a Takke 20 3n0poBbix f06poBonbLEB. Bokcenb-opueHTu-
poBaHHast MOphOMEeTpUSA NOKa3ana, YTo [JIA KaXLO0ro BapuMaHTa xapaKTepeH CBOW NaTTepH aTpodum C NpeuMyLLeCTBEHHBIM
BOBJIeYeHWeM NI0BHOM 1 OCTPOBKOBOW J0Mei NMpy arpaMMaTUyeCKOM, BUCOYHO 40/ W rMnnoKaMna — Npyu CeMaHTUYeCcKoM
u 6onee anddy3HbIM N0BHO-BUCOYHBIM NATTEPHOM — MPU JIOrOMNEHNYECKOM BapuaHTaXx.

3aksnioueHune. B xope uccnepoBaHns Bbinv BbISBMEHB! NATTEPHBI aTPOdUW TONOBHOTO MO3ra, XapaKTepHble 1A KaXAO0ro
13 BapMaHTOB NepBUYHON Nporpeccupylolien adasmu. B ocHOBHOM, NonyyeHHbIe pe3ynbTaTbl COOTBETCTBYHOT KIIMHUYECKUM
nposiBneHnsM 3aboneBanus. lpu 3ToM oTAeNbHbIe HaxoaKu (0TCYTCTBME aTpoduM 3a[iHeN NEpUCUNbBUEBOI 00NacTH, a TaKxe
MopaKeHe MOTOPHOI KOpbI NP NOroNeHUYECKOM BapuaHTe; nopaxeHue opouTodpoHTaNbHON KOpbl M MO3XKEYKa Npu arpaM-
MaTU4ecKOM BapuaHTe; nopaxKeHue NpeMOTOPHOW KOpbI, MPELEHTPaNbHOM U HUMKHEN I06HON U3BUMHBI MPU CEMAHTUYECKOM
BapuaHTe) He COOTHOCATCA C NPUBbIYHBIM NMPELCTAB/IEHUEM O MaTOreHe3e NepBUYHON Mporpeccupylolien adasum u TpebyioT
LanbHEMLLIEero N3yyeHus.

KntoueBble cnoBa: nepsuyHas nporpeccupyiollas ahasus; BOKCEb-0pUEHTUPOBaHHasA MopdoMeTpus; NoBHO-BUCOYHaS
AeMeHums; bonesHb AnbureiMepa.
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Structural gray matter changes in primary
progressive aphasia variants

Diliara R. Akhmadullina, Rodion N. Konovalov, Yulia A. Shpilyukova,
Ekaterina Yu. Fedotova

Research Center of Neurology, Moscow, Russian Federation

ABSTRACT

BACKGROUND: Primary progressive aphasia is a rare neurodegenerative disease with high clinical, genetic, and
pathomorphological heterogeneity that greatly complicates its diagnosis. Voxel-based morphometry can be used to objectively
assess structural gray matter changes and determine atrophy patterns in variants of primary progressive aphasia, which can
improve the diagnosis and our understanding of its pathogenesis.

AIMS: This study aimed to evaluate the patterns of atrophy in each of the primary progressive aphasia variants in comparison
with the control group.

MATERIALS AND METHODS: Patients diagnosed with one of the primary progressive aphasia variants, established in accordance
with the current diagnostic criteria, were included in the main group. The control group consisted of healthy volunteers without
any neurological symptoms or structural brain changes. All participants underwent brain magnetic resonance imaging. The
obtained images were processed and used for voxel-based morphometry, which was performed by comparing the gray matter
volume between each of the primary progressive aphasia variants and the control group. The study was adjusted for the sex,
age, and intracranial volume of the participants.

RESULTS: The study enrolled 25 patients with nonfluent, 11 with semantic, and 9 with logopenic variants of primary progressive
aphasia, as well as 20 healthy volunteers. Voxel-based morphometry showed a specific atrophy pattern in each of the variants
of primary progressive aphasia, with predominant involvement of the frontal and insular lobes in nonfluent, temporal lobe and
hippocampus in semantic, and a more diffuse frontotemporal pattern in logopenic variants.

CONCLUSIONS: The study revealed gray matter atrophy patterns specific to each variant of primary progressive aphasia. The
obtained results mainly correspond to the clinical presentations of the disease. Moreover, some findings (e.g., absence of the
posterior perisylvian atrophy and reduced motor cortex volume in the logopenic variant, atrophy of the orbitofrontal cortex and
cerebellum in the nonfluent variant, and premotor cortex, precentral, and inferior frontal gyrus degeneration in the semantic
variant) do not correlate with the usual understanding of primary progressive aphasia pathogenesis and require further study.

Keywords: primary progressive aphasia; voxel-based morphometry; frontotemporal dementia; Alzheimer's disease.
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ABBREVIATIONS

AV-PPA: agrammatic variant of primary progressive
aphasia

FTD: frontotemporal dementia

GM: gray matter

IFG: inferior frontal gyrus

ITG: inferior temporal gyrus

LV-PPA: logopenic variant of primary progressive aphasia
MNI: Montreal Neurological Institute

mPFC: medial prefrontal cortex

BACKGROUND

Primary progressive aphasia (PPA) is a neurodegenerative
disease characterized by early, constantly progressive speech
disorders in the absence of other cognitive, motor, and/or
behavioral disorders. PPA refers to early-onset dementias
(<65 years) and, despite its low incidence, presents a
relevant socioeconomic problem. Three clinical variants
of PPA are distinguished based on clinical presentation:
agrammatic (AV-PPA), semantic (SV-PPA), and logopenic
(LV-PPA) variants. AV- and SV-PPA are usually a sign of
frontotemporal dementia (FTD), whereas LV-PPA indicates
atypical Alzheimer's disease. However, this distinction is not
definitive because any PPA variant may demonstrate different
pathomorphological and genetic variants, which results in
diverse clinical presentations of the disease and complicates
its diagnosis.

Apart from a neurological examination, neuroimaging
is the only approved method for the differential diagnosis
of PPA variants. A previous study helped identify specific
involvement areas for each PPA variant, which was included
in the 2011 diagnostic criteria [1]:

 AV-PPA is mainly characterized by atrophy of posterior
frontal areas—inferior frontal gyrus (IFG), premotor
cortex, and supplementary motor area (SMA) — and
of the insula, prevailing on the left side.

« In SV-PPA, atrophy of the anterior—inferior sections of
the left temporal lobe is typical.

+ In LV-PPA, posterior perisylvian areas and/or the
parietal lobe of the left hemisphere are commonly
involved.

A later meta-analysis verified the presence of a specific
pattern of neural degeneration in each PPA variant; however,
the involvement appeared to be more extensive, including
medial areas of the temporal lobes in SV-PPA; precentral
gyrus, superior gyrus (STG), and middle temporal gyrus
(MTG) in AV-PPA; and posterior cingulate cortex in LV-
PPA [2]. However, the number of studies on gray matter
(GM) involvement in PPA remains limited. To illustrate, the

DAl https://doiorg/1017816/DD56/7783

MRI: magnetic resonance imaging

MTG: middle temporal gyrus

OFC: orbitofrontal cortex

PPA: primary progressive aphasia

SMA: supplementary motor area

STG: superior temporal gyrus

SV-PPA: semantic variant of primary progressive aphasia
VBM: voxel-based morphometry

meta-analysis mentioned above included only 20 papers,
with the data of 317 patients (of which 169, 90, and 58 had
SV-PPA, AV-PPA, and LV-PPA, respectively). In addition,
many studies included were conducted using outdated
diagnostic criteria, which makes the relevance of the results
questionable, particularly for AV-PPA and LV-PPA. In recent
years, larger studies have suggested that GM involvement
in PPA is probably more extensive than previously thought;
however, the atrophy patterns identified often differ [3, 4]. In
addition, the clinical signs of PPA variants may vary in different
populations because of language differences, which in turn
may result in differences in the underlying GM degeneration
[5]. The only paper evaluating structural changes of the brain
in PPA in the Russian population included patients with AV-
PPA exclusively, and no studies have focused on SV-PPA and
LV-PPA when this paper was being written [6].

Meanwhile, neuroimaging methods are increasingly
used for the diagnosis, evaluation, and follow-up of
patients with PPA. For instance, machine learning based
on the data of structural magnetic resonance imaging (MRI)
may be used for the differential diagnosis of PPA variants
and FTD and for the more extensive differential diagnosis
of neurodegenerative dementias. Moreover, neuroimaging
may be used to evaluate the therapeutic effect of novel
treatment modalities [3, 7, 8]. All of the above emphasizes
the relevance of such studies.

AIM

This study aimed to characterize the atrophy patterns
in each of the PPA variants in the Russian population and
compare the data obtained with those of previous studies.

METHODS
Study design

This was an experimental, single-center, cross-sectional
study.
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Eligibility

Subjects were enrolled in the study on the basis of their
compliance with the inclusion/non-inclusion criteria.

Inclusion criteria for the experimental group (PPA
group): age >18 years and diagnosis of one of the PPA
variants based on the current diagnostic criteria [1].

Inclusion criteria for the control group: age >18 years
and absence of neurological symptoms.

Noninclusion criteria: MRI contraindications and
structural focal changes in the brain.

Site
The study was conducted at the Research Center of
Neurology (Moscow).

Study duration
The subjects were recruited from 2022 to 2023.

Medical intervention

Addenbrooke’s Cognitive Examination Revised was
used to evaluate cognitive functions in the PPA group.
Emotional and behavioral disorders were evaluated using
a neuropsychiatric questionnaire. Disease severity was
assessed using the FTD severity scale.

Brain MRI in the 3D-T1 MPR sequence using Magnetom
Verio or Magnetom Prisma at a field magnitude of 3 Tesla
was performed for all study subjects.

The MR images obtained were used for voxel-based
morphometry (VBM).

SPM12 software (Institute of Neurology, UK) based on
Matlab R2019b (MathWorks Inc., Natick, MA, USA) was used
for postprocessing and statistical analysis. Postprocessing
involved the following:

+ Normalizing the images to the same MNI stereotaxic
space (3D system of coordinates of the human brain
by the Montreal Neurological Institute)

« Segmentation into GM, white matter, and cerebrospinal
fluid using the DARTEL algorithm

+ Further smoothing of the images was obtained with
an isotropic Gaussian kernel with full width at a half
height of 8 mm.

Table 1. Clinical characteristics of the study groups

Vol. 4 (4) 2023
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VBM results were assessed for every PPA variant versus
the control group. The two-sample t-test with voxel-wise
comparison was used for the study groups. Exclusive analysis
of GM was possible using a GM mask generated specifically
for each group. The age and sex of the participants were used
as covariates. The study was performed with adjustment for
intracranial volume, which was measured as the sum of
GM, white matter, and cerebrospinal fluid volumes. Clusters
with a minimum volume of 100 voxels were included in the
analysis. The cutoff for the inclusion of individual voxels into
clusters was set at a level of P < 0.05 with an adjustment for
the expected percentage of false rejections.

The bspmview software was used for VBM result visualization,
presentation of the statistical data, and coordinate localization [9].

Ethical evaluation

This study was approved by the Ethics Committee of the
Research Center of Neurology (Protocol No. 11-7/22 dated
December 21, 2022).

Statistical analysis

IBM SPSS Statistics version 26.0 (IBM Corp., Armonk, NY,
USA) was used for statistical analysis. Differences in nominal
and ordinal variables were analyzed using Fisher’s exact test,
and differences in quantitative variables were analyzed using
the Kruskal-Wallis test with Bonferroni correction.

RESULTS

Study subjects

The study included 45 patients with PPA variants and
30 control subjects. Of the 45 patients, 25, 11, and 9 had
AV-PPA, SV-PPA, and LV-PPA, respectively. The key
characteristics of the study groups are summarized in Table 1.
The median ages were 64, 67, and 65 years for the AV-PPA,
SV-PPA, and LV-PPA groups, respectively. Female patients
prevailed in the AV-PPA and SV-PPA groups, whereas male
patients prevailed in the LV-PPA group. The disease duration
ranged from 6 to 108 months, with the longest duration in the
AV-PPA group. The disease severity ranged from very mild
to severe, and mild to moderate symptoms were the most

Index AV-PPA SV-PPA LV-PPA Control group
(n=25) (n=11) (n=9) (n=30)
Sex, M/F (%) 9/16 (36%; 64%) 5/6 (45%; 55%) 6/3 (67%; 33%) 10/20 (33%; 67%)
Age, years 64 [57; 671 67 [63,5; 68,51t 65 [56; 67] 56 [51; 591"t
Disease duration, months 48 [36; 60] 36 [16; 48] 36 [23; 48] -
ACE-R, total score/100 68 [36; 80] 38 [26; 50] 53 [37; 75] -
Neuropsychiatric questionnaire, 811 141* 18 [11.5: 20,51* 15 4: 33.5] B

score/144

Notes: The data are described as Me [Q1; Q3]; ACE-R, Addenbrooke’s Cognitive Examination Revised; M, male; F, female; *,1: the difference between

groups is statistically significant (P < 0.05).
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common. Despite the shorter disease duration, the most
severe cognitive, emotional, and behavioral disorders were
observed in SV-PPA.

Despite the described differences, no statistically
significant differences in sex, age, disease duration, and
severity of cognitive disorders were observed among the
PPA variants.

No difference in the distribution by sex was observed
against the control group; however, the control group was
statistically significantly younger than the AV-PPA and SV-
PPA groups.

Key findings

VBM identified areas of atrophy in each PPA variant
compared with the control group (Fig. 1). Atrophy in all cases
was asymmetric, prevailing in the left hemisphere.

AV-PPA group: The atrophic “core” was localized in the
left IFG and precentral gyrus (Table 2). Significant changes
were also observed in the SMA, premotor cortex, orbitofrontal
cortex (OFC), and insular cortex of both hemispheres.
The temporal lobe was mainly involved in the MTG and
inferior temporal gyrus (ITG), continuing into the area of
the temporoparietal junction and inferior parietal lobule.
In addition, atrophic involvement of subcortical structures
was observed, namely, the left caudate nucleus, thalamus,
putamen, and cerebellum.

SV-PPA group: Atrophy was predominantly localized in
the left temporal lobe, including its pole, inferior—lateral and
medial regions, and left hippocampus and insula (Table 3).
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Individual lesions were observed in the left frontal lobe,
including the OFC, medial prefrontal cortex (mPFC), premotor
cortex, precentral gyrus, and IFG. Overall, the changes were
more localized than in AV-PPA and were limited to the
frontal, temporal, and insular cortices, except for an atrophic
lesion in the left caudate nucleus. Similar but less extensive
atrophic areas were identified in the right hemisphere.

LV-PPA group: The most pronounced loss of the GM
volume was also localized in the left temporal lobe but was
mostly involved in the posterior parts of MTG and ITG and, to
a lesser extent, the temporal pole. In addition, it continued
into the parahippocampal gyrus, hippocampus, and amygdala
(Table 4). Atrophy was the most pronounced in the precentral
gyrus, anterior cingulate cortex, OFC, and mPFC. Apart from
the frontal and temporal lobes, atrophy in this PPA variant
involved the insular lobes, left parietal and occipital lobes,
cerebellum, and left caudate nucleus.

DISCUSSION

Key findings summary

The study revealed GM areas with the involvement
typical of each PPA variant. The identified atrophy patterns
were largely consistent with literature data, although certain
specifics were discovered.

Key findings discussion

In AV-PPA, the GM was expectedly seen in the IFG,
precentral gyrus, premotor cortex, SMA, and anterior

Table 2. Areas of the loss of the gray matter volume in the group with agrammatic variant of primary progressive aphasia vs. control group

Brain area

Volume, voxels MNI peak coordinates

XYz
Precentral gyrus, inferior frontal gyrus, supplementary motor area, insula, superior -40, 4, 34
and middle frontal gyri, orbitofrontal cortex, cingulate cortex, lower parietal lobule,
: . 37,644 -42, -2, 42
angular and supramarginal gyri, lateral areas of the temporal lobe, putamen,
caudate nucleus, S -57, -4, 4
39,18, 26
Opercular and triangular parts of the IFG, D 2,264 38, 6, 27
36, 4, 40
-16, -16, 22
Caudate nucleus; thalamus, D 1,065 -14,-12, 10
-10, 10, 16
OFC, D 180 24, 38, -9
Cerebellar crus I, D 101 18, -72, -36
Precuneus, S 105 -10, -57, 27
33, -34, 38
Postcentral gyrus, D 314
36, -26, 39
Insula, D 191 34, 20,10
52, -6, 45
Precentral gyrus, D 257
57, -6, 33

Note: D, on the right; S, on the left.
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Fig. 1. Localization of the areas of the loss of the gray matter volume in variants of primary progressive aphasia vs. control group. The
color coding is for the T-value.
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Table 3. Areas of the loss of the gray matter volume in the group with semantic variant of primary progressive aphasia versus control group

MNI peak coordinates

Brain area Volume, voxels
XY, 2
-24, -30, -4
Hippo_cam_pus; lateral and medial areas of the temporal lobe; temporal pole; insula; 36.682 52 -46. -15
anterior cingulate cortex; OFC; caudate nucleus, S; OFC, D ' T
-56, -39, -16
24, -6, -21
Hippocampus, temporal lobe pole, ITG, OFC, D 6,563 39,10, -33
24,9, -21
Middle regions of STG, S 344 -57, -6, 4
-28, 10, 54
Premotor cortex, middle parts of the precentral gyrus, opercular part of IFG, S 1,809 -40, 3, 32
-24, 6, 38
, . -51, -68, 16
Posterior regions of MTG, S 253 44, 57,15
mPFC, S 125 -9, 22, 48
, . 56, -62, 9
Posterior regions of the MTG and ITG, D 104 58, -54. -3

Note: D, on the right; S, on the left.

Table 4. Areas of the loss of the gray matter volume in the group with logopenic variant of primary progressive aphasia versus control group

Brain area Volume, voxels MNI peak coordinates
XY, Z
-40, 6, 34
Precentral gyrus, S 1,304 -42, 0, 45
-36, 3,52
-26,-30, -3
Hippocampus, amygdala, ITG, MTG, OFC, S 8,136 -36, -16, -15
-27, -24, -9
Anterior cingulate cortex, S 501 -12, 26, 27
-10, 44, -14
Anterior cingulate cortex, S; mPFC, S and D 1,130 14, 45, -2
-9, 38, -6
-32, -70, -39
Cerebellar crus II, S 325 38, -60, 42
Middle occipital gyrus, S 328 -40, 82, 14
Caudate nucleus, S 325 -14, -10, 20
-14,16, 8
Insula and IFG, S 537 38 4 15
Temporal lobe pole, S 218 -45, -15, -36
Posterior regions of MTG, D 166 46, -48, 15
-30, 51, 21
Rostrolateral prefrontal cortex, S 389 -21, 56, 10
-33, 42, 24
OFC, D 110 20, 52, -14
Cerebellar crus I, D 145 32, -66, -39
Caudate nucleus, S 201 -14, 6, 18
Precuneus, S 170 -8, -54, 18
33,18, 12
Insula, D 211 34,9, 14

Note: D, on the right; S, on the left.
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insula, i.e., the areas in which atrophy has been repeatedly
described in AV-PPA and correlates closely with speech
disorders specific for this PPA variant [10]. For instance, the
loss of the GM volume in the IFG correlated with the general
severity of aphasia and agrammatisms; in the left insula,
with the severity of speech fluency disorders; and atrophy
of SMA and premotor cortex was associated with speech
apraxia, articulation rate, and nonverbal oral apraxia [11-14].
Moreover, the degeneration of the precentral gyrus may be
associated with concomitant AV-PPA through motor neuronal
disease, which was found in 16% of patients with AV-PPA in
our sample.

Apart from the frontal lobes, atrophy also spreads to
the lateral regions of the left temporal lobe. Although its
involvement is considered less “classic” in AV-PPA, it is
present in most studies of structural changes in this variant.
This might be indicative of progressive neurodegeneration
over time and account for difficulties in understanding
individual words and naming [2, 15, 16].

Bilateral OFC atrophy is of particular interest because it
is extremely rare in AV-PPA and is more often associated
with emotional and behavioral disorders. Mild-to-moderate
behavioral disorders were observed in most patients in our
sample, which could account for this finding. In addition,
OFC atrophy was previously described in patients with PPA
associated with GRN mutation, albeit only in nonclassifiable
PPA cases, the clinical presentation of which does not match
any of the variants [17]. GRN mutations were verified in
two patients with AV-PPV from our sample; however, their
clinical presentation was standard for this variant; therefore,
the identified atrophy was not attributable to the genetic
features of the group. This finding requires further studies in
a larger sample in our region.

Atrophy in AV-PPV was observed in subcortical structures,
such as the left thalamus, putamen, and caudate nucleus.
Recently, more studies have reported thalamic atrophy in FTD
variants, particularly in genetic disease forms; however, such
changes are more typical of the behavioral variant of FTD
than of AV-PPA, in which thalamic atrophy is more localized
and is not observed in all cases [2, 16—19]. Atrophy of the
putamen and caudate nucleus was previously described in
single papers but not in larger studies [4, 10, 13]. Overall,
despite the evidence of the role of the thalamus and basal
ganglia in speech articulation and phonology because of their
connections with frontal and parietal regions, there is no
conclusive opinion on how their degeneration affects speech
disorders in PPA [20].

Another outstanding finding in AV-PPA is that the
cerebellum is reduced in size. Cerebellar atrophy in FTD
was first described in the disease secondary to a C90RF72
mutation; however, a more typical finding of this case
was bilateral, relatively symmetric atrophy, which, apart
from the cerebellum, also usually spreads to parietal and
occipital areas, and we did not observe this in our study.
Another possible explanation is the role of the cerebellum
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in speech functions. Previously, lobule VII of the cerebellar
hemispheres (atrophy of which we identified in our study)
is involved in feedback control in oral speech, and its
significance is greater in the gradual disorganization of the
speech regions of the brain [20].

The atrophy pattern identified in the SV-PPA group is
largely consistent with literature data. The most significant
reduction in the GM volume was observed in the temporal
poles of both hemispheres, predominantly on the left side.
The left temporal pole is a semantic hub from which verbal
semantic information is stored, processed, and extracted. Its
atrophy is the key sign of SV-PPA, and anomia and difficulty
understanding individual words in this variant are associated
with it [21]. Asymmetric atrophy of the hippocampus and
medial and inferior regions of the temporal lobes identified
in our study is another major sign of SV-PPA, which has been
reported repeatedly. Notably, unlike Alzheimer's disease, SV-
PPA is characterized by atrophy of the anterior regions of
the hippocampi, which also correlates with semantic deficit
severity in patients [22]. The involvement of the inferior
regions of the temporal lobes in SV-PPA, particularly the
fusiform gyrus, correlates with emotional and behavioral
disorders and prosopagnosia, whereas the involvement of
the lateral regions of STG and MTG is associated with the
severity of anomia, difficulty understanding individual words,
and dyslexia severity [21, 23]. The loss in the volume of the
anterior cingulate cortex, mPFC, OFC, insula, and caudate
nucleus is typical of more advanced stages of SV-PPA and
is associated with a gradual spread of the process from
the left temporal pole to closely related areas [24, 25]. The
involvement of these regions is associated with social activity
disorders; however, only a few papers have focused on this
subject [26]. Atrophy of the left IFGs, premotor cortex, and
precentral gyrus, which we identified, is less common in
SV-PPA. Such changes may cause gradual development
of the clinical presentation consistent with the disease and
occurrence of motor speech disorders [16].

The GM volume loss observed in LV-PPA was more
diffuse, with multiple small degenerative lesions. The most
prominent areas of atrophy in our sample were located in
the left temporal and frontal lobes. The loss of MTG and ITG
volume is often reported in LV-PPA and is associated with
specific speech disorders in this variant (e.g., anomia and
difficulties in repeating long phrases and sentences), which
results from the dysfunction of short-term phonological
memory [27]. Asymmetric atrophy of the hippocampus and
amygdala is also characteristic of LV-PPA and most likely
develops because of underlying Alzheimer's degeneration.
The spread of atrophy to more posterior regions with the
involvement of the parietal and occipital lobes and the
cerebellum may be explained by the same process.

The loss of the volume of the left temporal pole, the same
as that of the IFG, insular lobes, and lateral prefrontal cortex,
was also reported in LV-PPA, generally, at more advanced
stages. It appears to reflect the involvement of other speech
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areas and correlate with the onset of symptoms more typical
of other PPA variants, such as difficulty understanding
individual words [16].

Atrophy of the precentral gyrus, OFC, and medial regions
of the frontal lobe is less common even in the advanced
stages of LV-PPA. As mentioned above, OFC involvement
may be associated with emotional and behavioral disorders.
The loss of the cingulate cortex volume, in turn, has been
repeatedly described in Alzheimer’s disease and may
correlate with the development of nonlinguistic cognitive
deficits. Severe degeneration of the precentral gyrus is of the
greatest interest; despite earlier reports of such changes, they
are usually not one of the most significant areas of atrophy
and are observed only in the long-term follow-up [3]. None
of the patients from the LV-PPA group had any clinical signs
of motor cortex involvement at the time of the examination;
therefore, atrophy of this area is most probably secondary,
not contributing significantly to disease pathogenesis.

Contrary to our expectations, no degenerations of the
inferior parietal lobule, supramarginal and angular gyri, and
posterior regions of STG were observed in the LV-PPA group,
although it is considered the most pathognomonic for this
variant and is included in the diagnostic criteria. This fact
and the more diffuse focal nature of atrophy identified in
our study in LV-PPA may be accounted for by the relatively
small sample size and its pathomorphological heterogeneity.
Although Alzheimer-type degeneration prevails in LV-PPA
and is observed in 85%—100% of cases [28, 29], it was only
present in one-third of our sample. Previously, atrophy
patterns in PPA may vary depending on the underlying
pathomorphological process, which may have affected the
results of this study [30]. Our results demonstrate that the
atrophy of the posterior perisylvian regions is not key for
the development of the clinical presentations of LV-PPA
and indirectly emphasizes a greater contribution of MTG to
disease pathogenesis.

Study limitations

This study has several limitations. As mentioned earlier,
the sample sizes of the LV-PPA and SV-PPA groups were
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OnpeaeneHue MeToAO0M AeNbhUIACKOro KOHCEHcyca
CMMCKA OLLeHUBAEMbBIX C MOMOLLLIO ONPOCHUKOB
napaMeTpoB Npu HabN0AEHUN NALUEHTOB

C BOCMaNUTeNbHbIMU 326071€BaHUAMU KULLEYHUKA

10.0. LLymckas', [.A. Axmep3aHoBa’, M.I. Muauakausan?, K.10. Konocosa?, 0.B. TawsaH?,
M.B. l0pax?, P.B. PeweTHuKos'

! Hay4HO-NPaKTUYECKNIA KIIMHYECKMA LEHTP AMarHOCTUKM W TeNeMeANLIMHCKUX TexHoslormii, Mockea, Poccuitckan ®epepaums;
2MepBblit MOCKOBCKMIA rocy1apCTBEHHBIA MeMLIMHCKIA YHuBepcuTeT uMenm WM. Ceuenosa, Mocksa, Poccuiickas ®epnepaums

AHHOTALIUA

06ocHoBaHwe. aumeHTbl ¢ BOCMAUTENbHBIMY 33D0/1EBaHNUAMM KULLEYHMKA YaCTO HYKAAIOTCA B MOXW3HEHHOM HabmioaeHmn
Bpaya. [lepcneKTUBHLIM HanpaBieHWEM TaKWX YCYr 3ApaBoOXPaHEHNs ABNISETCA TeNeMeAULMHCKOe HabnofeHune, YacTo oc-
HOBLIBAIOLLEECS HA OLEHKE MEeWLIMHCKUM PaboTHUKOM pesynbTaToB YAANEHHOr0 aHKeTUPOBaHMS NaLMEHTOB.

Lienb. cnonb3sys nenb@uiACKuit METOA, ONpeLenuTb CNMCOK OLieHWBAEMBIX C MOMOLLbI0 aHKETUPOBaHWSA NapaMeTpoB Ans no-
CnenyloLLero NpUMeHeHNs B HabMoAeHUW 1 NeYeHUW NaLMEeHTOB € BOCManUTEbHBIMU 3a00/1€BaHMAMM KULLIEYHMKA.
Matepuanbl u MeToabl. JKCMEPTHYH FPYNNY YY4aCTHUKOB MCCEL0BaHWA COCTaBU/IM BPaUMU-racTPOIHTEPONONU C PasfIUYHBIM
onbIToM paboTbl. [ns cbopa uHpopMaumm Bbina co3gaHa 3aneKTpoHHas opMa onmpoca, NpuU 3amofHeHU KOTopoii 0bs3a-
TeNbHO YKa3blBancA CTax yyacTHuKa. WccnegosaHue cocTosno u3 Tpéx atanos. Ha nepBoM 3Ttane pecrioHAeHThl 0TBeYa-
JM Ha OTKPBLITBIA BOMPOC 0 TOM, Kakve napaMeTpbl, OLEHMBAEMbIE C MOMOLLBI0 ONPOCHUKOB, He06X0AMMO MOHMTOpPUPOBaTb
Yy NaUMEHTOB C BOCMANUTENbHBIMK 3aboneBaHNAMM KuLIeYHUKa. Ha BTOpOM 3Tane yyacTHWKM OTBEYanu Ha TOT JKe BOMpaoc,
BblOMpas MyHKTbI M3 NPeLIOXEHHBIX, 663 OrpaHMYeHUiA No KONMYeCTBY. TPeTbUM 3TaNoM MCCej0BaHUsA BbIMOJIHEH aHanu3
Nosy4eHHbIX 0TBETOB. [TepBUYHON KOHEYHOI TOUKOW CYMTANOCh AOCTUKEHWE MO KAXKLOMY NapaMeTpy KOHCeHcyca bonee yem
75% pecnoHaeHToB.

Pesynbtathl. B uccnenoBalum npuHanm yyactve 15 yenosek, U3 Hux 13,3% — MyxunHbl. M3 Bcex pecnoHaeHToB, 46% pa-
boTaloT B aMbynaTopHO-NOSMKIIMHAYECKUX OpraHu3aumsx, 54% — B cTaumoHape. BospacTHon gmanasoH coctasun ot 25 Ao
53 net, npu atom 53% yyacTHuKoB uMenu cTax ot 1 fo 4 net, 47% — ot 17 po 29 ner. Mo pe3ynbTatam nepeoro 3tana
HW OJMH U3 NapaMeTpoB He JOCTUr yYpoBHA cornacus 75%. Mocne BTOporo atana pecnoHAEHTbI JOCTUIAM cornacus no 72%
napameTpoB. CBAi3W Mexay BO3pacToM, NoSIoM, CTaXeM PECMOHAEHTOB, @ TaKXEe MECTOM WX paboTbl M 0TBETAMM KaK Ha nep-
BOM, TaK M Ha BTOpOM 3Tanax 0bHapyeHo He Bbino.

3akuioueHmne. B UToroBbIi CNUCOK NapamMeTpoB, PEKOMEHAYEMBIX 4151 OLeHKM BO BpeMsl fiedeHus U HabmtoAeHns nauneHToB
¢ B3K, Bownu: 6onb B xuBoTE; YacToTa fedeKauuy U KaYecTBO CTYNa; HaluumMe NaTonorMyeckux NPUMECeNd B Kane; Temne-
patypa Tena; 6onm B cycTaBax/MblLLLAX; KQYECTBO CHa; IMOLIMOHANBHOE COCTOSHUE: TPEBOXHOCTb, HAaCTPOEHWE; TPYAOCNoCob-
HOCTb AnsA paboTaroLLMX/BO3MOKHOCTL MOCELLATh 3aHATUA 1S 06Y4aLIMXCS; SHEPTUYHOCTb, KONMYECTBO CUIT; QUKCMPOBaH-
HOCTb Ha 3aboseBaHmMK; 00LLas OLIEHKa NaLMEHTOM KayecTBa CBOEM XM3HM; NPUBEPKEHHOCTb NEYEHMIO.

KnioueBble cnoBa: fenb@UACKUIA METOA; KAuyecTBO JKM3HM; OLEHKA TPYLOCMOCOBHOCTW; NMPUBEPIKEHHOCTb K NpUEMY
NeKapCTBEHHBIX NPenapaTos; BOCManUTeNbHble 3a601eBaHNSA KULIEYHMKA.
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Delphi method to determine a list

of questionnaire-assessed parameters

in the follow-up of patients with inflammatory
bowel disease

Yuliya F. Shumskaya', Dina A. Akhmedzyanova', Marina G. Mnatsakanyan?,
Ksenia Yu. Kolosova?, Olga V. Tashchyan?, Marta V. Yurazh 2, Roman V. Reshetnikov'

! Research and Practical Clinical Center for Diagnostics and Telemedicine Technologies, Moscow, Russian Federation;
2The First Sechenov Moscow State Medical University, Moscow, Russian Federation

ABSTRACT

BACKGROUND: Patients with inflammatory bowel disease often require lifelong follow-up by a clinician. Telemedicine
monitoring is a promising area of such healthcare services, often based on the evaluation of patients’ remote questionnaire
results by a medical practitioner.

AIM: To define, using the Delphi method, a list of questionnaire-assessed parameters for monitoring and treating patients with
IBD.

MATERIALS AND METHODS: The study was conducted in three stages. An electronic survey form was created to collect
information, ensuring that the respondent’s experience was included when completing the survey. In the first stage, respondents
answered an open-ended question about what parameters assessed by questionnaires should be monitored in patients with
IBD. In the second stage, participants answered the same question but selected any number of items from a list. In the third
stage, the responses were analyzed. The primary endpoint was a consensus on each parameter, defined as >75% respondent
agreement.

RESULTS: The study had 15 participants, 13.3% of whom were male. Of all respondents, 46% worked in an outpatient setting,
whereas 54% worked in an inpatient setting. Their ages ranged from 25 to 53 years, with 53% of the participants having 1-4
years of experience and 47% having 17-29 years of experience. None of the parameters reached a 75% agreement level
based on the results of the first stage. In the second stage, respondents reached a consensus on 72% of the parameters. No
relationship was found between respondents’ age, sex, years of experience, or job settings and responses in the first and
second stages.

CONCLUSIONS: The final list of parameters recommended for evaluation during the monitoring and treatment of patients
with IBD included abdominal pain, frequency of defecation and stool quality, presence of pathological stool impurities, body
temperature, joint/muscle pain, sleep quality, anxiety, depression, work capacity for employed/ability to attend lessons for
students, energy and quantity of vigor, fixation on the disease, patients’ general evaluation of their quality of life, and treatment
adherence.

Keywords: Delphi method; quality of life; disability evaluation; medication adherence; inflammatory bowel diseases.
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BACKGROUND

Inflammatory bowel diseases (IBDs), particularly
ulcerative colitis and Crohn’s disease, are major public health
concerns because of their severity, comorbidities, and high
treatment costs. IBDs frequently affect not only health but
also quality of life, deteriorating patients’ physical and mental
well-being and limiting their social capabilities [1]. The
incidence of IBD is steadily increasing both globally [2] and in
Russia [3], with 55.4% of patients with ulcerative colitis and
48.5% of patients with Crohn’s disease were 21 to 40 years
old [4]. Because of the recurring nature of IBD, most patients
require lifelong monitoring; however, no unified protocol has
been established for the outpatient management of these
patients during remission.

Telemedicine is a promising approach to the outpatient
management of patients with IBD. Patients under remote
follow-up have a significantly better quality of life and seek
medical attention less frequently than patients receiving
standard treatment [5]. However, with remote follow-up, the
question of what must be assessed arises.

The assessment of critical laboratory parameters such
as C-reactive protein and fecal calprotectin is undeniably
important. However, in addition to IBD activity parameters,
other factors are crucial for quality of life, such as psychological
status, which are not assessed in routine practice.

Questionnaires are a convenient and relevant method for
assessing a patient’s condition. They provide the clinician
with the necessary information, such as the clinical activity
of IBD or compliance, without requiring high costs or time
commitments. Most studies have assessed disease activity
and associated quality of life; however, other studies have
less frequently assessed the overall quality of life, depression
severity, adherence to drug therapy, and patient satisfaction
with medical care [5]. Moreover, few studies have assessed
visceral sensitivity [6] and the effect of the disease on work
productivity [7, 8] and sexual activity [9] in patients with
IBD. In addition, researchers did not explain why they chose
specific endpoints. As a result, the lack of consensus on
the parameters assessed by questionnaires prevents their
standardized use managing patients with IBD.

PURPOSE

This study aimed to use the Delphi method to assess the
expert opinions of gastroenterologists to determine a list
of questionnaire-assessed parameters in the follow-up of
patients with IBD.

MATERIALS AND METHODS

Between May and June 2023, gastroenterologists treating
IBD were invited to participate in a survey to achieve a
consensus on the inclusion/exclusion of various parameters
in patient assessment during treatment and follow-up.
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The Delphi method was used to obtain a collective opinion
with reasonable level of validity and reliability and explore
areas outside existing knowledge [10]. Before the study
commenced, a literature review on the use of questionnaires
in the assessment of patients with IBD was performed.
Following the literature review, the areas assessed by
Russian and foreign authors were determined (Table 1).

Participants were chosen at random by convenience
sampling. No consensus on the sample size for studies
using the Delphi method, guidelines, or a clear definition of a
“small” or “large” sample was reached [11, 12]. In this study,
the sample size was determined according to R.B. Akins et
al., who demonstrated that the results of the Delphi method
in a group of experts in the studied area are stable with
15 —23 participants [13].

The study included three stages. Information was collected
using an electronic survey form using Yandex Forms.

Stage |

To participate in the survey, all participants had to specify
their work experience as a gastroenterologist. In stage |, all
participants answered the following open-ended questions:

“What aspects of life and health, in your opinion, should be
assessed in a patient with inflammatory bowel disease, both
during treatment of an attack and during follow-up in remission?”

Respondents could proceed to the next stage of the
survey after filling out the answer field. Stage | answers were
stratified into four:

+ Clinical activity assessment

» Psychological status assessment

+ Quality of life assessment

« Others

Stage Il

In stage II, the participants had to select items from the
list. The question was as follows:

“Select the items from the list below that you believe
are crucial to assess in a patient with inflammatory bowel
disease, both during treatment of an attack and during
follow-up in remission.”

The possible answers presented in Table 1 were derived
from a literature review using PubMed. Original studies and
systematic reviews that assessed the efficacy of treatment
in patients with IBD were analyzed, and the endpoints of
these studies were identified. No restrictions were set on
the number of the selected items.

Upon completion of stage Il, the survey participants were
invited to optionally supplement their answers to stage |
question (without showing respondents the text of their
previous answers).

Stage llI

In stage lll, the responses were analyzed. The primary
endpoint was the consensus on the inclusion of patient
assessment parameters in the final list. The consensus on a
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Table 1. Response options for multiple-choice questions in the second stage of the survey

Area

Proposed parameter

Abdominal pain

Defecation frequency and stool form

Clinical activity of the disease
Body temperature

Joint/muscle pain

Pathological admixtures in the feces

Emotional state: anxiety

Emotional state: mood
Psychological status
Sleep quality

Body image perception (negative/positive)

Patient global assessment of quality of life

Quality of communication
Quality of life
Quality of sexual life

Ability to work/study

Anxious attitude toward the disease

Visceral sensitivity
Others
Energy level

Patient satisfaction with medical care

specific parameter was reached when >75% of respondents
choose the parameter [14].

The software and language R 4.2.0 were used for data
analysis. The Shapiro-Wilk test was employed to check the
normality of the distribution. Variables with normal distribution
are presented as mean + standard deviation. Variables
with non-normal distribution are presented as median and
interquartile range. The correlation between variables was
assessed by calculating Spearman’s or Pearson’s rank
correlation coefficient, depending on the type of distribution.

After the study, the respondents were interviewed, using
the following questions:

+ Which was easier to answer: an open-ended question

or a multiple-choice question?

+ Why do you think some items did not receive enough

votes? (This question included items that received
<75% of the votes)

RESULTS

The study included 15 respondents, 13.3% of whom were
men. The mean age of the participants was 36.6 + 9.9 years,
ranging from 25 to 53 years. Outpatient physicians accounted
for 46% of all respondents, whereas hospital physicians
accounted for 54%. None of the respondents withdrew from
the study. The distribution of participants according to work
experience is presented in Fig. 1.

00I: https://daiorg/10.17816/DB545997

According to the results of stage |, in which study
participants must answer an open-ended question, no
obvious overlaps were found in the answers because of
the free format. After categorizing the answers, none of the
categories attained the level of agreement (Fig. 2).

29 years 1 year

7% 7%

23 years
7%

2 years
33%

17 years
33%

4 years
13%

Fig. 1. Distribution of the study participants according to their work
experience as gastroenterologists.
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Fig. 2. Study results (first stage). The red dotted line indicates 75% of the respondents.

Based on the results of stage I, the “compliance’
parameter was added to the possible answers in stage Il
(in addition to the items listed in Table 1). The results of
stage Il differed from those of stage | for each respondent:
the number of questionnaire-assessed parameters (median
number of parameters, 4 [3; 5.5] and 16 [13.5; 17] for stages |
and Il respectively) increased.

In the correlation analysis, no link was found between
the age, sex, work experience, and place of work (outpatient
clinic/hospital) of respondents and their answers during
stages | and II.

Participants were interviewed after receiving the results
of stage Il. Compared with answering a multiple-choice
question, answering an open-ended question was more
challenging for 100% of the respondents. In total, 27% of
the participants responded when asked why some items did
not receive enough votes. Each of them emphasized that the
quality of sexual life and communication in patients with IBD
is frequently influenced by factors other than the disease.
According to the respondents, body image perception is
unrelated to the disease and does not warrant assessment
by a gastroenterologist. Respondents also did not believe
that satisfaction with medical care was a parameter that
clinicians should monitor in all patients with IBD. Regarding
visceral sensitivity, respondents agreed on the importance of
assessing this parameter in some patients whose symptoms
cannot be explained solely by the clinical course of IBD and
who may benefit from the addition of a functional component.

DISCUSSION

The study generated a final list of parameters
recommended for assessment during the treatment and
follow-up of patients with IBD, which included the following:

DOI: https://doi.org/10.17816/BD545997

+ Abdominal pain

« Defecation frequency and stool form

+ Pathological admixtures in the feces

+ Body temperature

+ Joint/muscle pain

+ Sleep quality

+ Emotional state: anxiety

+ Emotional state: mood

« Ability to work/study

+ Energy level

« Anxious attitude toward the disease

« Patient global assessment of quality of life

» Compliance

This list was compiled after a two-stage survey of
gastroenterologists. Two approaches were used to collect
information in this study: an open-ended question and a
multiple-choice question. In the first scenario, no consensus
could be reached on any of the categories; however, in
the second scenario, respondents agreed on 72% of the
parameters. This could be due to the simplicity of stage Il
during the interview, respondents stated that answering a
multiple-choice question was easier and more convenient
for them.

Furthermore, no correlation was found between the
characteristics of the survey participants, such as sex, age,
work experience, and place of work (outpatient clinic or
hospital), and their answers during stages | and II.

Our findings support the use of the Delphi method, which
offers equal opportunities to survey participants and allows
for the concealment of expertise and skill level to prevent
the authority pressure that is unavoidable in face-to-face
discussions. In this study, clinicians with minimal experience
had the same perceptions of follow-up strategies as their
more experienced colleagues. There may be other scenarios



https://doi.org/10.17816/DD545997

ORIGINAL STUDY ARTICLES
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Patient global assessment of the quality of life
Anxious attitude toward the disease
Visceral sensitivity

Energy level

Satisfaction with medical care

Body image perception

Ability to work
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Emotional state: anxiety

Sleep quality

Joint/muscle pain

Body temperature
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Abdominal pain
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Fig. 3. Study results (second stage). The red columns indicate parameters that received <75% of the responses.

in which the consensus is not as strong; in such cases, a
fresh look at the topic under discussion by young specialists
may lead to a more objective decision.

According to foreign literature, health-related quality
of life, disability/ability to work, and disease activity are
the key questionnaire-assessed parameters in patients
with IBD [15]. In this study, these areas were also included
in the final list. The first five parameters selected by the
participants (abdominal pain, defecation frequency and stool
form, pathological admixtures in feces, body temperature,
and joint/muscle pain) are related to assessing the clinical
activity of IBD. The ability to work/study and patient global
assessment of quality of life were also selected by >90% of
the respondents.

Furthermore, the final list included parameters that
assessed the emotional state, such as sleep quality,
anxiety, and mood. Given the high incidence of anxiety and
depression symptoms in patients with IBD [16], assessing
these parameters will surely provide valuable information to
researchers and clinicians.

Assessing energy levels in patients with IBD is also
critical, given the subjective and complex nature of asthenic

00I: https://daiorg/10.17816/DB545997

syndrome in these patients [17]. We believe that this
parameter must be used by clinicians and researchers,
depending on the clinical setting or study endpoints.

Compliance assessment in patients with IBD is also
important, given the often lifelong drug therapy, including
immunosuppressants. Because compliance is one of the
treatment goals [18], its assessment is critical for clinicians
and researchers.

In a systematic review, Pang et al. used disease-related
quality of life, inflammation activity, and remission rate as
primary endpoints. Secondary endpoints included overall
quality of life, depression, compliance, and satisfaction with
medical care [5]. However, the researchers did not explain
why these specific parameters were selected as outcomes.
Our study presents a consensus list of questionnaire-
assessed parameters in the follow-up of patients with IBD.

Advantages and limitations

Clinicians from various backgrounds were invited
to participate in the study, which has advantages and
disadvantages. Analysis of a large proportion of young
participants brings a fresh viewpoint; however, these
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participants have limited practical experience. Participation
of both outpatient and inpatient care workers allows for a
wider range of perspectives.

Further studies

A larger-scale survey with more gastroenterologists
from various Russian regions appears to be a logical and
necessary extension of this study. Professionals discussing
scientific challenges together allow us to address current
issues and propose new solutions [19]. Guidelines detailing
a pool of questionnaires in areas determined by consensus
will be developed as part of the practical implementation of
the study findings.
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BupTtyanbHas nnargopMa AN MMUTaLUOHHOIO
KOMMNbIOTEPHOro MOJe/IMPOBaHUSA PafUOHYKIUIHOIA
BU3yanu3aLuM B AAEPHOU KapAUONIOTrUHK.
CpaBHeHMEe C KIMHUYECKUMMU faHHBIMKU

H.B. llenncosa'?, M.A. Typko'2, W.MN. Konnkko'2, A.A. Avwenec?, B.6. Cepruerko®

! Hosocnbupckmil rocynapcTBenHbii yHusepeuTeT, Hosocubupck, Poccuiickas Qepnepauns;
2 IHCTUTYT TEOPETUYECKON M NpUKIaaHoi MexaHnky umenn C.A. Xpuctuarosuua, Hosocnbupck, Poceuitckas ®epepaums;
3 HaumoHanbHbI MeMLIMHCKWIA UCCNe10BaTENbCKUI LIEHTP Kapavonorin nMenn akapemuka E.N. Yasosa, Mockea, Poccuitckan Pepepaums

AHHOTALIMA

06ocHoBaHuMe. B 0bnacTv pagnoHyKIMOHONM BU3yanm3aLUmMn KIIMHUYECKME UCCIEA0BaAHUS Ha JIOASX iN ViVO OrpaHuyeHbl U3-3a
Jly4eBOM Harpy3Ku W 3TUHECKUX HOpM, NO3TOMY BCE BO3pacTalollee 3HayeHue npuobpeTaloT MeToAbl MaTeMaTMYeCcKoro Mo-
AEeNMPOBaHNSA N UMUTALMOHHBIX KOMMbIOTEPHBIX UCMbITaHWIA in silico, 0CHOBaHHbIe Ha UMPPOBLIX MOAeNsX. B aHrnossbiuHoM
nuTepatype 3TOT NOAXOL nonyyuun Hassakue «Virtual clinical trials».

Lienb — passuTue NporpaMMHbIX CPEACTB 4151 UMUTALMOHHOTO MOJENMPOBaHUA PaAVOHYKIMAHON BU3yanu3aummu nepdysuu
MWOKapAa MeToA0M 04HO(OTOHHON 3MUCCUOHHOW KOMMbBIOTEPHOM TOMOrpagum, COBMELLLEHHOM C KOMMbIOTEPHOM TOMOrpadm-
eil, C UCnonb30BaHNeM paauodapMaLieBTyecKoro npenapara “™Tc-MUBW, a TakKe npoBefeHne nccneoBaHWUi, Hanpas-
IEHHBIX Ha MOBbILLEHUE TOYHOCTM 0AHOGDOTOHHON IMUCCMOHHOM KOMMBIOTEPHON TOMOTpaduy.

Matepuanbl u Metoapl. PaspaboTaH nporpaMMHbIA KoMMeKe «BupTyanbHas nnatdopMa ans UMUTALMOHHBIX UCTbITaHMIA
MeT0Aa OAHO(MOTOHHOM 3MUCCUOHHOM KOMMBLIOTEPHOI TOMOrpaduu, COBMELLIEHHOM C KOMMbIOTEpHOW ToMorpadueii, B aaep-
HOM Kapavonoruu» € MCnosb30BaHWeM LMbpoBbIX MoAEeNeN NaLMeHTa, CKaHepa 1 OLIEHKM COCTOSHUSA MUOKapa C MOMOLLbIo
LMdpOBbLIX M300paXKeHMIn NEBOTO XENyLoUKa B BUAE «MOMSAPHOA KapTbi». BbinonHeHa BepudMKaLms NporpaMMHOTO KOM-
MNieKca NyTeéM CPaBHEHUS C KIIMHUYECKUMU AaHHBIMM, NOMTyYeHHbIMM B HaLUMOHaNbHOM MeAMLMHCKOM MCCNeA0BaTeNlbCKOM
LieHTpe Kapavonorun umenn akagemuka E.W. Yasosa (MockBa). MpoBeaeHbl MMUTALMOHHBIE KOMMbIOTEPHBIE UCTIbITAHMS,
B KOTOPbIX MCC/lefl0Banach TOYHOCTb OLEHKW COCTOSHMS MWOKapAa B 3aBUCUMOCTM OT NOAX0AA K HOpManu3aummu NonsipHoi
KapTbl 1 Y4ETa KOPPEKTUPYHOLLMX (aKTOpOB B airOPUTME PEKOHCTPYKLMM.

Pe3ynbtathl. Pe3ynbTatbl MMUTALMOHHBIX UCTIbITAHWIA NTOKa3au, YTO OLEeHKa nepdy3un MUOKapAa NeBOro XenynoyKa cylie-
CTBEHHO 3aBUCHT OT MeTO[,a HOPManM3aLuW NoNApHON KapThl M YYETA KOPPEKTUPYIOLLMX HAKTOPOB B anropUTMe PEKOHCTPYK-
umn. Haubonee TouHble OLEHKM BbIAM MonyyeHbl NpU pacyéTe Ko3dduMLMeHTa HOpManM3aUmn no yCpeaHEHHOMY 3HAUEHMIO
aKTUBHOCTM B HOpPMaJlbHOM 30He MUOKapAa. [ToKasaHo, YTo pacnpoCTPaHEHHbINA NOAXO0A K HOPMann3aLmm Mo NUKCENIo ¢ MaK-
CMMarbHOW MHTEHCUBHOCTBIO MOXET NMPUBOAMUTL K OLUMBKaM. Pe3ynbTathl «BUPTYasibHbIX» UCMBITAHWA MOJIHOCTBIO COOTBET-
CTBOBa/M KIIMHUYECKUM HabmogeHnam.

3akuitoueHue. [lepexop, 0T OTHOCUTENBHBIX HOPMaNM30BaHHbIX 3HAYEHWUN HAKOMMIEHUS aKTUBHOCTU B MUOKapAe K abcontoT-
HbIM KOJIMYECTBEHHBIM OLIEHKAM MOXET CHATb CYLLECTBYHOLLME OrPaHUYEHUs U HEONPELENEHHOCTU U ABNAETCS [NaBHbIM YC-
NIOBUEM MOBBILLIEHUS AUArHOCTUYECKOM TOYHOCTU MeTofa 0AHOMOTOHHON IMUCCUOHHOW KOMMBIOTEPHOM TOMorpaduu, coBMe-
LLIEHHOM C KOMMNbIOTEPHOI TOMorpadmeid, B AAEPHON KapAMONOoruu.

KnioyeBble cnoBa: OAHO(OTOHHAs 3MUCCMOHHAA KOMMblOTEPHas ToMorpadus, COBMELLEHHAsA C KOMMbIOTEPHOV
ToMorpaduei; afepHas Kapanonorus; MaTeMaTuyeckuii GaHToM; MaTeMaTMYECKOe MOJENUPOBaHHeE.
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Virtual platform for computer simulation
of radionuclide imaging in nuclear cardiology:
Comparison with clinical data

Natalya V. Denisova'?, Mikhail A. Gurko'?, Inna P. Kolinko'?, Alexey A. Ansheles?,
Vladimir B. Sergienko®

! Novosibirsk State University, Novosibirsk, Russian Federation;
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ABSTRACT

BACKGROUND: In radionuclide imaging, in vivo human clinical studies are limited because of radiation exposure and ethical
concerns; therefore, mathematical modeling and in silico computer simulations based on digital models are becoming
increasingly important. In the English-language literature, this approach is called “virtual clinical trials.”

AIMS: This study aimed to develop software tools for the simulation of radionuclide visualization of myocardial perfusion by single-
photon emission computed tomography combined with computed tomography using #™Tc-MIBI as the radiopharmaceutical
and perform studies aimed at improving the accuracy of single-photon emission computed tomography.

MATERIALS AND METHODS: A software package “Virtual platform for simulations of single-photon emission computed
tomography combined with computed tomography method in nuclear cardiology” was developed using digital patient models,
a scanner, and assessment of the state of the myocardium using digital images of the left ventricle in the form of a “polar map.”
Verification of the software package was performed by comparison with clinical data obtained at the National Medical Research
Center of Cardiology Named After Academician E.I. Chazov (Moscow). Simulation computer tests were performed, in which the
accuracy of assessing the state of the myocardium was assessed, depending on the approach to normalizing the polar map and
corrective factors in the reconstruction algorithm.

RESULTS: The results of the simulation tests revealed that the assessment of left ventricular myocardial perfusion significantly
depended on the method of normalizing the polar map and considered corrective factors in the reconstruction algorithm. The
most accurate estimates were obtained by calculating the normalization coefficient from the average value of activity in the
normal zone of the myocardium. The common approach to pixel normalization with maximum intensity can lead to errors. The
results of the virtual trials were fully consistent with clinical observations.

CONCLUSIONS: The transition from relative normalized values of activity in the myocardium to absolute quantitative estimates
may eliminate existing limitations and uncertainties and is the main condition for improving the diagnostic accuracy of single-
photon emission computed tomography combined with computed tomography in nuclear cardiology.

Keywords: single-photon emission computed tomography combined with computed tomography; nuclear cardiology;
mathematical phantom; mathematical simulation.
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BACKGROUND

Single-photon emission computed tomography with
computed tomography (SPECT/CT) is a modern diagnostic
technique in nuclear medicine. It is widely accepted as the
clinical standard for examining patients with cardiovascular
diseases [1]. SPECT/CT imaging can detect myocardial
perfusion defects (impaired blood supply) that precede
irreversible fatal damage. An intravenous radiopharmaceutical
is administered during the examination, which is distributed
in the myocardium proportional to blood flow and reflects
myocardial perfusion. Radiopharmaceuticals accumulate only
in healthy myocardial cells and hence serve as a marker of
normal function.
SPECTimaging assesses heterogeneous radiopharmaceutical
uptake in left ventricular (LV) cardiomyocytes. Slices and
“polar maps” are used to visualize the LV. A polar map is
a graphical digital representation of the entire surface of
the LV myocardium in a single planar image that enables
measurement of normal perfusion areas and the extent and
severity of damage. Three commercial software packages
were developed to display the LV as a polar map:
+ 4D-MSPECT (University of Michigan Medical Center,
Michigan, USA) [2];

+ Emory Cardiac Toolbox (ECTb; Emory University,
Atlanta, USA) [3];

+ Quantitative Perfusion SPECT (QPS) (Cedars-Sinai
Medical Center, Los Angeles, USA) [4].

All three packages are currently standardized and
widely used in clinical SPECT systems. However, these
packages provide different quantitative assessments of the
myocardium [5]. According to an editorial by Germano [6],
the final results of different software packages are generally
comparable; however, significant differences were found
between the packages in the quantitative assessment of
myocardial perfusion.

How precise the estimates are and how closely they
match the actual distribution of radiopharmaceuticals in the
myocardium remains unclear. Studies that compare the polar
maps of the reconstructed image of the LV myocardium to a
reference polar map of a myocardial phantom with a known
radiopharmaceutical distribution are required to assess
the accuracy of SPECT imaging in nuclear cardiology. Such
studies are performed in clinical settings using calibration
phantoms (in vitro). However, owing to the high cost and
radiation exposure of researchers, performing dozens or
hundreds of such studies is challenging. Furthermore,
studies with calibration phantoms do not capture the entire
range of clinical cases. A viable alternative is computer
simulation (in silico) using digital anthropomorphic
phantoms to represent patients with various body types and
lesions of various sizes and locations. Computer simulation
encompasses all sequential stages of SPECT/CT imaging,
from radiopharmaceutical distribution in the patient’s organs
to semiquantitative perfusion assessment using a polar map.
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This approach, called virtual clinical trials, has been actively
evolving in high-tech nuclear medical centers worldwide over
the last two decades [7]. Such research has only recently
become available in Russia [8, 9].

AIM

This study aimed to develop a virtual platform for
simulation testing of SPECT/CT in nuclear cardiology that will
use digital models of the patient, scanner, and myocardial
assessment based on digital representations of the left
ventricle in the form of a polar map. For the first time,
computer simulation experiments included the analysis of
the relationship between semiquantitative LV myocardial
perfusion assessment and the polar map standardization
approach and correction factors in the reconstruction
algorithm.

MATERIALS AND METHODS

We developed a virtual platform for simulation testing
of SPECT/CT in nuclear cardiology using digital models of
the patient, scanner, and myocardial assessment based on
digital representations of the left ventricle in the form of a
polar map. The software package has a modular structure
and includes four modules that simulate all sequential stages
of the examination, from radiopharmaceutical (technetium-
99m methoxy isobutyl isonitrile, *™Tc-MIBI) distribution in
the patient’s organs to LV myocardial perfusion assessment
using polar maps:

+ Virtual patient program;

« Virtual scanner program;

+ Image reconstruction algorithms program;

+ Polar map program.

Virtual Patient program

An  anthropomorphic  mathematical phantom
(mathematical model of torso, MMT) developed at the Institute
of Theoretical and Applied Mechanics (Novosibirsk) was used
[9, 10]. Each organ of the MMT phantom was generated
using analytical geometry equations describing appropriate
three-dimensional (3D) shapes (planes, cones, cylinders,
paraboloids, ellipsoids, etc.). These shapes were overlaid,
intersected, and truncated using logical Boolean operators
to generate complex geometric compositions that describe
the outlines of organs close to the Atlas images [11]. The
phantom is represented as 64 x 64 x 64 or 128 x 128 x 128
digital arrays.

MMT is a voxel phantom based on analytical geometry
equations that describe surfaces (boundaries) dividing
structures with different morphological characteristics. It
is possible to generate phantoms with different anatomical
structures and in different positions by modifying the
parameters of the geometric shapes. This study used an
anatomical model of a typical male patient in a position with
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his arms up. The model includes the torso, chest bones, lungs,
heart, spleen, stomach, and kidneys. The large intestine
represents the intestines. Diagnostic nuclear medicine rarely
requires detailed imaging of fine anatomical structures. The
MMT does not consider heartbeat and respiratory excursion.
This model generally corresponds to modern SPECT/CT
systems in the phase mode, with cardiac and respiratory
motions removed. The model is presented in Fig. 1.

The distribution of radiopharmaceuticals in various
organs, rather than the anatomical structure of the
patient, plays a critical role in nuclear medicine simulation
studies. The virtual patient program generates a 3D map
of radiopharmaceutical uptake (“activity map”) in the MMT
phantom using clinical data on the distribution of #™Tc-MIBI.
As an example, Fig. 2 shows clinically reconstructed SPECT
images of a real patient, with activity values in several organs

Fig. 1. 3D mathematical model of the torso simulating the
anatomical structure of a typical male patient in the position with
arms up: @: anterior view; b: posterior view. Model in a discrete
representation, 128 x 128 x 128.

Fig. 2. Clinical data. Relative mTc-MIBI uptake (pulse/voxel)
in chest organs. The images were obtained using single-photon
emission computed tomography with computed tomography
(Philips BrightView XCT) at the El Chazov National Medical Research
Center of Cardiology.
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Table 1. Relative “mTc-MIBI uptake in phantom organs in the
mathematical model of the torso

Organ Relative *mTc-MIBI uptake,
pulse/voxel
Soft tissues 130
Lungs 100
Liver 900
Heart 750
Large intestine 1000
Gallbladder 2500

in pulse/voxel units. Data were collected using SPECT/CT
imaging (Philips BrightView XCT, Philips, Netherlands) at the
El Chazov National Medical Research Center of Cardiology.
These values may differ among patients. The present study
used the values shown in Table 1 when creating an activity
map for the MMT phantom. A homogeneous distribution of
activity within each organ was specified, except for modeling
LV myocardial ischemic injury.

Figure 3 shows the activity map for the phantom. The
image is cropped in accordance with the gamma camera
dimensions. The lungs, kidneys, spleen, and stomach are not
shown because the concentration of radiopharmaceutical
is nearly the same as that in soft tissues. LV, liver,
gallbladder, and intestinal loops are clearly visualized. The
heart model is represented by the LV because the right
ventricle is practically invisible on SPECT images because
of its thin walls.

In clinical tests, CT findings are used to account for
the attenuation of gamma radiation in biological tissues of
various densities, and an individual 3D attenuation map is
generated. An attenuation map for the MMT phantom was
generated in this study, which included the main differences
by substance density. Three media of different densities were
studied: lungs (air), soft tissues (water), and skeletal bones.
Table 2 presents the attenuation coefficients for 140 keV
gamma radiation used in this study [12].

Thus, the virtual patient program generates three
phantoms: anthropomorphic anatomical MMT phantom,
activity map, and attenuation map.

|
‘

”»
-
-
-
-
-
-

Prs e

Fig. 3. a: Radiopharmaceutical uptake map: 3D distribution
of relative *“mTc-MIBI concentrations calculated based on a
mathematical model of the torso. Map in a discrete representation,
128 x 128 x 100; b: attenuation map generated based on a
mathematical model of the torso. Map in a discrete representation,
128 x 128 x 100. The central longitudinal cross-section is presented.
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Table 2. Attenuation coefficients for 140 keV gamma radiation
(technetium)

Attenuation coefficients for 140 keV

Organ (medium) gamma radiation, 1/cm

Soft tissues (water) 0.15
Lungs (air) 0.04
Bones 0.28

Virtual Scanner program

The virtual scanner program modeled SPECT/CT imaging
in a “virtual patient.” Raw projection data were calculated
using the Monte Carlo procedure. From a mathematical
standpoint, this stage solves a direct problem: gamma
radiation transmission from a specified spatial source
through substances of different densities. There are two main
approaches to solving such problems.

The first is based on solving transfer equations that
describe gamma radiation transmission in a substance and
on geometric approximations when calculating gamma ray
transmission through a collimator detector system. However,
this approach requires additional shadowing procedures to
account for Poisson data.

The second is a statistical approach based on the
Monte Carlo procedure. This approach employs a random
(pseudorandom) number generator in various statistical
modeling methods for distributions characterizing physical
processes such as the Poisson distribution (radioactive decay,
mean free path), Klein—Nishina—Tamm distribution (angular
distribution of scattered photons), and Gaussian distribution
(different fluctuations of the detecting system). The modeling
of the raw data collection included several stages:

1. Gamma ray emission by a source;

2. Radiation transmission through a substance;

3. Detector response formation.

At the stage of modeling gamma ray emission by a
source, coordinates, directions, energy, and other variable
gamma ray characteristics are generated based on specified
distributions. For modeling the “™Tc-MIBI source, the
distribution of particle emission directions was considered
to be uniform over the entire solid angle, and the energy
distribution was specified by a delta function of 140.5 keV.
The activity map defines the distribution of the gamma ray
emission coordinates.

Modeling radiation transmission through a substance
is time-consuming. Thus, properly selecting models for
describing physical processes and accurately implementing
them algorithmically is critical. We used our own software,
which implements several validated algorithms for modeling
both the transmission of gamma rays and their interactions
with a substance.

The NIST XCOM database was used as an interaction
cross-sectional database for gamma ray interactions with
substances [13]. Three main types of interaction were
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considered during gamma ray transmission through a
substance: the photoelectric effect, Compton scattering,
and coherent scattering. The scattering angle indicators
for Compton and coherent scattering were modeled using
the algorithms provided in the Livermore low-energy
electromagnetic models of the Geant4 modeling package
(Geant4 Collaboration) [14]. A combination of algorithms
was used for gamma ray transmission modeling. If the
volume in which the gamma ray is located at a time moment
is inhomogeneous (defined voxel-wise or parametrically),
the peak cross-section method is used to generate the
mean free path (Woodcock tracking) [15]. If the volume is
homogeneous, the mean free path is generated according to
the law of exponential attenuation. These methods determine
the mean free path, which is then compared to the particle
path length before leaving or entering another volume,
which is calculated via algorithms for determining the ray
intersection with geometric shapes.

In this study, the gamma ray transmission was calculated
through a low-energy high-resolution collimator. The method
for calculating projection data was verified by comparing
it with clinical findings. Figure 4 shows an example of
raw data generated using the Monte Carlo procedure: left
anterior oblique (@), frontal (b), right anterior oblique (c), and
left lateral (d) projections. The projections were obtained
considering the #™Tc-MIBI uptake map and virtual patient
attenuation map (Fig. 3). Similar clinical projections obtained
using SPECT/CT imaging (Philips BrightView XCT) at the El
Chazov National Medical Research Center of Cardiology are
shown for comparison. The LV myocardium images in these
projections are in good agreement.

Image Reconstruction Algorithms program

For image reconstruction, modern commercial SPECT/
CT systems use algorithms based on maximum likelihood
expectation maximization (MLEM) [16] and its accelerated
version, ordered subset expectation maximization (OSEM):

rn+l _ f'n giaij )

M=E-Y =5
! Zaij i Zaik ‘
; k

where: _ -

- f"and f;" are activity (pulse/voxel) in the j* voxel
c{uring iteration steps (n + 1) and n, respectively;

- g, is the number of recorded pulses in the it pixel of
the detector;

* a;is a system matrix that describes the probability
that a photon emitted in the j'" voxel of the uptake map
will be recorded in the it" pixel of the detector.

A homogeneous distribution is used during the first step.

We used our own image reconstruction algorithms

software to calculate the system matrix, which considers the
physical effects associated with gamma radiation transmission
through biological tissues and a collimator—detector system.
The accuracy of the system matrix calculation determines
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Fig. 4. Comparison of projections obtained in a clinical setting during examination (top) and those calculated according to the Monte Carlo
procedure (bottom) using a 3D activity map of a virtual patient: a: left anterior oblique projection; b: frontal projection; c: right anterior
oblique projection; d: left lateral projection. Clinical data were obtained using single-photon emission computed tomography (Philips
BrightView XCT) at the El Chazov National Medical Research Center of Cardiology.

the quality of the reconstructed images. The system matrix
elements are presented as follows:

att col —det
a; =Py x Py )

where:

. ,‘-L” estimates the likelihood that a photon emitted
in the j voxel of the activity map will pass through
the virtual patient’s biological tissues and hit the k™"
pixel of the collimator surface. That is, this variable
describes the gamma flux attenuation due to scattering
in biological tissues. Attenuation correction (AC) is
used to describe this effect.

- P2 "™ estimates the likelihood that a photon will pass
through the collimator and be recorded as a pulse
in the k™ pixel of the detector. That is, this variable
describes the effect of passing through the collimator
and detector crystal while accounting for the point
spread function. Resolution recovery (RR) is used to
describe this effect.

Figure 5 shows a fragment of the *"™Tc-MIBI uptake map

of the MMT phantom and its reconstruction using the 0SEM
algorithm based on the data obtained in the virtual scanner

program (Fig. 4). A similar clinical image obtained at the El
Chazov National Medical Research Center of Cardiology using
the Astonish algorithm during myocardial perfusion imaging
in a real patient is shown for comparison.

Polar Map program

Because existing commercial polar map packages are
closed source software and cannot be modified, several
researchers use their own software [17-20]. One of the first
polar map generation programs was created at the Catholic
University of Leuven (Belgium) for computer simulation
studies [17]; it was later used by Turco et al. [20].

A research group from Kanazawa University, Japan,
proposed an alternative to the three standard packages
[18]. The authors discovered that the diagnostic results of
the same patient differed when different software packages
(4D-MSPECT, ECTb, and QPS) were used; thus, they created
their own open source software to standardize the research.
In Russia, polar maps were developed by Kotina et al. in
St. Petersburg [19].

An example of a clinical image obtained at the EI Chazov
National Medical Research Center of Cardiology using the

Fig. 5. ”mTc-MIBI distribution in chest organs: a: phantom; b: reconstruction; c: clinical case. The clinical case was obtained using single-
photon emission computed tomography at the EI Chazov National Medical Research Center of Cardiology.
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QPS package is shown in Fig. 6. The first column (on the left)
presents images in slice mode after a stress test; the second
column presents the same images at rest. In the tomographic
slice mode, data were displayed in three cross-sections:
along the vertical long axis, horizontal long axis, and short
axis. The third column presents polar maps in percentage
mode (from top to bottom: stress map, rest map, and map of
differences). The third column shows 3D LV images.

In this study, a method for generating a polar map that is
similar to the commercial QPS software was devised. The LV
image is manually segmented, the main axis is determined,
and the image is rotated. The epicardial and endocardial
surfaces specified in the phantom were used to eliminate
delineation errors. The LV is moved to a separate file and
divided into layers along the long axis (Fig. 7). Subsequently,
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data on cumulative activity (pulse/voxel) in each layer are
collected. The distribution of cumulative activity proportional
to the degree of myocardial perfusion was recorded
sequentially in each layer as circular profiles. The data
collection process can be divided into two nested cycles. In
the first cycle, there is a descent through the layers from
the top of the LV (basal part) to the bottom (apical part). In
the second cycle, data on cumulative activity in each sector
of the cross-section are collected. The mean value was
calculated based on the thickness of the myocardium and
in each sector of the slice. According to Turco et al. [20],
this method of calculating cumulative activity provides better
accuracy than using the uptake value based on the maximum
value in the myocardium. The number of sectors into which
each slice is divided is calculated automatically based on the

Fig. 6. Graphical representation of clinical myocardial perfusion assessment using single-photon emission computed tomography. Images
were obtained using the QPS software during examination at the EI Chazov National Medical Research Center of Cardiology.

i

Fig. 7. Left ventricle model cross-section along the vertical long axis (left) is divided into layers of short axis (SAX), and the cumulative
activity values in each cross-section are projected onto the polar diagram as concentric rings, with the basal part of the left ventricle
corresponding to the outer ring and the apical part corresponding to the inner ring (arrows show where each layer is projected onto the

polar map).

DOl https://doi.org/10.17816/DD595696
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shape and size of the LV. As shown in Fig. 7, the cumulative
activity values in each cross-section are projected onto the
polar diagram as concentric rings, with the basal part of
the LV corresponding to the outer ring and the apical part
corresponding to the inner ring.

“VIRTUAL" studies

Methodology of computer simulation

Computer simulation included all sequential stages of
myocardial perfusion assessment using SPECT/CT imaging
with ""Tc-MIBI, from radiopharmaceutical distribution
in the patient’s organs to perfusion assessment using a
polar map. First, the virtual patient program calculated the
radiopharmaceutical distribution using the MMT anatomical
model. Imaging in a virtual patient was modeled using the
virtual scanner program and the Monte Carlo procedure.
The data collection parameters were close to clinical
parameters and were determined according to the European
Association of Nuclear Medicine (EANM) protocol [21]. The
gamma camera had a 180° arc from the left posterior
oblique projection to the right anterior oblique projection.
Data recording was simulated in a step-by-step mode
with a circular orbit. The number of projections (n = 32)
and exposure time per projection (15 s) corresponded to
the standard clinical protocol for Philips BrightView XCT.
Approximately 100,000 pulses (counts) were recorded in
each projection because of simulation using the Monte Carlo
procedure. The total number of recorded pulses during raw
data collection was 4,000,000. The image was reconstructed
using the conventional OSEM algorithm (eight subsets, two
iterations) based on the calculated projection data. Using a
polar map software, the 3D LV image was then displayed as
slices and a polar map, and a semiquantitative myocardial
perfusion assessment was performed. The accuracy of
SPECT imaging was assessed by comparing the polar map
of the reconstructed image of the LV myocardium with a
reference polar map of a phantom, i.e., a virtual patient with
a known, specified radiopharmaceutical distribution.

Problems of interest

Computer simulation studies analyzed the accuracy of
myocardial perfusion assessment depending on the polar
map standardization approach and correction factors in the
reconstruction algorithm.

Relationship between myocardial perfusion assessment

and the polar map standardization approach

The homogeneity of radiopharmaceutical distribution
was assessed based on reconstructed LV image mapping
as a standard 17-segment polar map. Clinical studies
have assessed the following parameters of LV myocardial
perfusion: summed rest score (SRS), summed stress score
(SSS), and summed difference score. In mathematical
modeling, the radiopharmaceutical distribution was
supposed to correspond to the rest mode. In this study, the
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total SRS and local relative perfusion in percentage mode
(normalization) were calculated using the three approaches
described in the literature:

A S, score

This approach is the most common and used to generate
polar maps with the 4D-MSPEC [2], ECTb [3], and QPS [4]
software. The pixel with the highest activity is selected on
the polar map and assigned a value of 100%. The remaining
pixels are assigned a percentage value based on their
proportion to the maximum value. The mean uptake values
(in percentage) for each sector are then calculated, as well
as their sum (S,,,), which is an analog of the SRS parameter.

B. S, score

To minimize the impact of false hot spots, the Cedar-
Sinai AutoQUANT QPS/QGS v.7.2 user manual recommends
normalizing polar maps so that the 90th percentile equals
100%. The mean uptake values (in percentage) for each
sector are then calculated, as well as their sum (S,).

C. S, score

In a recent publication, Garcia et al. [22] have presented
recommendations from the authors of the commercial
software 4D-MSPEC [2], ECTb [3], and QPS [4] (2007) for
polar map standardization. The authors recommend using
“the perfusion intensity in the most normal area within the
LV,” rather than the maximum intensity value, as 100%. All
pixel values greater than or equal to the normal intensity are
considered as 100%; the rest are calculated by proportion.
The mean uptake values for each sector are then calculated,
as well as their sum (S,,,,). Okuda et al. [18] have proposed
standardization based on the mean intensity in the normal
area of the myocardium. In this case, a normal area is
defined as a cluster of pixels with intensity in the 80th (+10)
percentile for the entire data sample.

For all three approaches, the mean radiopharmaceutical
uptake was calculated in percentage mode for each sector of
the polar map. Perfusion was assessed using the threshold
values shown in Table 3, which serve as the default template.
Based on the calculated percentages of uptake, each sector
is assigned a score from 0 to 4, and these scores are added
together. As a result, total scores (analogs of the SRS
parameter) are obtained.

Relationship between myocardial perfusion assessment

and correction factors in the reconstruction algorithm

In Russia and worldwide, there are various operational
SPECT systems that do not have CT support. Computer
simulation studies included a comparative analysis of
myocardial perfusion assessment with and without
attenuation correction in the reconstruction algorithm. When
reconstructing images with AC, the value P,‘-’,ft in formula
(2) was calculated individually for each nonzero activity
voxel, taking the attenuation map into account. In computer
simulation without attenuation correction (non-AC), P/'»’,f =1.
For the reconstructed images of the LV myocardium, AC and
non-AC polar maps were generated.
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Table 3. Left ventricular myocardial perfusion assessment
Lesion severity Score Segment perfusion (relative to the maximum)
Normal value 0 >70%
Mild perfusion defect 1 50-69%
Moderate perfusion defect 2 30-49%
Severe perfusion defect 3 10-29%
No perfusion 4 <10%

According to the EANM manual [21], integrating the effect
of “blurring” of a point source image (RR) in the reconstruction
algorithm requires rigorous phantom tests. In this study,
computer simulation studies included a comparative analysis
of polar maps generated in reconstruction modes with and
without image blurring (RR and non-RR, respectively).

RESULTS

Study subjects

Computer simulation studies included two virtual patients:
one with a healthy heart and the other with an ischemic injury
in the anterolateral zone of the LV myocardium. Based on
the MMT model, the virtual patient program specified the
matching #™Tc-MIBI uptake maps or activity maps for these
patients.

In the first case, an MMT phantom with a homogeneous
distribution of "™Tc-MIBI activity in the LV myocardium
was used as a virtual patient. The reference polar map for
this phantom is shown in Fig. 8. It is homogeneous and
independent of the standardization approach. In each sector,
the relative radiopharmaceutical uptake corresponded to
100%, and the reference SRS perfusion score (%) was 0.

In the second case, a virtual patient with an ischemic
injury of the left ventricle (LV) myocardium was studied.
The mTc-MIBI uptake map of the MMT mathematical
phantom included a defect in the anterolateral zone of LV
with decreased radiopharmaceutical uptake. Reference polar
maps generated based on the described standardization
approaches (A, B, and C) (Fig. 12). Reference SRS perfusion
scores for these maps differed slightly:

Sl =6;Sp =5 Snr= 6.

max norm™

O

O

Fig. 8. Reference polar map of left ventricular myocardial
perfusion in a virtual patient with a healthy myocardium (normal

ref
max

value). Summed rest score (SRS): §™ = S;Ef = S;Zfrm =0.
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The general scheme of the computer tests was as
follows. After simulation imaging in virtual patients, image
reconstruction was performed using the OSEM technique
with or without correction factors. On the reconstructed
images, LV segmentation was performed, and three types of
polar maps standardized in accordance with approaches A,
B, and C were generated.

Key study findings

Case 1: a virtual patient with a healthy left

ventricular myocardium

The reference polar map for this case is shown in
Fig. 8; the reference SRS (S) = 0. Figure 9 shows the
polar maps generated using reconstruction with attenuation
correction and resolution recovery (AC/RR). The polar maps
were standardized according to approaches A, B, and C.
The activity distribution no longer appears heterogeneous
because of reconstruction errors. In all three maps, a visible
decrease in activity was noted in the apical region. This
occurrence, known as a false apical defect, is frequently
observed on clinical images. SRS perfusion scores calculated
using various standardization approaches were as follows:
Smax =10, Sep=1,and S,,,,,= 3. So; and S, scores are
within the normal range, whereas S, is overestimated and
provides an incorrect perfusion assessment. Overestimation
of S, corresponds to clinical practice. The software used
in SPECT systems uses polar map normalization by the pixel
with maximum intensity. According to Ansheles [1], “one of
the problems with images is that, for unknown reasons, the
total scores (SSS, SRS) can be significantly overestimated.”

Figure 10 shows polar maps generated by image
reconstruction using the OSEM algorithm without attenuation
correction but with resolution recovery (non-AC/RR). The
images show an artifact in the form of decreased activity at
the bottom of the polar map. This artifact is typical of non-AC
clinical images. Notably, the false apical defect disappeared,
which is common in non-AC images in clinical practice. The
total SRS perfusion scores were as follows: S, = 17, S¢; = 9,
and S, = 4. It is significantly higher than the reference
value (¥ = 0). Non-AC images require a different template
obtained in the same mode.

Figure 11 shows the polar maps generated by image
reconstruction using the OSEM algorithm with attenuation
correction but without resolution recovery (AC/non-RR). The
total SRS perfusion scores were as follows: S, = 9, S¢; = 3,
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Fig. 9. AC/RR. Polar map of the reconstructed image of left ventricular myocardial perfusion. Reconstruction was performed with
attenuation correction (AC) and resolution recovery (RR). Summed rest score (SRS) for three methods of polar map calculation:

a—S,,=10;b—Sy=l;c— S

max norm™

3.

Fig. 10. Non-AC/RR. Polar map of the reconstructed left ventricle. The reconstruction was performed without attenuation correction (non-AC)

but with resolution recovery (RR). Summed rest score (SRS): a — S

17— Sy=9%c— S,

max

4,

norm™

Fig. 11. AC/non-RR. Polar map of the reconstructed image of left ventricular myocardial perfusion. Reconstruction was performed with
attenuation correction (AC) but without resolution recovery (non-RR). Estimated summed rest score (SRS): a — S, ,,=%; b — S¢y=3; ¢ —

S

norm—

4.

Sporm = 4. The AC/RR images in Fig. 9 and the AC/non-RR
images in Fig. 11 look similar; however, the SRS scores in

the AC/RR mode are more accurate.

Case 2: a virtual patient with an ischemic injury

in the LV myocardium

The reference polar map for case 2 is shown in
Fig. 12; the reference SRS scores for the three polar map
standardization approaches differ slightly and amount to
S =6,5 =55 -6. Polar maps generated for AC/

DOl https://doi.org/10.17816/DD595696

RR reconstructed images of a virtual patient with an ischemic
injury are shown in Fig. 13. SRS: S, = 12, Sq; =6, and
Snorm=6'

The reconstructed defect in Fig. 13 corresponds to the
images on the reference polar map in Fig. 12 for all three
polar map standardization approaches on AC/RR images.
However, an artifact from the right ventricle appeared, which
mirrored the true defect.

Figure 14 reveals the polar maps generated by image

reconstruction in the non-AC/RR mode. The defect is smaller
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Fig. 12. Reference polar maps of left ventricular myocardial perfusion with ischemic injury. Summed rest score (SRS): a — S,,,,=6; b —
Se0=9; € — S,pm=b-

norm™

Fig. 13. AC/RR. Polar maps of the reconstructed image of left ventricular myocardial perfusion. Reconstruction was performed
with attenuation correction (AC) and resolution recovery (RR). Estimated summed rest score (SRS): @ — S ,,=12; b — Sq=6;
€ — S,om=6-

norm

Fig. 14. Non-AC/RR. Polar map of the reconstructed image of left ventricular myocardial perfusion. The reconstruction was performed
without attenuation correction (non-AC) but with resolution recovery (RR). Estimated summed rest score (SRS): @ — S,,,=23; b — So=7;
€ — Sporm=2.

norm

Fig. 15. AC/non-RR. Polar map of the reconstructed left ventricle. Reconstruction was performed with attenuation correction (AC) but

without resolution recovery (non-RR). Estimated summed rest score (SRS): a — S, 6.

=21; b — So=10; c — S,

norm™
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than the reference polar map in Fig. 12. A false defect was
observed in the lower right part, whereas the apical defect
was absent.

Figure 15 shows polar maps generated by image
reconstruction in AC/non-RR mode: with attenuation
correction but without resolution recovery. The defect
boundaries roughly correspond to those in the AC/RR mode.
The total SRS scores for various map generation approaches
were as follows: S ,,= 21, So;=10, and S 6.

DISCUSSION

Summary of the key study findings

The findings of the virtual tests were completely consistent
with the clinical data. The polar maps of the reconstructed LV
images of virtual patients showed the same errors (artifacts)
as in the clinical images of real patients. These findings
confirm that the virtual platform for the simulation testing of
SPECT/CT in nuclear cardiology is appropriate for addressing
nuclear cardiology problems. AC/RR mode reconstruction and
polar map standardization by the mean activity in the normal
area of the myocardium yielded perfusion and ischemic focus
assessment results closest to the exact values.

Discussion of the key study findings

LV myocardial perfusion imaging by SPECT/CT is an
outcome of solving the inverse ill-posed problem of image
reconstruction based on Poisson data. Because the theory of
solving ill-posed stochastic problems is a relatively young
branch of mathematics, complex current reconstruction
algorithms “cannot work miracles” [21], and the resulting
solutions are prone to errors (artifacts). The same artifacts
seen in clinical images were observed in mathematical
modeling similar to clinical conditions.

In image reconstruction using the OSEM algorithm in AC
mode, a false apical defect is observed on all polar maps.
According to Ansheles [1], this artifact occurs in ~50% of
clinical cases after reconstruction in AC mode and is rarely
considered a significant defect. In practice, distinguishing
between a false apical defect and minor focal lesion in the
apical region can be challenging. In our simulation studies of
a virtual patient with an ischemic injury of the myocardium,
the lesion partially overlapped the area of the false apical
defect (Fig. 13), leading to overestimation of defect severity.

In non-AC images (Figs. 13 and 14), an artifact in the
form of decreased activity was noted in the bottom of the
polar map. The false apical defect was absent. This is
common for clinical polar maps generated in the non-AC
mode. A visual comparison of polar maps derived from
a mathematical simulation of a case with an ischemic
injury of the LV myocardium reveals that the lesion size
closest to the reference size is observed in AC/RR mode.
In image reconstruction in the non-AC/RR mode, the lesion
is significantly smaller, which corresponds to the clinical
findings. According to Ansheles [23], the SRS scores and area
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of transient ischemia are significantly greater in AC mode
than in non-AC mode.

The simulation approach has the benefit of comparing
semiquantitative assessments for each sector of polar maps,
as well as the total SRS parameters of the reconstructed
image, to a template (polar map of the phantom). A
comparison analysis revealed that the lower LV wall exhibited
falsely increased activity, which could be influenced by liver
activity (an effect not obvious to the doctor and is caused
by the scattering of gamma rays emitted by the liver and
scattered on the lower LV wall). Some of these scattered
photons enter the detector exactly in the image of the left
ventricle, which may cause an error.

In this situation, standardization by the maximum
pixel results in hypoperfusion and increased total SRS
score compared with the reference polar map. Polar map
standardization using the maximum pixel resulted in
overestimation of SRS in all cases. The best results were
obtained when standardization using the mean activity in
the normal area was used. This is consistent with the novel
recommendations by the authors of standard commercial
polar map packages [22].

Furthermore, artifacts caused by limitations in the
reconstruction algorithms are present in images of healthy
subjects. Thus, modern SPECT/CT systems use relative
values based on a polar map of the reconstructed LV and
relative values in comparison to reference databases,
allowing identification of perfusion defects. The findings of
these studies indicate that one should rely on comparative
relative values rather than relative values based on a polar
map of the reconstructed LV. However, this approach has
a significant limitation: all conditions for obtaining clinical
images should be similar to those for creating a reference
database.

CONCLUSION

Our findings demonstrate that computer simulation can
help clinicians better understand the limitations, uncertainties,
and errors in myocardial perfusion assessment. The transition
from relative standardized values of activity accumulation in
the myocardium to absolute quantitative assessments can
eliminate existing limitations and uncertainties and is the
primary condition for improving the diagnostic accuracy of
SPECT/CT imaging in nuclear cardiology.
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CxopocTb BbiMbiBaHUA 99mTc-MeTOKCU-U306yTUN-
U3OHUTPUJIA KaK MapKEp MUTOXOHAPUANbHOM
AVNC(hYHKUUM MUOKApAA: CUCTEeMaTUHECKUMA 0630p
U MeTaaHanus

M.0. 'yns, K.B. 3aBagoBckum

HayyHo-uccnenoBaTenbCKuit UHCTUTYT KapAMOnoruu, TOMCKMIA HaLMOHaMbHBIA MCCNeA0BaTeNIbCKUN MEeAVLIMHCKIIA LIEHT,
ToMck, Poccuitckas ®epepaums

AHHOTALIMA

O6ocHoBaHMe. B 0630pe M3noxeHbl 0cobEHHOCTH hapMaKOKMHETUKM Nepdy3uoHHoro papuodapmnpenapata 99mTc-MiBI,
KOTOpble NO3BONSIOT OLEHUTb MUTOXOHAPUANbHYH AUCHYHKLUMIO MMOKAapLa, @ TaKKe MOKa3aHbl 0CHOBHbIE KITMHWUYECKME TOY-
K1 NpunoxeHnst peHoMeHa YCKOPEHHOr0 BbIMbIBaHWUA AAaHHOTO MHAWKaTOpa.

LUenb. CucteMatmsaums faHHbIX GyHOAMEHTaNbHbIX (3KCMEPUMEHTaNbHbIX) M KIMHUYECKUX UCCefoBaHUi B obnactu us-
YYEHUS W OLEHKU MUTOXOHLPWANBHON AUCGYHKLMM MO pe3ynbTaTaM nep@y3voHHON CLUMHTMrpaduu MUOKapAa; NpoBefeHue
MeTaaHanm3a KIMHUYECKUX UCCeloBaHMI B JaHHOW 0bnacTu.

Marepuanbl u Metogbl. Mouck nposoauncs B 6asax AaHHbix Pubmed, Scopus, Google Scholar u eLibrary go cepenuHbi
2023. bbinu UCNONb30BaHbI KITOYEBbIE CNOBA, X KOMOMHALMW W aHINOA3bIYHBIE aHANIOrU: MUTOXOHAPUaNbHas AMCHYHKLMS,
99mTc-MUBU, 99mTc-TetpodocMuH, nepdy3noHHasa cLUMHTUIpadus MUoKapaa, obpaTHoe mepepacnpefesfieHue, BbIMbIBa-
HWe, CKOpOCTb BbIMbIBaHMs. [1py BbIMONHEHUW MeTaaHanW3a Ans pacyéTa CPpefHen OLEHKW pasHuubl Bbia Mcnonb3oBaHa
MOZESIb CIy4YalHbIX 3QPEKTOB.

Pesynbratbl. [Ina cuctemMatnyeckoro aHanmsa 6bino otobpaHo 40 ctatei: 13 — 3KcnepuMeHTanbHble, 24 — OpUriHanbHble
KNMHU4YecKue paboTel, 2 — KMHKYeckue ciydau, 1 063op. [Ins BbinonHeHUs MeTaaHanu3a bbiio 0T06paHo 6 UccnefoBaHwuiA
Mo AW3alHy «Cy4an—KOHTPOsb». ObLLee YNCNO NaLMEHTOB, COCTABMBLLIMX OCHOBY CUCTeMaTUYecKoro 063opa, — 551; uucno
NauMeHTOB, COCTaBMBLLMX OCHOBY MeTaaHanmsa — 196. AHanus nuTepatypbl NoKasan, YTo BbIpaXeHHOCTb eHoMeHa 06-
paTHOro nepepacnpeseneHus U CKOpocTb BbiMbIBaHMA 99mTc-MIBI B3aMocBA3aHbl C MUKPOCTPYKTYPOA MUTOXOHLAPUIA U MU-
OKapAa, COKpaTMMOCTbH0 W FeMOLMHAMUKOW NEBOT0 JKEeNyA04Ka, YPOBHEM HaTpPUAYPETUUECKUX NENTUAO0B, TONEPaHTHOCTbIO
K (M3MYECKUM Harpy3KaM, TSKECTbH) KOPOHApHOrO aTepoCKIIepo3a, OKUCIUTENbHBIM MeTabonM3MoM MUOKApLa, YPOBHEM
PUCKa CEpPAEYHO-COCYAMUCTLIX COObITUIA. MeTaaHan!3 noKasan, 4to CKOPOCTb BbIMbIBaHWS CTaTUCTUYECKW 3HAYMMO MOBLILLEHA
y JIAL, C NaTonorveii cepaLa, No OTHOLUEHMIO K KOHTPOSIO (CpefHsas oueHKa pasHuubl 9,5771 (95% noBepuTenbHbIA HTEPBaAN:
ot 6,6001 go 12,5540; z=6,3053; p <0,0001).

3akntouenue. OueHKa GYHKLMM MATOXOHAPUIA MO AaHHLIM OLLeHKM BbiMbIBaHMA 99mTc-MIBI MoxeT npeaocTaBuTb A0ONONHU-
TeNbHble CBEAEHNSA 0 YHKLMOHANBHOM COCTOSHUM CEpPAEYHON MbILLLIbI.

KnioueBble cnoBa: MUTOXoHApUanbHasa aucyHkuums; 99mic-MUBK; 99mTc-TetpodocMuH; nepdy3noHHas CLUMHTUIpadus
MWOKapAa; obpaTHoe nepepacnpefeneHne; CKOPOCTb BbIMbIBaHWS; KapAMOMUOMNATUM; XPOHWYECKas CepheyHas
HeAO0CTaTOYHOCTb; ULIEMMYecKas bonesHb cepaua

Kak uutmpoBartb:
l'yns M.0., 3aBaposckuin K.B. CkopocTb BbIMbIBaHUS 99mMTc-METOKCU-M300YTUN-M30HUTPINAE Kak MapKEP MUTOXOHLPUANLHOM AUCHYHKLMM MMOKapaa: Ch-
cTeMaTnyeckuin 063op 1 MetaaHanws // Digital Diagnostics. 2023. T. 4, N° 4. C. 509-528. DOI: https://doi.org/10.17816/DD568668
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99mTc-MIBI washout rate as a marker
of myocardial mitochondrial dysfunction:
A systematic review and meta-analysis

Marina 0. Gulya, Konstantin V. Zavadovsky

Cardiology Research Institute, Tomsk National Research Medical Center, Tomsk, Russian Federation

ABSTRACT

BACKGROUND: This review outlines the features of the pharmacokinetics of the perfusion radiopharmaceutical 99mTc-
MIBI, which allows the assessment of myocardial mitochondrial dysfunction, and shows the main clinical applications of the
phenomenon of increased 99mTc-MIBI washout rate.

AIM: To systematize the data of fundamental (experimental) and clinical studies evaluating and estimating mitochondrial
dysfunction according to myocardial perfusion scintigraphy data and perform meta-analysis of clinical studies in this field.
MATERIALS AND METHODS: PubMed, Scopus, Google Scholar, and eLibrary databases were searched until mid-2023. The
following keywords, their combinations, and Russian-language counterparts were used: mitochondrial dysfunction, 99mTc-
MIBI, 99mTc-Tetrofosmin, myocardial perfusion scintigraphy, reverse redistribution, washout, and washout rate. In the meta-
analysis, a random-effects model was used to calculate the mean difference estimate.

RESULTS: Forty articles were selected for systematic analysis: 13 were experimental, 24 were original clinical papers,
2 were clinical cases, and 1 was a review. Six studies using a case—control design were selected for the meta-analyses. The
total number of patients in the systematic review and meta-analysis were 551 and 196, respectively. In the analysis of the
literature, the severity of the reverse redistribution phenomenon and 99mTc-MIBI washout rate correlated with mitochondrial
and myocardial microstructure, left ventricular contractility and hemodynamics, natriuretic peptide levels, exercise tolerance,
coronary atherosclerosis severity, myocardial oxidative metabolism, and risk of cardiovascular events. The meta-analysis
showed that the washout rate was statistically significantly accelerated in individuals with cardiac pathologies, relative to
controls (mean difference score, 9.5771 [95%]; confidence interval, 6.6001-12.5540; z=6.3053, p <0.0001).

CONCLUSION: The assessment of mitochondrial function by 99mTc-MIBI washout evaluation may provide additional insights
into the functional status of cardiac muscles.

Keywords: mitochondrial dysfunction; 99mTc-MIBI; 99mTc-Tetrofosmin; myocardial perfusion scintigraphy; reverse
redistribution; washout rate; cardiomyopathies; congestive heart failure; ischemic heart disease
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Abbreviations

123]-BMIPP: iodine-123 labeled B-methyl iodophenyl
pentadecanoic acid

123|-MIBG: '?3|-metaiodobenzylguanidine

99mTc-MiIBI: iodine-123-labeled metaiodobenzylguanidine
ACS: acute coronary syndrome

AMI: acute myocardial infarction

CAD: coronary artery disease

CHF: chronic heart failure

BACKGROUND

Cardiovascular diseases are the leading cause of
morbidity and mortality [1]. Among cardiovascular diseases,
acute and chronic coronary syndromes and chronic heart
failure (CHF) are the leading causes of disability.

The pathophysiology of coronary artery disease (CAD) is
influenced by coronary atherosclerosis, progressive lumen
narrowing, and myocardial ischemia.

The pathogenesis of CHF is more complex and is largely
determined by etiology. The most common manifestation
of CHF is reduced left ventricular (LV) contractility. The
pathogenesis of both diseases is influenced by mitochondrial
function. Mitochondria are vital organelles that control cell
energy metabolism and overall homeostasis. A steady energy
supply is required to maintain the contractile activity of the
human heart. Myocardial mitochondria perform the most
difficult task of producing approximately 30 kg of adenosine
triphosphate per day to keep the heart pumping [2]. To meet
this requirement, the following aspects are necessary:

» Continuous supply of the substrate to the mitochondria

is ensured.

» Mitochondria have sufficient oxidative capacity.

+ The cell has an effective system for transporting
adenosine triphosphate from the mitochondria to the
consumption sites [3].

The transmembrane potential is one of the main parameters
representing mitochondrial function [4]. Under normal
conditions, mitochondria have the largest negative charge (in
absolute value) of all intracellular organelles and serve as a
destination for charged lyophilic molecules entering the cell via
the sarcolemma. Retention of these substances in the cell is
proportional to the transmembrane potential of mitochondria.
Consequently, a reduction in the transmembrane potential
decreases the accumulation of these substances. Various
diagnostic agents (mainly dyes) are available for assessing
mitochondrial function in vitro. However, few diagnostic agents
are used for assessing mitochondria in vivo.

The search for new tools for assessing mitochondrial
function appears to be a pressing issue in modern
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DCM: dilated cardiomyopathy

HCM: hypertrophic cardiomyopathy

LV: left ventricular

MD: mitochondrial dysfunction

MPS: myocardial perfusion scintigraphy

RR: reverse redistribution

SPECT: single-photon emission computed tomography
WR: washout rate

cardiology and X-ray diagnosis. The monovalent lipophilic
cation technetium-99m methoxy isobutyl isonitrile (also
known as technetium (99mTc) sestamibi, or 99mTc-MIBI)
is a widely used diagnostic agent for myocardial perfusion
imaging. Unlike other in vivo diagnostic agents, this drug
accumulates in cardiomyocyte mitochondria based on
their membrane potential [5]. A decrease in mitochondrial
function in cardiomyocytes results in a decrease in
mitochondrial internal matrix potential, followed by an
increase in radiopharmaceutical clearance. Thus, accelerated
99mTc-MIBI washout suggests mitochondrial functional
abnormalities. In addition to 99mTc-MIBI, technetium
tetrofosmin (99mTc-TF) can be used.

The mechanism of accumulation of various diagnostic
agents in the myocardium is schematically depicted in
Figure 1.

Moreover, no reviews exist in the Russian-language
literature on the use of myocardial perfusion scintigraphy
(MPS) with 99mTc-MIBI to identify and characterize
mitochondrial dysfunction (MD, damage).

PURPOSE

To systematize experimental and clinical findings in the
examination and assessment of MD according to MPS and
conduct a meta-analysis of clinical studies on this topic.

LITERATURE SEARCH METHODS

The review was performed according to the Preferred
Reporting Iltems for Systematic Reviews and Meta-
Analyses protocol [6]. To analyze available data on MD in
cardiovascular diseases, a systematic literature search was
performed in PubMed, Scopus, Google Scholar, and eLibrary
databases using the following keywords, their combinations,
and English-language analogs: mitochondrial dysfunction,
99mTc-MIBI, 99mTc-TF, myocardial perfusion scintigraphy,
reverse redistribution, and washout rate (WR).

The search was performed from the database inception
until the middle of 2023 and included all studies published
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Fig. 1. Schematic depiction of the mechanism of the accumulation of various diagnostic agents in the cell and intercellular space.
20171997 thallium-201 or thallium-199; its uptake is determined by membrane integrity and normal functioning of the Na*/K* pump.
82Rb: rubidium-82; its uptake is also determined by the Na*/K* pump. 99mTc-MIBI/TF-based tracers: lipophilic cations that freely pass
through the mitochondrial membrane and are retained because of the transmembrane potential. Dobutamine stimulates f1 and 2
adrenergic receptors, increasing the intracellular calcium concentration and inotropic function of the heart. '®F-FDG: fluorodeoxyglucose
accumulates in the cell via the glucose transporter protein. *NH,: ammonium is accumulated via passive diffusion and active transport
of the Na*/K* pump. H,"°0: oxygen-15 labeled water readily diffuses into the cell, forming an equilibrium between the extracellular and
intracellular pools. Gadolinium is an extracellular diagnostic agent that is retained in the intercellular space.

up to that date. Further analysis included studies in
which MPS with 99mTc-MIBI or 99mTc-TF was used
to assess MD in various cardiovascular diseases. The
following articles were excluded: articles in which MD
was mentioned in the references, articles in languages
other than English and Russian, and articles examining
the washout of 99mTc-MIBI (or 99mTc-TF) in cancer
and other disorders not associated with cardiovascular
diseases. In total, 40 articles were selected based on
these criteria. These included 13 experimental studies,
24 original clinical studies, 2 clinical cases, and 1 review.
A meta-analysis was performed for case—control studies
using Jamovi v. 2.4.2 (The Jamovi Project, Australia) and
the expansion module MAJOR v. 1.2.1. During the meta-
analysis, a random-effects model was used to calculate
the mean difference.

EXPERIMENTAL STUDIES

The 99mTc-MIBI is used for noninvasive imaging of
myocardial perfusion. This radiopharmaceutical is currently
the most widely used diagnostic agent for MPS in Russia
and worldwide [7, 8]. A tracer enters the cell via the
cardiomyocyte sarcolemma and accumulates in negatively
charged mitochondria in proportion to the transmembrane
gradient [9]. In an experimental study on a culture of chicken
heart cells, electron microscopy and electron microprobe
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analysis revealed that approximately 90% of the drug binds
to the mitochondria as an energy-dependent free cationic
complex [10].

In an experimental study in which cardiomyocyte
cell cultures were exposed to various mitochondrial and
plasma membrane potential inhibitors, the drug primarily
accumulated in mitochondria and did not accumulate
in the cytoplasm, owing to the significantly higher
electrical potential of the mitochondrial membrane [9].
Further retention of the tracer depends on the membrane
potential, as demonstrated in an experiment using an
artificial respiratory chain uncoupler carbonyl cyanide
m-chlorophenyl hydrazone, which causes a rapid decrease
in 99mTc-MIBI concentration.

In an in vitro experiment on the subcellular fraction of
mitochondria, P. Crane et al. revealed that increasing the
concentration of calcium ions causes faster 99mTc-MIBI
washout from the mitochondria [11]. In ischemia models
with ischemic cardiomyocytes overloaded with calcium
ions, 99mTc-MIBI washout is a marker of mitochondrial
damage. In an ischemia—reperfusion model on isolated rat
hearts, K. Fukushima et al. [12] demonstrated that 99mTc-
MIBI washout increases during mild ischemia and is more
pronounced during severe ischemia.

Thus, accelerated 99mTc-MIBI washout from the
myocardium is associated with impaired mitochondrial
function and cardiomyocyte damage.

513


https://doi.org/10.17816/DD568668

514

SYSTEMATICAL REVIEWS AND META-ANALYSES Vol 4 (4) 2023 Digital Diagnostics
OF MD USING MYOCARDIAL PERFUSION
SCINTIGRAPHY

For the in vivo detection of MD, early and delayed
planar or tomographic perfusion imaging is used. Early
imaging is performed for 30 min [13] to 1 h [14] after a
radiopharmaceutical injection; delayed imaging is performed
for 3—4 h [15]. Typically, imaging is performed at rest. The
radiopharmaceutical dose is 370-470 MBq, which is similar
to the dose used for conventional MPS [16]. The MD visual
pattern is a defect in tracer uptake that occurs (or intensifies)
during delayed perfusion single-photon emission computed
tomography (SPECT) of the myocardium: the so-called
reverse redistribution (RR) of a radiopharmaceutical occurs.
Thus, a generally accepted technique is used to determine the
size of the perfusion defect.

The second parameter of MD assessment is the heart-
to-mediastinum ratio (HM). It is determined using the
average number of pulses in the area of interest (heart and
mediastinum, respectively) according to the anterior planar
scintigraphy images.

Moreover, the global clearance or WR of 99mTc-MIBI
was calculated as the ratio of radiotracer uptake in the
heart area on early and delayed planar scintigraphy images.
Some authors have used the number of pulses in the heart
area minus the number of pulses in the mediastinum [14].
Furthermore, some authors consider the half-life of 99mTc
(6.04 h) into account when determining WR. A few studies
have examined the 99mTc-MIBI WR by LV regions [18].

The normal values for people aged 50 + 13 years are as
follows:

« WR: 11% + 5%

+ Early HM: 3.5+ 0.3

+ Delayed HM: 3.1 £ 0.3 [14, 19]

The pathological pattern was accelerated 99mTc-MIBI
washout from the myocardium, similar to the study with
123I-metaiodobenzylguanidine (123I-MIBG, a marker of
cardiac sympathetic activity). The main clinical studies of
mitochondrial damage based on MPS with 99mTc-MIBI are
presented in Table 1.

MD ASSESSMENT IN CAD

Acute coronary syndrome (ACS)

RR and accelerated washout of 99mTc-MIBI are observed
in patients with ACS. Y. Takeishi et al. [20] quantified the
regional patterns of 99mTc-MIBI distribution in patients
with ACS 7 days after successful primary angioplasty.
In symptom-related artery areas, 68% of patients had
accelerated washout of the radiopharmaceutical, whereas
the remaining had stable perfusion defects. Coronary
angiography 1 month after ACS revealed patency of the
symptom-related artery in accelerated washout areas in
100% of cases. The pathological mobility of the myocardial
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60 min

240 min

Fig. 2. An example of the absence and presence of 99mTc-
MIBI reverse redistribution. Patient 1: female, 56 years old, CAD
(grade Il stable angina) secondary to nonobstructive coronary
atherosclerosis; CHF, NYHA class II; LV ejection fraction, 64%; end-
systolic volume, 42 mL; end-diastolic volume, 117 mL. Delayed
imaging (240 min) revealed no perfusion defects. Patient 2: male,
58 years old; CAD (grade Il stable angina); anterior descending
artery stenosis, 75%; right coronary artery stenosis, 70%; CHF,
NYHA class Il; LV ejection fraction, 65%; end-systolic volume,
39 mL; end-diastolic volume, 112 mL. Delayed imaging (240 min)
revealed perfusion defects (arrows) that were not detected during
early imaging (60 min). Images were obtained at the Research
Institute of Cardiology, Tomsk National Research Medical Center.

wall was less pronounced than that in patients with stable
defects (2.6 + 0.4 and —-3.4 + 0.6, respectively; P < 0.07).
The authors concluded that accelerated washout is a marker
of postischemic myocardial stunning and, a predictor of
myocardial contractility restoration within a month following
reperfusion.

S. Fujiwara et al. [21] sought to detect viable myocardium
in patients with ACS by identifying RR areas and accelerating
regional washout of 99mTc-MIBI. We assessed the functional
characteristics of myocardial segments with 99mTc-MIBI RR
in 30 patients after percutaneous coronary intervention for
acute myocardial infarction (AMI). The findings of myocardial
perfusion SPECT were compared with those of low-dose
dobutamine stress echocardiography: 5—-10 mg/(kg x min).

In this sample of 250 myocardial segments, 41% were in
the infarct-related artery zone, with only 22% demonstrating
accelerated radiopharmaceutical washout. Accelerated
washout was significantly more common in segments
in the infarct-related artery zone. According to stress
echocardiography findings, practically all RR segments (96%)
and only 70% of non-RR segments had impaired contractility
at rest. Dobutamine infusion improved contractility in 83%
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of initially dysfunctional RR segments and 54% of non-RR
segments. These findings suggest that accelerated 99mTc-
MIBI washout is linked to the reversibility of functional
myocardial contractility disorders. Early and delayed
myocardial perfusion SPECT with 99mTc-MIBI can provide
clinically valuable information on cardiomyocyte viability
following AML.

Accelerated 99mTc-MIBI washout was also observed in
patients with vasospastic angina [22]. S. Ono et al. performed
early and delayed myocardial perfusion SPECT with 99mTc-
MIBI at rest in 39 patients with vasospastic angina confirmed
by the ergometrine (ergonovine) test. Decreased uptake was
found in 32 cases (82%), either on delayed images or on
both early and delayed images. Furthermore, 23 (72%) of all
ergometrine-induced vasospastic areas showed decreased
uptake on delayed images. The tracer WR in the reduced
accumulation area was significantly higher than that in
the normal area, indicating a decline in the mitochondrial
membrane’s ability to retain MIBI. According to the authors,
delayed SPECT with 99mTc-MIBI at rest is a viable tool for
the diagnosis of coronary vasospastic angina.

In 2022, Y. Chen et al. [23] published a clinical case in
which an accelerated 99mTc-MIBI washout (up to 31%) was
observed in the anterior descending artery, with a spasm
detected via invasive angiography. Unlike other studies,
washout in this study was assessed by dynamic SPECT (using
a gamma camera with cadmium-zinc-telluride detectors)
from the radiopharmaceutical injection to the seventh minute.
Myocardial flow reserve in the anterior descending artery
was reduced to 1.26.

T. Kato et al. [24] performed total perfusion deficit
(TPD) analysis in 165 patients with ACS and found an
association between 99mTc-MIBI RR and cardiopulmonary
exercise test parameters. Ergospirometry revealed that
patients with a TPD difference of =4 had a significantly
lower anaerobic threshold than those without RR.
Furthermore, the difference in TPD between early and
delayed images, as well as the presence of diabetes
mellitus, were independent predictors of exercise
tolerance recovery during a 3-month follow-up.

A. Masuda et al. compared accelerated 99mTc-MIBI
washout with the findings of echocardiography and positron
emission tomography (PET) with 11C-acetate in 19 patients
with ACS (unstable angina, AMI with and without ST elevation).
PET with 11C-acetate enables noninvasive assessment of
myocardial oxidative metabolism [25] and myocardial blood
flow [26, 27]. The clearance of 11C-acetate is linked to Krebs
cycle activity in mitochondria, where acetate is converted to
acetyl-CoA and metabolized by acetyl-CoA synthetase-2
[28]. As a result, oxidative metabolism as measured by
PET with 11C-acetate could be linked to mitochondrial
function. Segments with accelerated 99mTc-MIBI washout
were associated with decreased oxidative metabolism in
the myocardium and impaired regional contractility. The
authors concluded that accelerated 99mTc-MIBI washout
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is associated with MD and may serve as a predictor of
myocardial contractility restoration in patients with ACS.

Stable CAD

The presence of balanced ischemia, which implies an
underestimation of the severity of the decrease in myocardial
perfusion during visual analysis of scintigraphy data, makes
identifying patients with stable CAD with multivessel CAD by
MPS challenging [29, 30]. This issue could be resolved with
quantitative blood flow assessment [31], determination of
transient ischemic dilatation and/or stunning, or 99mTc-MIBI
WR evaluation.

B. Du et al. investigated the 99mTc-MIBI WR in healthy
individuals and patients with three-vessel CAD and the
relationship with the clinician-administered dissociative
states scale, using invasive coronary angiography data, to
determine the potential use of this parameter in stratifying
CAD severity [18]. The 99mTc-MIBI WR was significantly
higher in patients with three-vessel CAD than in the
control group (21.1%+4.6% and 9.5%+4.9%, respectively,
P <0.001). A positive correlation was found between the
radiopharmaceutical WR and the severity index of coronary
artery obstructive lesions (2= 0.73, P =0.006). Furthermore,
the results of regional 99mTc-MIBI washout across vascular
territories are presented in this study. The authors proposed
incorporating delayed imaging into the protocol of routine
perfusion scintigraphy with 99mTc-MIBI at rest and using
WR as an additional indicator of balanced ischemia in three-
vessel CAD when suspiciously normal perfusion does not
match the clinical presentation.

M.0.M. Othman et al. [15] discovered that the global 9mTc-
MIBI WR positively correlated with the risk of cardiovascular
events as measured by the Framingham risk score and the
Duke treadmill score (r = 0.4 and r = 0.6, respectively), as
well as the risk as measured by MPS (r = 0.7). Moreover, WR
negatively correlated with LV ejection fraction (r = —0.4). The
authors concluded that the global 9mTc-MIBI WR can be used
to stratify patients with stable CAD into high (annual mortality
>3%) and low (annual mortality < 1%) risk groups [32].

Nonischemic CHF

The majority of studies assessing MD by MPS were
performed in patients with nonischemic CHF. In these studies,
99mTc-MIBI RR was assessed in isolated groups of patients
with dilated and hypertrophic cardiomyopathies, as well as
in mixed groups of patients with hypertrophic, hypertensive,
valvular, and toxic cardiomyopathy, cardiac sarcoidosis, and
Takotsubo cardiomyopathy.

S. Kumita et al. performed one of the first studies on
the use of 99mTc-MIBI WR as a marker of myocardial injury
in patients with CHF [33]. The following was observed in
25 patients with nonischemic cardiomyopathy compared with
the control group:

+ A significantly higher 99mTc-MIBI WR (39.6%+5.2%

and 31.2%z5.5%, P < 0.01).
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« Asignificant inverse correlation of WR with LV ejection
fraction (r = —0.61) and peak ejection rate (r = —0.47).

« A positive correlation with end-systolic (r = 0.45) and

end-diastolic (r = 0.48) LV volumes.

The authors concluded that this approach can be used to
evaluate LV damage and contractile dysfunction.

T. Sugiura et al. [34] investigated the association of
99mTc-MIBI WR with brain natriuretic peptide (BNP) levels
and the findings of myocardial scintigraphy with 123I-MIBG
in patients with dilated cardiomyopathy (DCM).

The 99mTc-MIBI WR was significantly higher in the
DCM group than in the control group. In the DCM group, WR
significantly correlated with the following:

+ BNP level (r=0.72, P < 0.0001): positive correlation

+ Indexed values of end-diastolic (r = 0.556, P < 0.01)

and end-systolic (r = 0.567; P < 0.01) volumes: positive
correlation

LV ejection fraction (r = =0.545, P < 0.01): negative

correlation

Furthermore, this study found a correlation (r = 0.603,
P <0.01) between the WRs of 99mTc-MIBI and 123I-MIBG.

Given that the 99mTc-MIBI WR correlates with well-
known predictors of the CHF course (BNP level and cardiac
scintigraphy with 123I-MIBG), the authors suggest that
99mTc-MIBI WRs can also be used for the prognosis and risk
stratification of patients with CHF. This is especially relevant
because 99mTc-MIBI is considerably cheaper, more readily
available, and more widely used radiopharmaceutical than
123I-MIBG, which requires radioactive iodine to be produced
in a cyclotron.

S. Matsuo et al. studied 61 patients and found an increase
in the 99mTc-MIBI WR in the nonischemic cardiomyopathy
group compared with the control group; however, no
abnormalities were found in the heart-to-mediastinum ratio
[35]. Furthermore, a correlation was found between 99mTc-
MIBI WR and the following:

+ BNP level (r=10.31)

+ End-systolic (r = 0.39) and end-diastolic (r = 0.49)

volumes

+ LV ejection fraction (r = 0.52)

« Peak LV filling velocity (r = 0.44)

According to the Kaplan—Meier analysis, WR >28%
was a predictor of CHF progression. M. Yamanaka et
al. [36] performed early (45 min) and delayed (4 h) MPS
with 99mTc-MIBI at rest and contrast-enhanced cardiac
magnetic resonance imaging in patients with clinical signs
of nonischemic cardiomyopathy. Myocardial segments with
normal radiopharmaceutical uptake during early imaging
and perfusion defects detected during delayed imaging
were significantly more frequently associated with delayed
contrast enhancement on magnetic resonance imaging.
This suggests impaired mitochondrial function in areas
with even minor fibrotic changes, as seen in the early
stages of cardiomyopathy. The authors advocate delayed
scintigraphy for the early detection of myocardial injury in
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cardiomyopathies because it is straightforward and easy to
perform and does not involve the additional administration of
radiopharmaceuticals.

K. Takehana et al. [37] studied 20 patients with DCM
(LV end-systolic volume, 177478 mL; LV ejection fraction,
28.2%+12.4%). Three subgroups of myocardial segments
were identified according to early (after 1 h) and delayed (after
3 h) MPS: with accelerated, normal, and delayed washout.
Systolic thickening and systolic motion of the LV wall were
significantly decreased in the accelerated washout group
compared with the other two groups, where no significant
differences were observed. A strong negative correlation
was found between LV ejection fraction and the number of
segments with accelerated washout (r = —0.65, P < 0.01) and
global 99mTc-MIBI WR. Because 99mTc-MIBI WR is linked to
mitochondrial membrane dysfunction, accelerated washout
of radiopharmaceuticals may suggest that MD plays a major
role in the pathogenesis of DCM.

M.K. Shiroodi et al. [38] reported similar findings when
they investigated the relationship between the WR of
radiopharmaceuticals, NYHA functional class of CHF, and
LV functional parameters according to myocardial perfusion
SPECT synchronized with the echocardiogram. A significant
(P < 0.05) correlation was found between 99mTc-MIBI WR
and the following:

« End-diastolic (r?= 0.216) and end-systolic (r?= 0.23)

volumes: positive correlation

« LV wall kinesis (r?= 0.54): positive correlation

« LV ejection fraction (r?= 0.679): negative correlation

The authors concluded that this method is essential in
determining the degree of myocardial injury, particularly in
patients with idiopathic DCM, because the 99mTc-MIBI WR
increased significantly as the functional class of CHF increased.

D. Hayashi et al. performed an intriguing study in terms
of the methodology used [14]. They performed 99mTc-MIBI
WR assessment, dobutamine stress echocardiography,
and endomyocardial biopsy with quantitative analysis of
mitochondrial RNA (mRNA) expression and mitochondrial
microstructure analysis by electron microscopy in 20 patients
with DCM. These patients showed a significant correlation of
the 99mTc-MIBI WR with changes in the rate of increase in
LV pressure with increasing dobutamine doses and severity
of mitochondrial damage, in accordance with the severity of
crista degeneration (r = 0.88; P = 0.048) and the presence of
glycogen-positive zones (r = 0.90; P = 0.044) according to
electron microscopy. Patients with accelerated 99mTc-MIBI
washout (>24.3%) had higher rates of LV pressure increase
than those with 99mTc-MIBI WR below the predefined
threshold value. The mRNA level for mitochondrial electron
transport enzymes was significantly reduced in the subgroup
of patients with accelerated 99mTc-MIBI washout. To our
knowledge, this is the first study to show a link between
accelerated 99mTc-MIBI washout and decreased mRNA
expression and impaired mitochondrial microstructure in
patients with DCM.
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Hypertrophic cardiomyopathy (HCM)

The characteristics of 99mTc-MIBI WR have been studied
in patients with HCM [39—42]. This pathology is characterized
by primary damage to the cardiomyocyte mitochondria
caused by genetic factors.

M. Sun et al. [41] examined 15 patients with HCM and
discovered that the 99mTc-MIBI WR was significantly
higher in this group than in the control group. The authors
also discovered a link between WR and maximum LV wall
thickness in the HCM group. Accelerated 99mTc-MIBI
washout in the HCM group may be due to mitochondrial DNA
mutations.

S. Isobe et al. [42] identified two subgroups of patients
with HCM: those with accelerated (22.5%) and normal
(<22.5%) washout of 99mTc-MIBI. The authors also
performed direct pressure measurements in both ventricles
and echocardiography with atrial electrical stimulation. The
99mTc-MIBI WR showed a significant positive correlation
with peak and basal LV pressure (r=0.63, P <0.005; r = 0.67,
P < 0.0005, respectively) and BNP level (r = 0.57, P < 0.005).
A negative correlation was found between the WR and the
rate of increase in LV pressure (r = —0.63, P < 0.005). The LV
wall thickness and the ratio of the transmitral flow velocity
to the mitral annular velocity were significantly higher in
the group with accelerated 99mTc-MIBI washout than in the
group without it. For the first time, this study showed a link
between stress-induced changes in central hemodynamics
and 99mTc-MIBI washout parameters in patients with HCM.
The authors underlined the potential use of this method for
noninvasive assessment of the severity of hemodynamic
abnormalities and prognosis in these patients.

Cardiac sarcoidosis

M. Sarai et al. demonstrated that the 99mTc-MIBI WR
can be used for the functional assessment of the heart in
cardiac sarcoidosis during steroid therapy [43]. Specifically,
guantitative 99mTc-MIBI WR assessment (based on the
difference in the number of pulses between early and delayed
imaging) was superior to visual assessment of regional
washout in predicting the restoration of LV diastolic function
in sarcoidosis. Thus, visual analysis revealed no significant
differences in the size of the perfusion defect before and after
6 months of therapy, whereas quantitative analysis revealed a
significant decrease in the WR of radiopharmaceuticals after
therapy (25% + 5% vs. 17% + 5%, respectively, P <0.0001).
The authors discovered a link between changes in WR and
LV diastolic function restoration during long-term steroid
therapy.

In 2022, M. Suzuki et al. [44] described more pronounced
changes in the size of perfusion defects during delayed
imaging with 99mTc-MIBI in patients with sarcoidosis
compared with patients without it (3.0 [-1.0 to 5.0] vs. 0.0
[-0.5 to 1.0], P=0.010). Furthermore, according to early and
delayed PET findings, patients with sarcoidosis had a more
pronounced decrease in 18F-fluorodeoxyglucose uptake
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than patients without sarcoidosis. These findings show that
metabolic disorders reduce the ability of the myocardium to
retain the tracer.

Systemic mitochondrial heart disease

A few studies have reported accelerated 99mTc-MIBI
washout in patients with mitochondrial encephalomyopathy, with
a simultaneous increase in 123I-phenyl-methyl-pentadecanoic
acid (1231-BMIPP, an analog of free fatty acids) uptake,
indicating an imbalance in the energy state of cardiomyocytes
[45], including genetic damage to mitochondrial DNA [46].

M. lkawa et al. [19] used cardiac scintigraphy with
99mTc-MIBI and 1231-BMIPP to assess damage to the
mitochondrial respiratory chain in patients with a primary
mitochondrial DNA mutation. The authors present the
findings for five patients. Pronounced involvement of the
heart muscle in the pathological process was associated with
significantly decreased 99mTc-MIBI uptake and accelerated
washout, in combination with increased 123|-BMIPP
(perfusion—-metabolism mismatch). The authors explain the
first phenomenon by impaired mitochondrial transmembrane
potential and the second by high blood triglyceride levels. As
a result, detecting a perfusion—-metabolism mismatch can be
used to determine the severity of mitochondrial respiratory
chain disruption. An important aspect of this study was the
increased 1231-BMIPP uptake in the myocardium in contrast
to hypertrophic and congestive heart failure, which can be
used to differentiate primary mitochondrial DNA mutation
from other types of cardiomyopathies.

Heart transplantation

E.V. Migunova et al. [47] discovered that accelerated tracer
washout in patients who had undergone heart transplantation
is associated with histochemical signs of mild acute rejection,
such as localized perivascular and interstitial mononuclear
cell infiltrates. The authors concluded that calculating the
radiopharmaceutical WR allows the identification of segments
with impaired mitochondrial function, which can aid clinicians
in the differential diagnosis of a transplanted heart rejection
crisis with CAD.

META-ANALYSIS FINDINGS

The hypothesis that WR in the pathology group was
significantly higher than that in the control group was tested
during the meta-analysis. Six case—control studies were
selected for the meta-analysis [18, 33, 34, 38, 41, 46]. The
results are presented in Fig. 3.

PERSPECTIVES AND LIMITATIONS
OF THE PROPOSED METHOD

The 99mTc-MIBI washout assessment method is
applicable to areas of cardiology not covered in this review.
For example, it appears promising to assess MD in patients
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Fig. 3. Meta-analysis findings (k=6 studies). The mean differences ranged from 5.3000 to 14.9900; most estimates were positive (100%).
The mean difference based on the random-effects model was 9.5771 (95% confidence interval: 6.6001-12.5540); the mean result was

significantly different from zero (z = 6.3053; P < 0.0001).

with preserved CHF (HFpEF) and reduced LV ejection fraction
and assess cardiotoxicity when using doxorubicin-based
drugs.

An experimental study on isolated rat hearts revealed
that adding doxorubicin to the perfusion mixture decreased
99mTc-MIBI uptake, and increasing the doxorubicin
concentration caused a dose-dependent progressive decrease
in radiopharmaceutical uptake. Furthermore, the ability of
the myocardium to retain 99mTc-MIBI was compromised
after 5 min of doxorubicin infusion, and not only was the
administered dose lost, but the tracer that had previously
entered the heart was washed out to the baseline level [48]. In
continuation of the experiment, in vivo studies were performed
14 days after the intraperitoneal injection of doxorubicin
in rats. It was found that increasing the doxorubicin dose
resulted in a significant decrease in 99mTc-MIBI uptake (from
2.3% + 0.3% to 0.9% + 0.2% of the injected dose/g when using
doxorubicin at a dose of 10 mg/kg, P < 0.05). Doxorubicin
10 mg/kg induced a threefold increase in the number of visibly
damaged mitochondria per field of view.
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In Russia, patients with HFpEF account for 53% of the
CHF population, whereas in Europe and the United States,
they account for 51%-63%. The phenotypic diversity of HFpEF
is associated with several risk factors that activate one or
more pathophysiological mechanisms, including MD. The
identification of patients with HFpEF and accelerated 99mTc-
MIBI washout may contribute to better risk stratification in
this cohort [49]. Furthermore, the proposed method can be
used to assess the efficacy of potential CHF therapies and
predict the efficacy of cardiac resynchronization therapy and
the use of cardioverter defibrillators.

Despite the fundamental and clinical findings presented
in the review, studies of 99mTc-MIBI WR are limited. The
analyzed literature contained no systematic reviews or
meta-analyses. Furthermore, no randomized studies have
used 99mTc-MIBI washout to guide treatment. This is most
likely due to factors affecting washout parameters, such
as patient age, sex, and underlying pathology. The data
collection protocol and methods for determining 99mTc-MIBI
WR are not standardized. The threshold values for normal
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and pathological clearance of this radiopharmaceutical
have not been determined. This primarily applies to normal
clearance values (Table 1), which are highly variable. The
formulas used to calculate the WR vary: some studies apply
an adjustment to the half-life of 99mTc and/or consider the
scintillation count in the mediastinum, whereas others do
not. Most studies used small patient samples. Only one study
found a link between radiological findings that characterize
MD and organelle microscopy data [14].

CONCLUSION

The reverse redistribution of 99mTc-MIBI and its
accelerated washout represent a universal nonspecific
scintigraphy pattern of myocardial injury caused by MD.
According to the literature review, the most extensive evidence
base for the use of this method has been accumulated for
nonischemic CHF.

In vivo studies have demonstrated a link between the
accelerated 99mTc-MIBI washout and the following:

» Findings of mitochondrial microscopy and myocardial

histological examination

» LV contractility and hemodynamics

+ Natriuretic peptide levels

« Exercise tolerance

» Severity of coronary atherosclerosis
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MarHuTtHo-pe3oHaHCcHas ToMorpadus

B AuddepeHUManbHOW ANArHOCTUKE NepBUYHBIX
BHEMO3roBbIX Onyxonei: 063o0p paguoMmUyecKux
ccnepoBaHUU

A.B. Kanuwnunkos', E.H. Cyposues'?
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2 NleyebHO-AMArHOCTUHECKNIA LIEHTP MexayHapoHOro MHCTUTYTa Bronoryeckux cuctem menn Cepres bepeanna, TonbatTn, Poccuiickas ®enepauns

AHHOTALIMA

06ocHoBaHMe. AHanM3 faHHbIX MarHUTHO-PE30HaHCHOM ToMorpadum SBNAETCA OCHOBHLIM METOAOM AN NPeAonepaLoHHO
b depeHUManbHoN AMarHOCTUKM NePBUYHBIX BHEMO3roBbIX onyxoneit. OAHaKo TOYHOE MX pasrpaHuyeHmMe TOSIbKO Ha OCHOBE
BM3YaJIbHOW OLLEHKM 3TUX LaHHBIX MOXET ObITb 3aTPyAHUTENBHO.

PagnoMuKa — 3T0 KONMYECTBEHHBIN MOAXO[, K aHanK3y AaHHbIX MeAULIMHCKUX M306paeHuid, N03BONSIOLLMIA BbISIBUTb B3aU-
MOCBS3b [aHHbIX BU3yanu3auuu ¢ GeHOTUNMYECKUMM U FEHOTUMMYECKUMU 0COBEHHOCTAMM ONYXOen.

PaHee B psage aHanuTU4ecknx nybnmkauuii npoBoaMnoch 0606LeHe pesynbTaToB MCCIeL0BaHWM, NOCBALLEHHBIX andde-
PeHUManbHON AMarHOCTUKE MEPBUYHBIX BHEMO3rOBbIX OMYXOSEM Ha OCHOBE MPUHLMMOB PafMOMMKMW. BbicTpoe HakonneHue
HOBBIX K/IMHUYECKUX MPUMEPOB U yBENMUEHME KONMYeCcTBa UCCef0BaHMA No AaHHoOK npobneme obycnaenmsaloT Heobxoam-
MOCTb MX AaNbHENLLIEero aHanm3a u cucTeMaTm3aumi, YTo 1 NOCIYXUN0 OCHOBAHWEM AfS BbINOHEHUs HacTosLel paboThl.
Llenb — cuctemMaTuanpoBaTh CyLIeCTBYIOLIME JaHHbIE O BO3MOXHOCTAX PagMOMUKK Ans auddepeHUmManbHoM AMarHoCTUKK
MepBUYHBIX BHEMO3rOBbIX OMYXO/EN.

Marepuansl U Metoabl. [lpoBefeHbl NOUCK W aHaNW3 NyBNAMKaLMIA Ha PYCCKOM W aHINIMACKOM A3blKax 3a Noc/efHue NsTb
ner. Mouck ocywectsnsnca B cuctemax PubMed/Medline, Google Scholar u eLibrary. B okoHuaTenbHbIi aHanu3 BKIOYEHO
19 nybnmnkaumi, kacarowmxcs auddepeHUManbHoN AMArHOCTUKM NEPBUYHBIX BHEMO3IOBbIX OMYX0/€e, B KOTOPbIX 6blan npu-
BeeHbl paAvMoMMYecKue NpU3HaKK, UCMOMb30BaHHbIE Ans AuddepeHLManbHoN AMarHoCTUKY HOBOObpa3oBaHMid.
Pe3synbtathl. Bo Bcex uccnegoBaHusx 6bi1o NoKasaHo Hanmume B3aUMOCBA3W MEXAY PafMOMUYECKVUMM napaMeTpamu (Tek-
CTYPHBIMW U TUCTOrPaMMHBIMM) M TUNOM onyxonn. IddeKTUBHOCTb anddepeHLManbHOM AUarHOCTUKM ONyXonen pagmoMuye-
CKUMM MoJensiMu npeBocxoamna 3QQeKTUBHOCTb KiaccubMKaLmm HOBOOOPa30BaHWIA PEHTTEHOMOraMy.

Hanbonee yacTo ncnonb3oBanuchb ClepyroLmMe anropuTMel As CO3aHUA MaTeMaTMYeCHKUX MoAeNnelt KnaccuduKaumm ony-
X0nen Ha 0CHOBE PaMOMMYECKMX MapaMeTpOB: METOZ, OMOPHbIX BEKTOPOB, NOMUCTUYECKAs perpeccus, cnyyaiHblii nec. Meto-
Abl OMOPHbLIX BEKTOPOB M JIOMUCTUYECKON perpeccun NpoLeMOHCTPUPOBanK Niyyiume 1 bonee cTabunbHble pe3ynbTathbl.
3akuitoyeHme. Mcnonb3oBaHue KOHLENUUW PaMOMUKK NOKa3biBaeT MHOroobellaoLime pesynbTaTthl B AuddepeHumanbHom
LMarHoCTUKe MepBUMYHBIX BHEMO3roBbIX Onyxonei. [lanbHeillee pa3BuUTMe 3TOTO HampaBneHus TpebyeT cTaHAapTM3aLuu
KaK MEeTO/10B CEerMeHTaLyu, Tak 1 Habopa npM3HaKoB, a Takke IPHeKTUBHOrO MeTola MaTeEMaTUYECKOr0 MOZLENIMPOBaHMUS.

KnioueBble cnoBa: nepBuMyHble BHEMO3roBble 0MyX0Jn; MarHUTHO-PE30HAHCHAaA TOMOFpaCbVIFI; MEHWHTUOMBbI; PaAUOMUKa;
VIHCI)OpMaLWIOHHbIe TeXHOJI0rnn.
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Magnetic resonance imaging for the differential
diagnosis of primary extra-axial brain tumors:
a review of radiomic studies
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ABSTRACT

BACKGROUND: The analysis of magnetic resonance imaging data is considered the main method for the preoperative differential
diagnosis of primary extra-axial tumors. However, the exact distinction of different primary extra-axial tumors based only on
visual rating can be challenging. Radiomics is a quantitative method of analyzing medical image data, which allows us to
understand and observe the connection between visual data and phenotypic and genotypic features of tumors. Earlier, several
publications presented generalized results of research aimed at the differential diagnosis of primary extra-axial tumors based
on the principles of radiomics. Fast accumulation of new clinical cases and increasing of the amounts of research on these
cases demonstrate the need for their further analysis and systematization, which has led to this review.

AIM: To conduct a systematic analysis of existing data on radiomics potential for the differential diagnosis of primary extra-
axial tumors.

MATERIALS AND METHODS: The search for publications over the past 5 years in Russian and English was conducted in
PubMed/Medline, Google Scholar, and eLibrary databases. The final analysis included 19 papers on the differential diagnosis
of extra-axial tumors. The included publications provided radiomic features used for the differential diagnosis of neoplasms.
RESULTS: All studies demonstrated the existence of a connection between radiomic parameters (textural and histogram) and
tumor type. The effectiveness of tumor differential diagnostics with radiomic models exceeded the neoplasm classification
made by radiologists. The most frequently used algorithms for creating mathematical models of tumor classification based on
radiomic parameters were the reference vector method, logistic regression, and random forest.

CONCLUSION: The use of the radiomic concept shows promising results in the differential diagnosis of primary extra-axial
tumors. Further development in this area demands the standardization of both the segmentation method and the set of features
and an effective method of mathematics modeling.

Keywords: primary extra-axial brain tumors; magnetic resonance imaging; meningiomas; radiomics; information technology.
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BACKGROUND

Preoperative differential diagnosis of primary extra-axial
brain tumors (PEABTS) is based on the analysis of magnetic
resonance imaging (MRI) semiotics, which most commonly
includes a standard set of weighted images (WI), such as
T2-WI, T1-WI, FLAIR, diffusion-weighted imaging (DWI), and
contrast-enhanced T1-WI (T1-CE) [1-3].

PEABTSs include both benign and malignant neoplasms of
the meninges (meningiomas and mesenchymal tumors) and
cranial nerves (neurinomas) [4].

The MRI semiotics of PEABTSs have been studied in detail
and described in established guidelines; however, atypical
MRI patterns can complicate the differential diagnosis of
tumors based on visual assessment alone [5,6]. Incorrect
tumor type determination can result in incorrect treatment
[1,2,7,8]. The most common difficulties are differentiating
meningiomas of various grades, distinguishing solitary
fibrous tumors from meningiomas, and localizing PEABTSs in
cerebellopontine angles [9-12].

Radiomics is a quantitative approach to medical image
analysis and aims to identify the relationship between the
digital characteristics of a diagnostic image and phenotypic
and genotypic characteristics of a tumor [13].

Radiomics involves extracting quantitative features from
images to provide an objective description of an imaging
phenotype and determine the relationship between radiomic
and genetic, molecular, and clinical features of tumors [14]. To
extract quantitative parameters from images, morphometric,
histogram, and texture analysis of segmented areas of
interest is performed. Histogram and texture features reflect
structural features not detectable visually [15]. In radiomics
studies, various mathematical modeling and deep learning
methods are used. The resulting differential diagnostic and

Original
image

Segmentation

Vol. 4 (4) 2023
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prognostic models should be validated using an independent
sample. Radiomics may be a powerful tool in clinical
decision-making [16]. Figure 1 shows the steps of radiomic
analysis.

Some analytical publications have summarized previous
studies on radiomics-based differential diagnosis of PEABTs
[13, 17]. The rapid accumulation of new clinical cases and
increase in the number of studies related to this problem
require further analysis and systematization, and thus, is the
basis of the present study.

MATERIALS AND METHODS

A systematic review for the last 5 years was conducted
according to PRISMA (Preferred Reporting ltems for
Systematic Reviews and Meta-Analyses Protocols, 2009).

PubMed/MEDLINE, Google Scholar, and eLibrary
databases were searched for scientific articles from the last
5 years using the following keywords: MRI, meningioma,
neuroma, schwannoma, solitary fibrous tumor, radiomics,
texture, MPT, MeHMHIMOMa, HEBPUHOMA, LUBAHHOMA, COSU-
TapHas ¢p1bpo3Has onyxosb, PaAMOMMKA, TEKCTYpa.

Articles with abstracts unrelated to the differential
diagnosis of PEABTs were excluded, as well as those without
a description in text of radiomic features in the differential
diagnosis of tumors.

Finally, 19 publications were included in the review.
Figure 2 shows the design of the current study.

Estimated parameters

As part of the systematic review, the following parameters
were assessed in the selection of publications:

« Diagnostic task

+ Number of patients

Model validation

Sensiuty

Morphometry

Fig. 1. Radiomic analysis stages.

Histogram analysis Texture analysis ‘
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Fig. 2. Research design.

+ Method of tumor segmentation

« Wl types

« Significant differential diagnostic features

+ Mathematical models used

» Validating the mathematical models used to classify
tumors

This review included data from original clinical trials.

RESULTS

Several studies have investigated the effectiveness
of radiomic features of MRI images in the differential
diagnosis of PEABTS. In total, 121 studies published in the
last 5 years were found in PubMed/MEDLINE and Google
Scholar for the search query “meningioma or neuroma
or schwannoma or solitary fibrous tumor) + (texture or
radiomic) + MRL." For queries with different combinations
of the words “MRI, meningioma, neuroma, schwannoma,
solitary fibrous tumor, radiomics, and texture,” only one
publication was found in eLibrary. After analyzing the
publications, 19 articles in English and Russian were
included in the review.

Table 1 shows the characteristics of the selected articles
according to research design.

DOl https://doiorg/10.17816/DBD569149
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= database search
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s Analysis of publication abstracts Excluded publications
(%)
= n=122 n=99
(72]
Excluded publications that were not related to
- the differential diagnosis of primary extra-axial
M .
brain tumors
1
=
E Content analysis of publications Excluded publications
g n=23 n:[|,
[FT]
Publications that did not contain data on
— radiomic signs used for the differential
) diagnosis of tumors were excluded.
5 Studies included in the systematic
g review
= n=19
-

DISCUSSION
Differential diagnosis

Twelve studies were found to have investigated the
differential diagnosis of benign and malignant meningiomas.
The differential diagnosis of meningiomas and solitary fibrous
tumors was evaluated in four studies, and the differentiation
between meningioma and hemangioma/craniopharyngioma/
neurinoma was examined in one study.

Most studies have discussed a “binary” classification
between two types of PEABTs [18,19,22-32,34,35]. Given
the similar semiotics of all PEABTs, models capable of
performing multiclass rather than binary classification
between two prespecified tumor types have an advantage for
clinical use. However, only four studies have distinguished
between three or more types of PEABTs [20,21,33,36].

Comparison of the effectiveness of tumor
classification by visual assessment and models
based on mri semiotics or radiomic parameters
Two studies have compared the effectiveness of tumor
classification between radiologists and radiomics models
[20,30]. In these studies, the tumor type was determined by
a radiologist based on the MRI image, without mathematical
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modeling based on visual features. The use of radiomics
models was advantageous, with an accuracy of 10%—17%.

Five studies have compared the accuracy of tumor
classification between models based on MRI semiotics and
radiomics features [20,23,32,33,36]. In these studies, the
visual semiotic features were systematized and stratified.
Based on these features, mathematical models may be
developed.

The use of mathematical semiotic models for tumor
classification may be more advantageous over the
radiologist’s opinion because a radiologist’s differential
diagnosis is largely based on experience and subjective.
Moreover, systematizing and integrating the evaluation of
MRI semiotic features increases their information value.

Differentiating tumors using models based on radiomic
parameters was significantly superior to classifying tumors
by radiologists, and their information value was higher than
that of semiotic models.

The most valuable studies are those that compare the
information value of radiomics models with the results of
visual assessment of MRI semiotics. Furthermore, the ability
to automate image analysis for computer decision support
systems remains an advantage of the radiomics approach.

Patient sample size and model validation

Most studies have included relatively small numbers of
patients:

» <100 patients: 6 publications [19,24,27,30,35,36],

+ 100-200 patients: 7 publications [18,20-22,28,31,34],

» 200-300 patients: 4 publications [25,29,32,33],

+ >300 patients: 2 publications [23,26].

Larger samples are typical for differential diagnosis
studies of meningiomas. The small sample size may be
because of the unequal prevalence of the different types of
PEABTs. Most PEABTs (> 80%) are benign meningiomas, and
other tumors are rare [4], making it challenging to select a
large patient population.

Validation was completed in 84.2% of the trials. In most
studies, the validated group comprised approximately one-
third of the total enrolled patients. Note that the clinical
significance of differential diagnostic models is reduced by
the lack of testing of model performance on the validation
set.

Tumor segmentation

Segmenting the tumor is the first and fundamental
step in radiomics analysis [14]. To avoid distortion of
radiomic features and ensure reproducibility of results,
the segmentation technique should accurately distinguish
neoplastic tissue from brain matter and peripheral edema.

Most PEABTSs are characterized by a marked increase in
MRI signal intensity on T1-WI after contrast administration,
whereas the isointense and hypointense MRI signals of
adjacent structures are preserved [9]. This feature is the
basis for the sharp difference in brightness between the
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contrasted tumor and adjacent structures and accuracy of
tumor margin visualization. Most studies included in the
review (63.2%) have performed segmentation specifically on
contrast-enhanced T1-WI [18,21-28,30,33,36].

The segmentation method affects the final simulation
result. The automatic and semiautomatic methods have
a higher reproducibility than the manual methods in the
determination of tumor boundaries [37]. In the presented
studies, less preferred manual segmentation was most
common [18-20,22,23,27-29,31-33]. Only five studies have
used automated or semiautomated methods [18,19,26,27,36].

Significant radiomic features

A feature of radiomics studies is the presence of a
sufficiently large initial set of parameters, and the most
informative parameters are selected to solve the problem.
Histogram and texture parameters of tumors are the most
informative radiomic features for the differential diagnosis
of PEABTs.

The power of radiomics models for the differential
diagnosis of PEABTSs is increased by expanding the set of
radiomic parameters to include different WI types. Seven
studies have compared models based on the radiomic
parameters of one WI type with models that included the
features of different Wl types [19,25,28,29,31-33]. In six of
these studies, the advantage of the latter was demonstrated
based on a comparison of the information values of the tests
[19,25,29,31-33]. One study has revealed the poor results of
weight combination models [28].

In comparing the two combined models, Hu et al. [26]
have shown that a model containing an extended spectrum of
weights (T2-WI, T1-WI, T1-CE, apparent diffusion coefficient
[ADC] map, susceptibility weighted imaging [SWI]) was slightly
superior to a model based on T2-WI, T1-WI, and T1-CE.

The advantage of models using several types of weights
is their ability to reflect different aspects of the tumor. For
example, T2-WI and T1-WI reflect the degree of hydration
(amount of fluid) in the tumor, T1-CE reflects the permeability
of the blood-brain barrier, DWI and ADC reflect the cellularity
of the tumor, and SWI is sensitive to hemorrhage and
fossilization. Therefore, integrating the parameters within
the model allows a more complete representation of the
morphological characteristics and better results.

The shape parameter values were limited. The information
value of these parameters was evaluated in ten studies [21-
23,26-28,31-33,35]. Shape parameters were informative
in studies that have performed modeling based on one WI
type [21-23,27,28,35]. Three studies [31-33] have shown
that shape parameters are uninformative when constructing
models that include multiple WI types. In a study by Hu et al.
[26], shape parameters were informative and were included
in the modeling; however, their proportion was not large
compared with that of histogram and texture parameters (the
model included 17 histogram and texture parameters and 3
morphometric parameters).
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Mathematical modeling methods

In the presented studies, various mathematical modeling
methods were used to create models. The most common
algorithms were as follows:

« Support vector machine

[18,21,22,25,28,30,32,33,35],

+ Logistic regression (LR): 10 studies [19,24,27-29,31-

35],

+ Random forest (RF): é studies [18,23,26,28,33,35].

Three studies [18,28,33] have analyzed the results of
tumor classification using models based on these methods
and showed conflicting results. In a study by Park et al. [18]
(RF and SVM) and in another by Wei et al. [33] (LR, RF, SVM),
the methods showed a comparable level of information
value. However, in a study by Han et al. [28], the results
varied significantly according to the modeling technique (one
of the information value parameters of the test, area under
the curve (AUC), varied from 0.628 to 0.922), whereas the
SVM showed more stable results.

Among all modeling methods, the best information value
parameters were demonstrated by LR [27] and SVM [35],
wherein the AUC was 0.95.

(SVM): 9 studies

CONCLUSION

The use of radiomics approach shows promising results
in the differential diagnosis of PEABTSs. Additionally, clinical
practice implementation requires greater methodological
rigor in the conduct of radiomics studies, including mandatory
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CoBpeMeHHbIW B3rnap Ha OCHOBHbIe acneKTbl
NOAroToBKM nauueHToB ¢ aAuddepeHuUpOBaHHbIM
paKoM LUTOBUAHOM Xene3bl K paauouoaTepanmu:
Hay4HbIW 0630p

M.B. Peitnbepr, K.10. Cnawyk, A.A. TpyxuH, K.W. ABpamosa, M.C. LLiepemeta

HaumoHanbHbIA MeaMLIMHCKMIA CCNeLoBaTeNIbCKUI LEHTP 3HAOKpUHONOrM, MockBa, Poccuiickas ®eaepaums

AHHOTALIMA

PaK WMTOBULHON Mene3bl — Haubonee pacnpocTpaHEHHas OMyXoflb SHAOKPUHHOM cucTeMBI, cocTaBnsiowas 1-3% Bcex
3/710Ka4ecTBEHHbIX HOBOOBpa3oBaHuin (No cocTosiHMio Ha 2021 rog). B 90% cnyyaes BbisenatT anddepeHumpoBaHHble dop-
Mbl — MaNUINAPHbIA U QONAMKYNAPHBIA BapUaHTl — obnafatolume 0THOCUTENbHO 6naronpuATHBIM MPOrHO30M.
KoMbuHaums xvpyprudeckoro fedeHms 1 nocnefyoLLei CynpeccuBHOM ropMOHabHOW Tepanuu, paguoioarepaniu, obecne-
YMBaKOT BNAroNpPUATHBIA NPOrHO3 Y NAUMEHTOB C BbICOKOAU(hEPEHUMPOBAHHBIM PAKOM LLMTOBUAHOM Jenesbl. TeM He MeHee
COXpaHSIeTCs BEPOSATHOCTb HELOCTaTOHHOr0 0TBETA Ha PajMOMOLTEPaNMIo, YTO MOXKET BbITb aCCOLMMPOBAHO CO MHOTUMU (aK-
TOpaMW, BK/IKOYas 3Tan NOArOTOBKU K e€ NpoBeAeHMIo. Ha cerofHsLIHUA ieHb COXpaHSAeTCA aKTyanbHbIM BOMPOC 0 Bbibope
ONTMMasbHOr0 MeToAa NOArOTOBKM NaLMeHTa K Tepanuu pagnMoaKTUBHBIM HOL0M.

B nybaukaumv npeacTaBneH 063op Hay4yHOM UTepaTypbl, NOCBSALLEHHON acneKTaM NOAroTOBKM MauMeHTa ¢ Bblcokoaudde-
PEHLMPOBaHHBIM PaKOM LLMTOBMIHOM JKemesbl K NpOoBefeHUI0 Tepanuu pagmoakTuBHbIM ogoM. OcBelleHbl U 0606LLeHbI
MPUHLMNBI MOATOTOBKM NaLMEHTOB HA OCHOBaHUM PEKOMEHJALMIA BEAYLLMX 3KCMEPTHbIX CO0BLUECTB U MybAMKaLmiA No faH-
HOI TeMe, MPUHATBI BO BHUMaHWE HeXenatesbHble ABJIEHUSA, acCOLMMPOBAHHbIE C pagMoiiofTepanuen, KauecTBO XU3HU Na-
LMEHTOB, 3DMEKTUBHOCTL U OTAANEHHBIE PE3YNbTaThl IeYeHHS.

OcHoBHas Lenb 0630pa — COCTaBUTL LIEIOCTHOE NpeACTaBAeHUe 0 MeToAax NOATOTOBKU MauMeHTa ¢ BbiCOKoAMbdepeHuu-
POBaHHLIM PaKOM LLMTOBUAHOM Xene3bl K NPOBeEHUI0 PaAMONOATepanim, 0CBETUTb CYLLECTBYIOLLME NPOBneMbl U nepcneK-
TUBHbIE HaMpaBNeHWs UCCNeA0BaHNM C Liefbi0 MOAEPHU3aLWM JIeYeHUs B CTOPOHY NMePCOHaNn3VUpoBaHHOW Tepaniy.

Bbin npoBefieH NOMCK HayyHbIX CTaTel U 0030poB, ONyONMKOBaHHLIX [0 KOHUA sHBapsA 2023 roaa, B 6asax faHHbIX National
Library of Medicine, The Cochrane Library u Google Scholar no cneayowwmm KnoueBbIM coBaM: NOArOTOBKa K paauoiioaTe-
panuu, TMpeoTPONUH anbga, 0TMEHa TMPEOMIHBIX FOPMOHOB, N0DOYHbIE IDDEKTHI, HOA-0rpaHNUEHHas AMETA, CUAN0aLEHHT,
MEePBUYHBIN TUNOTUPEO03, KA4ECTBO HW3HW, TUPEOULIKTOMMS, ANdDEpeHLIMPOBaHHbINA PaK LUMTOBUAHOM xene3bl, 3heKTnB-
HOCTb paguoiioaTepanuu — B WUX PasfnyHbIX KOMBuHaumsX. Mcnonb3oBanucb peKoMeHAaLMW no BhICOKOANDdepeHLmMpo-
BaHHOMY paKy LUMTOBWIHOM }enesbl CNeaylLwWwmux HayyHbix cooblects: Poccuiickue KIMHUYECKUE PEKOMEHZALMM Mo Bbl-
coKoanddepeHUMpOBaHHOMY paKy LUMTOBMAHON Xenesbl, American Thyroid Association, European Thyroid Association, The
National Comprehensive Cancer Network, European Association of Nuclear Medicine, British Thyroid Association, European
Society for Medical Oncology. KputepusaMu uckioueHus Obiam cTaTbu, He AOCTYMHbIE B NOSIHOM 00bEME, HE HA aHIIUACKOM
UMW PYCCKOM A3blKax, cMCTeMaTnyeckne 0630pbl Ha aHanoruyHyto Temy. Beero 6bino otobpaHo 1 npoaHanuaupoBaHo 124 uc-
TOYHWKA, BblfeNieHbl 06LmMe TEHAEHLMM COBPEMEHHOI0 NOAX0AA K NOAFOTOBKE NaLMEeHTOB K Tepanuu pagnoaKTUBHBIM H0L0M
W aKTyanbHble NpobneMbl, 0CBeLLEeHbI KOHLENLMM ONTUMW3aLMKM NOArOTOBKY K pagMoioaTepanuu B paMKax NepcoHanu3aumm
Tepanuu, chopMUpOBaHbI pe3ysbTaThl U BbIBOLbI.

KnioueBble cnosa: AvQ¢epeHUMpOBaHHbIA paK LUMTOBMAHOM XKenesbl; Tepanus pafvoaKTMBHBIM 110[0M; WOA-
OrpaHnUyeHHas AMeTa; TUpPeoTPOnuH anbha; MeToAbl NOATOTOBKM; HEXeNaTesbHble SABNEHNS.
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ABSTRACT

Thyroid cancer is the most prevalent tumor of the endocrine system, accounting for 1%-3% of all malignant neoplasms as of
2021. Differentiated forms, papillary and follicular, with a relatively favorable prognosis, are detected in 90% of cases. The
combination of surgical treatment, subsequent suppressive hormonal therapy, and radioiodine therapy provides a favorable
prognosis in patients with differentiated thyroid cancer. However, an insufficient response to radioiodine therapy may be
possible, which may be associated with multiple factors, including the preparation step for radioiodine therapy. To date,
the question of choosing the optimal method of patient preparation remains relevant. This paper presents a review of the
scientific literature on the preparation of patients with differentiated thyroid cancer for radioiodine therapy. The principles of
preparation are based on the recommendations of leading expert societies, and publications related to this topic are highlighted
and summarized, including the adverse events associated with radioiodine therapy, quality of life, efficacy, and long-term
results of treatment. The main purpose of this review was to provide a comprehensive insight into the methods of preparing a
patient with differentiated thyroid cancer for radioiodine therapy, highlight existing problems and promising areas of research,
and modernize treatment toward personalized therapy. Scientific articles and reviews from the National Library of Medicine,
Cochrane Library, and Google Scholar databases, published up to the end of January 2023, were searched by the keywords
listed below in their various combinations. Recommendations from the following scientific communities were used: Russian
Clinical Guidelines for Differentiated Thyroid Cancer, American Thyroid Association, European Thyroid Association, National
Comprehensive Cancer Network, European Association of Nuclear Medicine, British Thyroid Association, and European Society
for Medical Oncology. Articles not available in full, not in English or Russian, or systematic reviews of a similar topic, were
excluded. In total, 124 sources were selected and analyzed, general tendencies of modern approaches to preparation for
radioiodine therapy and actual problems were highlighted, concepts of optimization of preparation for radioiodine therapy
within the framework of personalized therapy were covered, and results and conclusions were presented.

Keywords: differentiated thyroid cancer; radioiodine therapy; low-iodine diet; thyrotropin alpha; methods of preparation; side
effects
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INTRODUCTION

Thyroid cancer (TG) has five histological types:
+ Papillary (80%-85%)

Follicular (10%-15%)

Medullary (5%)

High grade (1%)

Anaplastic (0.1%-0.2%)

The first two types are low-grade cancers with relatively
good outcomes. The global incidence rate of malignant
neoplasms is between 1% and 3% of all new diagnoses.

Among thyroid nodules, up to 5% of cases (according
to some data, up to 20%) are cancerous [1], whereas the
average annual growth rate in incidence is 3%. Since 2011, the
incidence has increased by 36%, whereas the mortality rate
has remained low [2]. This is mainly due to improvements in
diagnostic methods, including the increased availability and
quality of ultrasonography.

Despite a good response to surgical treatment and
radioiodine therapy (RIT), 20% of patients may experience
a relapse of the disease, and in this case, an unfavorable
prognosis is observed in 8% of cases [1]. In Russia in 2021,
996 patients per 100,000 population died from thyroid cancer.
From 2011 to 2021, a statistically significant increase was
found in the “crude” incidence of malignant thyroid neoplasms
in children aged <15 years (40%) [2].

Patients with highly differentiated thyroid carcinoma
(HDTC), including those at high risk of recurrence, have a
generally favorable overall survival profile, and approximately
90%—-95% were responders to radioactive iodine therapy [3].
The prognosis is somewhat worse in patients with distant
metastases, incomplete response after the first course of
radiotherapy, and advanced disease. According to various
sources, the 10- and 5-year overall survival rates of such
patients are approximately 30% and 55%, respectively [3,
4]. The tumor-specific survival rate is approximately 30%-
65% [5]. A. Hassan et al. [6] reported 5-year disease-free
survival rates of 52% in intermediate-risk patients and 17%
in high-risk patients. Currently, no consensus has been
established on the reasons for the incomplete response to
RIT and thyroid cancer progression, which may be due to
various factors, including the methodology and principles
of preparing the patient for RIT. Finding the reasons for an
incomplete response to therapy and developing methods to
improve the quality of life and treatment approaches remain
urgent problems.

RIT refers to a radical method of treatment for HDTC and
is part of combination therapy in patients with predominantly
intermediate and high risks of disease relapse (according
to the criteria of scientific communities [7-11]). The goal of
radionuclide therapy is the ablation of residual thyroid tissue
after thyroidectomy and the removal of tumor tissue and
metastases that can accumulate iodine-131 (I-131).

The effectiveness of RIT depends on various factors,
including the histological type of the tumor, size of the
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primary tumor and/or metastases, presence of locoregional
and/or distant metastases, patient's age at the time of
diagnosis, hormonal status of the thyroid gland at the time
of HDTC detection, and RIT strategy. One of the important
criteria is compliance with the conditions of preparation
for RIT to optimize the uptake of I-131 by thyrocytes of
residual tissues or thyroid cancer cells. Adequate thyroid-
stimulating hormone (TSH) and low-iodine levels in the body
are believed to be necessary for the adequate uptake of
radiopharmaceuticals by tumor cells. These conditions are
achieved through thyroid hormone withdrawal, injection of
recombinant human thyrotropin alpha (rhTSH), and adherence
to a low-iodine diet before RIT. However, no consensus has
been reached on the timing and intensity of compliance
with these recommendations regarding their effects on the
long-term outcomes of therapy. In world practice (Table 1),
the accepted standard for preparing for RIT includes the
following steps:

» Discontinuation of levothyroxine sodium (LT4) for 3-6

weeks or

— Replacing LT4 with liothyronine (LT3) for 2 weeks
followed by a 2-week withdrawal

— Use of rhTSH in patients at low and intermediate
risk of relapse/progression

+ Low-iodine diet for 1-4 weeks (with achievement of

iodine concentration in single and/or daily urine <50—
100 pg/L).

Taking into account current trends, the contribution of
each point of preparation for RIT must separately consider
the patient’s quality of life, development of side effects, and
effectiveness of RIT.

THYROID HORMONE WITHDRAWAL

As the first method of preparation for RIT, the LT4
regimen was discontinued 6 weeks before the initiation of
RIT; however, this regimen led to severe hypothyroidism and
related side effects. Subsequently, various variations were
used to improve the quality of life without compromising
the effectiveness of RIT. A. Golger et al. and T. Davids et al.
concluded the sufficient adequacy of a 3-week withdrawal
of LT4 in most patients [14, 15]. Alternatively, the option of
replacing LT4 with LT3 for 2 weeks and then withdrawing
LT3 for the same period can be used. However, according
to some studies, this method does not provide additional
benefits regarding the quality of life of patients [16, 17]
and can sometimes potentiate the side effects of LT3 [18].
The limited availability of triiodothyronine preparations on
the Russian market and the above factors may make this
preparation option less convenient for patients.

Despite the proposed methods, 4 weeks of LT4
withdrawal or 2 weeks of LT3 withdrawal are sufficient for
the development of clinically significant hypothyroidism,
accompanied by associated side effects that significantly
reduce the quality of life of patients. In addition, patients
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on suppressive therapy may tolerate symptoms of
hypothyroidism less. Signs of hypothyroidism affecting the
quality of life were reported to progress 2 weeks after
cessation of suppressive therapy in most patients [19]. When
analyzing the questionnaires, a deterioration in the quality
of life was also noted 2 weeks after cessation of LT4 intake
[20].

The issue of reducing the withdrawal time of LT4 to
2-3 weeks is being actively discussed. It can be effective
in achieving the target TSH level and long-term treatment
results.

Liel et al. analyzed 13 patients and reported that a TSH
concentration >30 mlU/L was achieved in all patients an
average of 17 days after LT4 cessation, and an exponential
increase in TSH was observed [21].

R. Luna et al. studied TSH levels in 34 patients on days 4,
14, 21, and 28 after LT4 cessation, with an average of 20, 46,
75, and 112 mlU/L, respectively, corresponding to a linear
increase in TSH levels. Thus, after 2 weeks, 75% of the
patients achieved a TSH level >30 mIU/L, and 100% of the
patients achieved this TSH level after 3 weeks of withdrawal
[191.

According to A. Piccardo et al., the response to LT in
the group with LT4 withdrawal in 2 weeks (n = 85) and 4
weeks (n = 137) did not differ, which was 82% over a 3-4-
year follow-up period. However, the TSH level before RIT did
not influence the incomplete therapeutic response [22]. Other
authors have come to similar conclusions [23, 24].

Alternatively, P.W. Rosario et al. proposed a regimen
with a reduction in the LT4 dose to 0.8 mg/(kg x day) 6—8
weeks before RIT, which was associated with the leveling
of hypothyroidism that occurs during withdrawal, and this
also made it possible to avoid the use of expensive rhTSH.
Therefore, in 24 patients on the classic protocol, 71% noted
a health deterioration, whereas in 27 patients on the reduced
protocol, only 23% had symptoms of hypothyroidism.
Laboratory parameters were also better in the second group.
An increase in creatinine was noted in 63% of cases with
the classic protocol compared with 30% with the reduced
regimen, whereas 60% of patients noticed a difference in the
various preparation methods, and 100% would prefer the
reduced protocol if TSH stimulation was again necessary. The
effectiveness rates of RIT were 75% and 79%, in the reduced
and classic protocols, respectively [25].

This protocol has not received much attention from
clinicians in other countries because the study was limited
by a small sample size and previous RIT. However, this
method can be considered in the preparation of low- and
intermediate-risk groups for diagnostic procedures and RIT,
and this issue requires further research.

Optimizing the preparation of patients for RIT is a current
area of research. The above papers suggest that the duration
of LT4 withdrawal can be reduced to 2-3 weeks without
a decrease in the effectiveness of RIT. This may lead to a
decrease in the risk of clinically significant hypothyroidism
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and an improvement in the quality of life of patients because
signs of hypothyroidism in most patients start to progress
2 weeks after the cessation of LT4 treatment.

IS TSH CONCENTRATION >30 MIU/L
AN OUTDATED DOGMA?

Controversy exists regarding the optimal TSH concentration
before RIT in residual thyroid tissue. The efficiency of I-131
uptake by the tumor and residual thyroid tissue was
assumed to depend on the level of expression of the sodium-
iodine symporter (SIS), which in turn depends on the TSH
concentration [26, 27]. D.Yu. Semenova et al. [28] showed that
the average expression of SIS on the membrane of thyroid
gland cells does not exceed 4.5%, and the maximum reaches
10%, whereas in normal thyroid tissue, the expression level
was 30%-50%. More than 60% of patients with relapsed HDTC
had an SIS expression level of <1%. Low SIS expression has
been theorized to be an independent prognostic factor for the
risk of relapse and disease severity; however, further research
on this topic is required.

In 1977, C.J. Edmonds et al. first concluded that adequate
uptake of 1-131 by the tumor was impossible with TSH
<30 mlE/L, and since then, this cutoff point has been used as
an indicator of adequate patient readiness for RIT, also serving
as a standard in most subsequent studies. Notably, in this
study, not all patients achieved adequate I-131 uptake at the
“target” TSH values, the sample size was small, and patients
with distant metastases of thyroid cancer were also included,
which could have a greater effect on the radiopharmaceutical
uptake than the TSH concentration. Finally, these studies were
not subjected to statistical analysis; thus, the conclusions
were not considered unambiguous [26].

In 2021, J. Xiao et al. reported that a group of patients with
a TSH concentration of 30—70 miU/L showed better treatment
outcomes than a group of patients with a concentration of
<30 mIU/L at the time of RIT. Moreover, the effectiveness of
RIT in the group with a TSH concentration of >70 mIU/L did
not differ from that in the group with a TSH concentration of
30-70 mlU/L [29]. However, patients at high risk of disease
relapse were excluded from the statistical analysis, and they
comprised the majority of patients in the group with TSH
<30 mIU/L and could respond worse to therapy because
of the stage of thyroid cancer. Therefore, it is impossible
to statistically reliably state that RIT is less effective based
on TSH levels. Interestingly, 76% of patients achieved a TSH
level of ~70 mIU/L by the end of week 4 of LT4 withdrawal,
whereas 46% had a TSH concentration of >100 mIU/L. The
authors concluded that due to the lack of additional benefit
from achieving TSH concentrations >70 mIU/l (probably due
to the presence of a certain threshold for rhTSH expression
in the tumor cell), the timing of thyroid hormone withdrawal
can be reduced.

T. Zhao et al. also reported the need to achieve TSH
concentration >30 mlU/L in patients at low and intermediate
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risk; however, the study has its limitations: retrospective
analysis, variability in 1-131 activity (1.1-5.5 GBg), small
sample size of patients with TSH <30 mlIU/L, and short
follow-up period [30].

In contrast to the above studies, an alternative opinion
states achieving TSH concentration >30 mIU/L is unnecessary.

Z. Hasbek et al. observed 34 patients with an average
median TSH concentration of 19.5 + 6.0 mIU/L and 227
patients with TSH >30 mIU/L and noted that the lack of
RIT effect was observed in one patient from the first group
and 11 from the second group, which was not statistically
significant. In non-responders, a significant increase in
thyroglobulin levels and the presence of locoregional and
distant metastases were observed. The authors concluded
that TSH concentration is not the only and absolute factor for
a successful response to RIT, whereas the patient’s age at
diagnosis (>45 years), presence of metastases, thyroglobulin
concentration, and residual thyroid tissue volume should be
considered possible criteria for the low efficiency of RIT [31].
A research group from Germany came to similar conclusions;
the TSH level at the time of ablation did not affect the
percentage of successful ablation, disease-free survival, or
tumor-specific mortality (Figure 1) [32].

In a retrospective analysis of 1873 patients without
evidence of distant metastasis who underwent RIT, no
statistically significant effect of TSH concentration was
found on the effectiveness of RIT, disease-free survival, or
HDTC-associated mortality. RIT was effective in 230 of 275
patients with TSH <30 mIU/L and 1359 of 1598 patients with
TSH >30 mIU/L. At the time of ablation, incomplete response
to RIT depended on the following factors:

« 1-131 activity

« Histological characteristics

+ Patient’s sex

- T-stage

+ Presence of metastases in the regional lymph nodes

« Thyroglobulin concentration

The absence of metastases, low thyroglobulin
concentration, smaller tumor size, high 1-131 activity,
and female sex were identified as independent factors for

100
90
80
70
60
50
40
30
20
10

% of successful ablation
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successful RIT. The authors also note that TSH levels are
stimulated more slowly in patients:

+ With metastatic disease

+ At an older age

+ Female [32, 33]

In the absence of increased TSH concentrations to
generally accepted target values (>30 mIU/L) in this group
of patients after 3 weeks, further prolongation of thyroid
hormone withdrawal was inappropriate. N. Ju et al. came to
similar conclusions (Figure 2) [34].

Slow TSH stimulation is probably associated with the
influence of estrogens on the level of mRNA expression
of the TSH beta-subunit, leading to its suppression in
hyperestrogenism [35]. However, this mechanism of
regulation of TSH concentration, as well as the theory about
the influence of the estrogen status of the body on the
incidence and progression of HDTC, are not fully understood
and require further research [36-38].

Therefore, some factors can significantly influence
the success of RIT in HDTC. They require attention and an
individual approach, and with them, the dominant role of the
“target” TSH concentration >30 mlU/L may be exaggerated.
The study of RIT in a setting of TSH concentration <30 mlU/L
will change views on modern aspects of preparation for RIT
toward its greater safety with equivalent effectiveness.

RECOMMENDED HUMAN THYROTROPIN

ALPHA

In 1987, rhTSH was obtained from the human TSH cell
culture FRTL-5 of Chinese hamster ovaries. In 1998 and 2001,
rhTSH was approved in the USA and Europe, respectively, as
a preparation for diagnostic examinations with radioactive
iodine. rhTSH was later approved as an alternative to thyroid
hormone withdrawal when preparing patients for RIT:

« In Europe: since 2005

+ In the USA: since 2007

+ In Russia: since 2018

Numerous studies have shown rhTSH comparable
to thyroid hormone withdrawal as a preparation for

0

<100 10-<20 20-<30 30-<40 40-<50 50-<60 60-<70 70-<80 =80

TSH (mlIU/L)

Fig. 1. Percentage of patients with successful ablation relative to thyroid-stimulating hormone levels at the time of therapy I-131
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Fig. 2. Percentage of patients with successful ablation of residual thyroid tissue with 1-131 relative to thyroid-stimulating hormone levels.

In 8 subgroups, no statistical significance was observed.

postoperative RIT [39-43]. However, the issue regarding
the possibility of using rhTSH as part of RIT in patients at
high risk of recurrent thyroid cancer and in the treatment of
distant metastases remains open. Previously, several cases
of ineffectiveness of RIT in high-risk patients when prepared
with rhTSH have been documented, whereas repeated
courses of RIT in a setting of thyroid hormone withdrawal
were successful [44-46].

One of the proposed mechanisms is related to the different
actions of the recombinant hormone and the endogenous
hormone because of the greater sialylation of the molecule,
different degrees of glycosylation of the TSH receptor, and
polyclonality of tumors, which can develop with increasing
number of RIT courses [46].

Currently, the question of whether the dose- and time-
dependent effects of TSH (in other words, the area under
the curve) on radiopharmaceutical uptake and treatment
outcome is more significant than the “cutoff point” of
30 mIU/L. A. Vrachimis et al. suggested that this may be one
of the limiting factors in the use of rhTSH [32].

Despite this fact, recent data indicate the same
effectiveness of the use of rhTSH in patients not only at low
and intermediate risk but also at high risk. In a retrospective
study, J. Hugo et al. analyzed 586 patients (321 prepared
by stopping LT4 treatment and 265 prepared using rhTSH),
including intermediate risk and high-risk groups, and showed
that long-term clinical outcomes with a median 9-year follow-
up were not different. Moreover, in the short term (median,
2.5 years), the withdrawal group showed a statistically higher
likelihood of incomplete response to primary RIT than the
rhTSH group (47% vs. 39%, p = 0.03), with a higher rate of
requiring repeat therapy, surgical intervention, or an RIT
course (37% vs. 29%, p = 0.05). Economically, the use of
rhTSH can shorten the period of active follow-up for patients
with signs of persistent and/or recurrent disease [41] and
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reduce the economic budgetary costs [47-51], including a
70% probability of achieving economic benefits with a 30%
reduction in the rhTSH cost [52].

Other researchers obtained similar results of at least
equal effectiveness of rhTSH in the intermediate risk and
high-risk groups [53-59].

In its HDTC guidelines, the American Thyroid Association
does not recommend the use of the drug in patients at high
risk of relapse [9]. Guidelines of the European Association
of Nuclear Medicine allow the use of the drug off-label in
patients with distant metastases [8].

The use of rhTSH is associated with fewer side effects.
There remains some caution regarding the use of the drug
in patients with metastases to the central nervous system
because a strong TSH stimulation may lead to their growth/
increase and severe clinical symptoms [60].

In a study of 88 patients prepared for RIT through thyroid
hormone withdrawal and rhTSH (51 and 37, respectively),
the 10-year survival rates were 62% and 73%, respectively.
Therefore, the use of rhTSH was not associated with worse
treatment outcomes or prognosis [61].

Table 2 summarizes the main advantages and
disadvantages of using rhTSH and the target group of patients
for its use.

Despite the controversy regarding the use of rhTSH in the
high-risk group, a potential benefit may be a greater increase
in TSH levels in a shorter period. Patients with metastases
have a lower expression of SIS, which may require a higher
TSH concentration for I-131 uptake by tumor cells. In addition,
long-term preparation by thyroid hormone withdrawal can
negatively affect cancer prognosis and lead to progression
[62-64].

l.I. Dedov et al. [65] showed that 70% of patients had
a TSH concentration >100 mlU/L after the second rhTSH
injection; however, no studies are currently conducted on the
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Table 2. Advantages and disadvantages of using recombinant human thyrotropin alpha and its preferred indications

Advantages Disadvantages Target group
Leveling the hypothyroidism phase is an Cost Older age
opportunity to reduce the side effects on Higher incidence of damage to  Chronic diseases of target organs that have a risk
some risk organs lacrimal gland ducts of exacerbation in the case of decompensated
Better quality of life compared with patients Lack of sufficient data on hypothyroidism (chronic heart failure, coronary heart
on withdrawal before and after RIT use in patients with distant disease of class Il and higher, history of heart attacks/

The preparation period for RIT/diagnostic metastases
studies is shorter

Less risk of salivary gland damage

Reducing the radiological load on the

body as a whole (because of the absence

of changes in GFR) and the risk of bone

marrow damage

Shorter possible hospitalization periods

stroke, COPD, hepatitis, rheumatoid arthritis, diabetes
mellitus, chronic kidney disease, mental illness, chronic
pancreatitis, immunodeficiencies, etc.)

Patients with a single/transplanted kidney

Patients with carbohydrate metabolism disorders and
obesity

Patients with infections/diseases of the oral cavity, a
history of sialadenitis, and stones in the ducts of the
salivary glands

Poorly controlled hypertension

Non-alcoholic fatty liver disease and liver diseases in
the stage of decompensation

optimal TSH level in the high-risk group and its contribution
to treatment effectiveness.

Separately, the advantages of rhTSH over LT4
discontinuation must be considered in terms of the effect on
organs at risk, which will be discussed further.

SIDE EFFECTS WHEN USING DIFFERENT
PREPARATION PROTOCOLS AND WAYS
TO SOLVE THEM

When preparing for RIT, patients who are undergoing
thyroid hormone withdrawal have severe iatrogenic
hypothyroidism, accompanied by a decrease in the quality of
life and side effects affecting target organs. Such effects are
mediated by the presence of TSH receptors not only in thyroid
tissues but also on the membranes of adipocytes, fibroblasts,
osteoclasts, leukocytes, monocytes, amyocardiocytes,
endothelial cells, and vascular smooth muscle cells, including
the afferent glomerular arteriole [66].

In the cardiovascular system, the following are noted:

+ Decreased ejection fraction

+ Left ventricular diastolic dysfunction at rest

« Increase in total peripheral vascular resistance

» Endothelial dysfunction

All these factors may contribute to a decrease in the
control of arterial hypertension in patients with essential
hypertension [67]. Because of a decrease in the filtration
function of the kidneys, the clearance of adrenaline,
norepinephrine, and cortisol slows down [68]. Two studies
have reported increased homocysteine levels [69, 70]. Such
changes may contribute to the development and progression
of the cardiorenal continuum. In patients who underwent
thyroidectomy and were taking anticoagulants, an inverse
correlation was found between TSH and INR levels during
LT4 discontinuation, which may require additional monitoring
of blood coagulation parameters to timely correct therapy.

DOl https://doiorg/10.17816/DD532728

Negative effects on the liver have been repeatedly
reported; in patients with thyroid hormone withdrawal,
increased activities of alanine aminotransferase and
aspartate aminotransferase were reported [71, 72], whereas
the use of rhTSH was not accompanied by impaired liver
function [71]. Lipid metabolism is disturbed by an imbalance
of high-density lipoproteins [67, 73]. This is because the lack
of thyroid hormones leads to a decrease in the expression of
receptors for high-density lipoproteins [74] and an increase in
their concentration and an increase in total plasma cholesterol
[73]. A definite connection has been established between
thyroid dysfunction and affective disorders [75]. Moreover,
disease control worsened as the intensity of hypothyroidism
increased, which could be associated with reduced blood
circulation in the brain and a diffuse [76] and/or regional
[77] decrease in glucose clearance. The potentiation of the
symptoms of depression, which most often accompanies
hypothyroidism, is possible because of the insufficient ability
of brain cells to receive adequate amounts of oxygen and
glucose from the blood [78].

The causes of carbohydrate metabolism disorders may be
increased evacuation capacity of the stomach and decreased
transport of glucose by the liver, which leads to disturbances
in both postprandial and fasting glycemia [79].

Evidence shows the influence of thyroid hormones on the
modulation of the immune response [80], which in the case of
hypothyroidism can lead to an increase in infectious morbidity.
Particular attention has been paid to the suppression of renal
functions, as proven in many studies [71, 81-87], including
those that occur during LT4 discontinuation but not when
using rhTSH. A study reported decreased renal perfusion on
Doppler ultrasonography with rhTSH use. However, it was
performed on a small sample of patients on day 5 after
injection of the drug [66].

Cases of hyponatremia have been described following a
low-iodine diet [88-91], with the following risk factors:

951
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+ Older age

« Treatment with thiazide diuretics

» Long duration of the low-iodine diet

» Long-term hypothyroidism

+ Multiple metastases, which can contribute to the

development of the syndrome of inappropriate
antidiuretic hormone secretion, leading to its excessive
increase [93, 94]

A common cause of hyponatremia was self-limitation of
table salt by patients because of the low awareness of the
principles of a low-iodine diet.

In a study by Horie et al., hyperkalemia developed in
5% of patients, correlating with age (over 60 years) and
taking angiotensin-converting enzyme inhibitors, which
could potentially also be associated with compromised renal
function during long-term discontinuation of LT4 [93].

Interestingly, the choice of preparation method for RIT
may also influence the frequency and intensity of side effects
after exposure to I-131. Therefore, organs expressing SIS can
accumulate I-131, which in some cases can lead to damage.

According to the clinical experience of our center, as
well as worldwide publications, 20%-30% of the negative
effects are related to the salivary glands [94-97]. Patients
may experience taste changes, infections, facial nerve
involvement, stomatitis, and candidiasis. The typical first
symptom is obstructive swelling of the gland, resulting
from the narrowing of the duct lumen associated with the
inflammatory process. To prevent sialadenitis, many methods
have been used, including the use of cholinomimetics,
sialogogs, cytoprotectors (amifostine), and salivary gland
massage. However, the efficacy was poor [97-100].
Moreover, the use of sialogogs on the first day after RIT leads
to an increase in the radiation dose by approximately 28%
in the salivary glands; therefore, the use of lemon/sucking
sweets/other sialogogs on the first day after therapy is not
recommended [99, 102]. If untreated, only 54% of patients
were free of chronic sialadenitis after 6 years of follow-up
[100], highlighting the need to find new methods to prevent
sialadenitis.

In a study by A. Trukhin et al., rhTSH use was associated
with a higher incidence of radiotracer accumulation in the
lacrimal ducts than the 4-week discontinuation of LT4
[102]. According to other authors, the use of rhTSH reduced
the number of cases of acute sialadenitis after RIT by
approximately 20% [103], which may account for only 6.7%
over the next year [104].

Secondary leukemia after ablation is one of the side
effects of RIT that has not been widely recognized, but which
deserves special attention. In a previous study, 148,215
patients were analyzed; the risk of developing acute and
chronic myeloid leukemia in the first 3 years was higher and
statistically significant in patients who underwent primary
RIT for differentiated thyroid cancer compared with those
who underwent surgical treatment only. Although the risk
of acute myeloid leukemia rapidly declines to baseline levels
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by 3 years after RIT, the risk of chronic myeloid leukemia
remains high for 10 years [105].

Another controversial finding is the increased number
of stable chromosomal aberrations in patients after the
administration of a low dose of I-131, which persisted
longer in patients on LT4 discontinuation than in those on
rhTSH [106]. The clinical interpretation of the results requires
longer follow-up and a detailed search for cause-and-effect
relationships.

Therefore, when preparing for RIT and monitoring
patients, a clinician should probably be more cautious about
patients with the following:

« Hypertension

+ Immunodeficiency

+ Moderate/severe dysfunction of the liver and/or

kidneys

+ Disturbances in electrolyte and/or carbohydrate

metabolism

« Affective disorders

« QOther previously described conditions

One of the methods to prevent and reduce the severity
of side effects in susceptible organs associated with
hypothyroidism is the preferential use of rhTSH in patients
at risk of hypothyroidism complications and educating them
on the basic principles of adhering to a low-iodine diet and
regimen during RIT.

LOW-IODINE DIET

Based on the data collected to date, the degree of iodine
uptake by tumor and normal thyroid cells is believed to be
determined by the following:

+ Volume of the residual thyroid tissue

+ Adequate TSH stimulation

+ SIS expression

+ Median iodine concentration at the time of therapy

[107]

Early studies have shown that iodine uptake by residual
thyroid tissue increases 2—3-fold in patients following a low-
iodine diet [108, 109], which may affect the effectiveness
of RIT. Most scientific communities adhere to the following
criteria when preparing a patient for RIT: optimal level of
urine iodine excretion (UIE)<50 pg/L [8-10] and adequate
level <100 pg/L [8]. However, no clear criteria have been
established for the duration and intensity of adherence to
a low-iodine diet.

To answer the question of whether a low-iodine diet is
needed, several studies were conducted, including one by J.
Tala et al., which caused a certain dissonance in the scientific
community. The authors did not find a relationship between
the urine iodine level and RIT effectiveness and suggested
no differences between groups of patients with urine iodine
levels of >100 pg/L and <100 pg/L. However, the study was
conducted in a moderately deficient region (Siena, Italy), the
sample of patients with high iodine content in the body was
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not sufficient, and the I-131 dose varied, which could greatly
contribute to the clinical outcomes of RIT than moderate
iodine deficiency [110].

The question of the optimal level of iodine in the body,
after which the patient’s preparation for RIT is considered
adequate, remains ambiguous.

M. Lee et al. did not find the difference in the effectiveness
of RIT in the moderate and mild iodine deficiency groups
[111]. A.E. Tobey et al. showed no significant difference in
the RIT effectiveness between groups with iodine levels
50/100/150 mg/day; however, the risk of disease progression
was higher in groups with urinary iodine levels >200 mg/
day. To our knowledge, this is the first study to evaluate the
relationship between pre-RIT iodine status and long-term
clinical outcomes with a median follow-up of 3.7 years [112].
Other authors came to similar conclusions [45, 107, 113].
However, in a study by L.F. Morris et al., the success of RIT
did not differ between groups with and without a low-iodine
diet [114].

The diet duration is the next urgent issue. The most
common recommended period is 1-2 weeks; however,
approaches and protocols for a low-iodine diet vary from
country to country. The timing and intensity of the diet could
not be specified because of differences in the iodine supply
of regions. A 2-week diet with restriction of iodine-containing
foods can affect the quality of life, social functioning, and
risk of hyponatremia. However, in regions with excess iodine
intake, 2 weeks may be preferable to achieve adequate
pre-ablation iodine levels in the body [107, 115-117]. An
important point is to properly educate patients about the basic
aspects of a low-iodine diet. In studies with minimal patient
education by dietitians/nutritionists or dietary nurses, with
the distribution of handouts, in some patients provided with
a 3-7-day menu, better results were seen in the percentage
reduction of iodine levels compared with baseline [112, 117-
119].

In studies conducted in regions with moderate iodine
deficiency or adequate iodine intake, optimal levels were
achieved after a week of a low-iodine diet [118, 120] and
after 4 days in studies by M.J. Pluijmen et al. and B.L. Dekker
etal. [113, 121]. Some studies conducted in regions with high
iodine intake have also shown the effectiveness of a weekly
low-iodine diet [111, 112, 118, 119].

A limitation of many studies, other than the study by A.E.
Tobey et al. [112], was that they have been conducted in the
low- and intermediate-risk groups. This does not allow a full
assessment of short- and long-term outcomes in the high-
risk group. In studies conducted in countries with moderate
iodine deficiency (e.g., Italy), with a median urinary iodine
level of 95 pg/L in patients discontinuing LT4, values ranged
from 25 to 1890 pg/L, which may affect the effectiveness
of treatment in some cases. In this study, patients were not
assigned to a low-iodine diet because of regional iodine
deficiency status, and the high-risk group was excluded from
the analysis.

Vol. 4 (4) 2023

DOl https://doiorg/10.17816/DD532728

Digital Diagnostics

Studying the patient'’s iodine status before RIT is one of the
methods for personalizing treatment. In each case, including
those at high risk of disease relapse/progression, special
attention should be paid to achieving an optimal iodine pool
before RIT because each factor in the preparation process,
including iodine status, can affect treatment success. The
main studies on this topic are highlighted in Table 3.

When considering adherence to a nearly stringent low-
iodine diet protocol, no clear evidence was found to support a
restrictive diet in either the degree of iodine reduction or the
effectiveness of RIT. A more stringent protocol may be more
associated with iodine reduction, lower quality of life, and
psychological discomfort of patients. Therefore, the choice
of a specific preparation protocol will depend on the ability
of a particular site to inform/educate patients, presence of
comorbid pathology, and initial iodine status of the region.

The 2020 Russian Clinical Guidelines recommend a
2-week low-iodine diet. Considering the iodine status of the
region and world data, the diet duration can be reduced to
4-7 days.

CONCLUSION

To date, no consensus has been made regarding
the indications for adjuvant RIT in patients with low and
intermediate risk of recurrence, who represent the majority
of patients with HDTC. The use of RIT carries a potential risk
of complications; thus, the clinical benefit in each specific
case must be assessed. This can only be done with the help
of dynamic stratification of the risk of recurrence of thyroid
cancer. The studies presented in the literature over the 80-
year history of the method show the heterogeneity of options
for the preparation and treatment of HDTC, which form the
modern view of RIT.

In the low-/intermediate-risk group, performing RIT
in an euthyroid state with a TSH level of <30 mIU/L may
neutralize the risks associated with hypothyroidism and its
complications. To date, limited but methodologically sound
studies have demonstrated that achieving a pre-ablation TSH
level >30 mlIU/L is not necessary, as well as the efficacy of
2 weeks of LT4 discontinuation (compared with 4 weeks)
to induce hypothyroid status. More studies are needed to
extrapolate the results to a high-risk group. Theoretically,
higher TSH levels may be required to stimulate SIS and
improve the quality of therapy. The preferred drug for use
in this patient population would be rhTSH; however, studies
of the influence of its pharmacokinetic characteristics on
the efficacy of RIT are required. In addition, its availability is
currently limited by its high cost, which justifies the need to
reduce the cost of its production technology in the Russian
Federation and consider its availability to needy patient
groups.

To increase the effectiveness of RIT, one of the steps
in a personalized treatment approach may be to measure
the iodine concentration in a single urine sample before RIT
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to assess the patient’s compliance with a low-iodine diet
and predict the effectiveness of treatment. The procedure
can be simplified by measuring the iodine concentration in
saliva, as proposed by B.L. Dekker et al. [126]; although the
information value is equivalent to the “gold standard” (iodine
in 24-h urine sample), this method still needs to be validated
and has certain limitations. An important contribution to the
determination of patient management strategy can be made
by determining the level of SIS expression as part of a
standard pathological examination to predict the response
to RIT, which may also influence the therapeutic activity of
[-131.

The wide range of therapeutic activities of I-131 is
one of the significant limiting factors in RIT preparation
studies, affecting the final assessment of complex efficacy,
which should be considered when carefully studying the
issue addressed in the publication. The development of
more precise and personalized approaches to RIT is based
on an understanding of the many complex mechanisms,
including individual patient characteristics, tumor biology,
and other factors that underlie the efficacy and safety of this
treatment. Careful selection of patients who will benefit from
this intervention is necessary to minimize adverse events.
The issue of the validity of prescribing RIT requires special
attention and further study.

To summarize modern ideas and trends in the preparation
for RIT, the following aspects are promising:

» Educate patients about the disease, RIT preparation,
posttreatment regimen, and follow-up to improve
quality of life.

+ Reduce the period of a low-iodine diet to 4-7 days,
eliminate significant dietary restrictions, or expand the
dietary regime during the period of a low-iodine diet,
depending on the iodine status of the region, and lower
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AuTtponomopdHbie (haHTOMbI MOJIOYHOM Kene3bl
ANA Ny4eBOM AUArHOCTUKMU: Hay4YHbI 0630p

t0.A. Bacunbes, 0.B. OMensHckas, A.A. Hacubynnuna, [1.B. JleoHos, H.B. bynrakosa,
[.A. Axmepn3sHoBa, 10.0. Lymckas, P.B. PewweTHnkoB

Hay4Ho-npaKTUYeCKWii KIMHUYECKMIA LIEHTP AMArHOCTUKM W TeNleMeMLMHCKUX TexHonorui, Mocksa, Poccuiickas QOepepaums

AHHOTALMA

(MaHTOMbI MONIOYHOW Xenesbl MPUMEHSINTCA AN pa3paboTKM, BanMaaLMn U YCOBEPLUEHCTBOBAaHUA METOJ0B NIy4eBON AMa-
THOCTUKU. B BU3yanu3aLmm MOIOYHOM Xene3bl aHTPOMOMOpgHbIE MOAENU UCTIONbL3YIOTCA ANS BaNnAaLMK, OLEHKU U ONTH-
MU3aLyMW HOBbIX METOL0B AMArHOCTMKW 3ab0neBaHuii MOIOYHOM Xese3bl, a TaKKe A8 KOHTPOJIA Ka4ecTBa ANarHoCTUYECKMX
CUCTEM, COBEPLLEHCTBOBAHWSA KITMHUYECKUX MPOTOKOIOB W alrOpUTMOB PEKOHCTPYKLMM M30bpakeHuid. KnioueBbiM TpeboBa-
HWEM K haHTOMaM JJ1s peLLeHus 3TUX 3afad ABISETCA peaucTUYHasA MMUTaLMA opraHa.

B 0630pe onumcaHbl CyLLecTBYIOLLME HA HACTOALLMIA MOMEHT BapuaHTbl (JaHTOMOB MOJIOYHOM JKenesbl ANs Ny4eBoi anarHo-
CTUKM 1 npoLiecca UX CO3AaHuA.

MoucK nuTepaTyphl, COOTBETCTBYIOLLEN TeMe 0030pa, Npon3BoAmMNcs B 6asax AaHHbIx PubMed, eLibrary, a Takxe B nouckosoii
cucteMe Google Scholar. Beero B 0630p BK/toueHo 72 cTatbi 1 13 Te3MCOB MaTepuanoB KOHMEPEHLIMIA.

Bce Buabl GpaHTOMOB MOJIOHHOW JKene3bl MOXHO Pa3feNiuTb Ha ABa BWAA: BbIMUCIUTENLHBIE U GU3ndeckue. BolumcnnTenb-
Hble, B CBOK 04epefb, N0APa3AensoTCs Ha rpynnbl B 3aBUCMMOCTM OT TUNA NEPBUYHBLIX AaHHbIX: HA OCHOBE MaTeMaTU4eCKMX
Mogenei, u3 0bpasLoB TKaHel, C UCNOb30BaHMIN M306paXeHUn MeAUUMHCKON BU3yann3aLummn MOSIOYHOMN Xene3bl MauueHT-
Kn. Ousnyeckune GpaHTOMbI KNNaccUOULMPYIOTCS B 3aBUCUMOCTM OT cnocoba U3roToBeHNs: IUTbsl, 3D-neyaTn Unu NOCNoNHOro
(GOpMMUPOBaHMA C UCMONBb30BAHUEM KOHTPACTHbIX BelecTB. OCHOBHLIMU NPEMMYLLECTBaMU BbIYUCIIUTENBbHBIX (haHTOMOB fB-
NATCA YHUBEPCANBHOCTb, 3PHEKTUBHOCTb, TOHHOCTb M 6E30NacHOCTb, @ TaKKe BO3MOMHOCTb reHepupoBaTh bonblume 06b-
€Mbl BUPTYanbHbIX faHHbIX. Pu3ndeckue $haHTOMbI NO3BONAIT NONYYaTh Hauboniee peanucTUYHbe AMArHOCTUYECKWE W30-
OpakeHusa 6e3 y4yacTusa nauMeHToOB ¥ NPOBOANTL HEOTPaHUYEHHOE YMCIO JIy4eBbIX UCC/IeL0BaHUN.

KnioueBble cnoBa: MonoyHas xene3sa; 3D-neyatb; GaHTOMbI; paHTOMbI A1 SIy4EBOW ANArHOCTUKK; y4eBan LUMarHOCTUKa;
Hay4HbI 0630p.
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Anthropomorphic breast phantoms for radiology
imaging: a review

Yuriy A. Vasilev, Olga V. Omelyanskaya, Anastasia A. Nasibullina, Denis V. Leonov,
Julia V. Bulgakova, Dina A. Akhmedzyanova, Yuliya F. Shumskaya, Roman V. Reshetnikov

Research and Practical Clinical Center for Diagnostics and Telemedicine Technologies, Moscow, Russian Federation

ABSTRACT

Phantoms are used to validate diagnostic imaging methods or improve the skills of medical professionals. For instance, they
allow conducting an unlimited number of imaging studies during medical training, assessing image quality, optimizing radiation
dose, and testing novel techniques and equipment. Researchers in breast imaging use anthropomorphic models to validate,
assess, and optimize new methods for diagnosing breast diseases. Such models also facilitate control over the quality of
diagnostic systems, help optimize clinical protocols, and improve image reconstruction algorithms. Realistic simulation of the
breast tissue is essential to address the challenges of advancing X-ray mammary gland studies. The review aimed to describe
phantoms currently available for diagnostic imaging and the way they were fabricated. In this literature review, PubMed,
eLIBRARY, and Google Scholar databases were screened for relevant articles. Thus, 72 articles and 13 conference papers were
included. The study two major types of breast phantoms: computational and physical. Specifically, computational phantoms are
classified into subgroups depending on the data they use. These include mathematical models, tissue samples, and medical
images of the breast. The classification of the physical phantoms is based on their manufacturing process: casting silicone-
like substances, 3D printing with resins and plastics, or printing on paper using X-ray contrast ink. Computational phantoms
are generally advantageous with respect to versatility, efficiency, precision, and safety and allow the generation of large
amounts of virtual data. Physical phantoms provide the most realistic diagnostic images without the need for a patient and
allow performing an unlimited number of radiological studies.

Keywords: breast, 3D printing, phantoms, imaging phantoms, diagnostic radiology, literature review.
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INTRODUCTION

Human phantoms are a key solution to many
problematic aspects of medical imaging modalities such
as ultrasonography [1], magnetic resonance imaging (MRI)
[2], and computed tomography (CT) [3]. Breast phantoms
(BPs) are important in the evaluation of X-ray imaging
systems. They serve as a surrogate for the human body in
cases where it is impractical or necessary to expose the
patient to radiation. BPs are created for X-ray diagnostics
to develop, optimize, and provide quality control for
existing and developing imaging systems, such as full-
field digital mammography (MMG), digital tomosynthesis,
and CT.

Anthropomorphic BPs for X-ray diagnostics are
both computational (mathematical) and physical breast
models. Mathematical models describe organ structures
using formulas and calculations. One of the limitations
of this approach is its inability to cover the full range
of anatomical variations in the breast structure and
ensure its anatomical and radiological reliability.
To overcome these limitations, anthropomorphic
phantoms with natural distribution of different tissues
were created based on segmented breast CT datasets,
which guarantees a high degree of realism. Attempts to
create such anthropomorphic computational phantoms
have been made since the 1960s [4]. However, reliable
anthropomorphic physical phantoms have only recently
emerged with the advent of three-dimensional (3D)-
printing technologies. The main methods for creating
physical anthropomorphic MF models include casting,
3D printing, and paper-based approaches. Among these,
3D-printing technologies offer an excellent opportunity to
create realistic models using materials with radiographic
properties similar to those of breast tissue.

With the wider clinical use of modern quasi-3D and 3D
imaging systems such as tomosynthesis and CT, physical
phantoms with realistic patient anatomy are greatly needed
to fully represent and evaluate the 3D behavior of such
systems. In addition, considering the active and successful
implementation of artificial intelligence (Al) systems in
MMG analysis [5], phantoms will standardize radiographic
examinations and help improve Al algorithms.

Search Methodology

PubMed and eLibrary were searched for related articles.
The search terms used were selected to best reflect keywords
and subject headings. PubMed search was performed using
the following queries: “anthropomorphic AND breast* AND
(phantom* OR phantoms, imaging [mh] OR (phantoms AND
imaging) OR model*) AND (diagnostic X-ray OR radiography
OR mammography OR tomography).” The eLibrary search
was performed using “phantom” and “breast” keywords.
Google Scholar was also used for conference proceedings
search.
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RESULTS

The search identified 335 papers; however, 263 papers did
not meet the review criteria. The review included 72 papers
and 13 conference abstracts.

Breast Anatomy

Accurate modeling of the breast using radiographic
imaging requires detailed knowledge of its anatomical
and radiological characteristics. The mammary gland, or
the breast, is a modified cutaneous sweat gland consisting
of tubuloalveolar glandular tissue, connective tissue, and
other elements such as fat tissue, blood and lymphatic
vessels, and nerve fibers. Most of the volume is occupied
by glandular and fat tissues. Each breast is located on the
fascia covering the pectoralis major muscle at the level of
the IlI-VI ribs between the anterior axillary and parasternal
lines of the corresponding side. The mammary gland is
also surrounded by the anterior and posterior layers of
the superficial fascia of the breast, which together form
a capsule for the gland. The superficial fascia attaches
to the clavicle and forms the suspensory ligament.
Fibrocollagenous septa (Cooper’s ligaments) extend from
the posterior layer deep into the mammary gland and from
the anterior layer to the skin.

The breast comprises 15-20 lobules, which are
arranged radially around the nipple and surrounded by
loose connective and fatty tissue. Each lobule has its milk
duct. In the subareolar region, the milk ducts widen to
form lactiferous sinuses (ampullae). In these sinuses, the
ducts of several lobules merge into larger ones, which exit
independently into the nipple, forming separate holes on
its surface. The diameter of the ducts up to the ampulla
is approximately 1 mm, whereas the diameter of the main
ducts varies from 2 to 4.5 mm. The total length of the ducts
varies from 2 to 4.5 cm. A lobule with a diameter of 1-2
mm comprises ducts and alveoli that end in a common
terminal duct. This structure is called the “terminal lobular
duct unit.”

No clearly defined reference has been established for the
radiographic appearance of the breast because the ratio of
glandular to fatty tissue varies among women. Therefore,
several classifications of mammographic density types have
been developed, including Wolfe, BI-RADS, and Tabar. These
classifications are shown in Table 1. BP modeling is aimed
at certain categories according to the classification chosen
by the researchers.

BI-RADS is the most widely used classification for
describing radiographic breast density in clinical practice.
The types of breast tissue structures are shown in Figure 1.

Mathematical models and diagnostic images of patients
can be used to model the anatomical structures of the breast.
Based on these data, three main approaches were used to
create physical anthropomorphic phantoms:

+ Casting methods
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Table 1. Classifications of breast structure types
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Type Characteristics
Wolfe
N1 The breast consists mainly of fat (N = normal); a low risk of breast cancer
P1 This pattern includes fat and linear densities (enlarged ducts) occupying no more than 25% of the breast; a low risk of
breast cancer
P2 Linear densities (from enlarged ducts) occupying >25% of the breast. They are prominently in the upper outer quadrant
but may be distributed throughout the breast (P = prominent ducts); a high risk of breast cancer
Dy Dense breast (Dy = dysplasia); highest risk of breast cancer
Qdy Quasi—dysplasig: this group consists of young women whose dense breasts have a somewhat spongy texture because
of fatty infiltration
BI-RADS
a Almost entirely fat (<25% glandular density)
b Scattered fibroglandular densities (25%-50% glandular density)
c Heterogeneously dense (51%-75% glandular density)
d Extremely dense (>75% glandular density)
Tabar
I Balanced proportion of all components of breast tissue with a slight predominance of fibrous tissue
I Predominance of fat tissue (fat breast)
Il Predominance of fat tissue with retroareolar residual fibrous tissue
1\ Predominantly nodular density
v Predominantly fibrous tissue (dense breast)

» Separate printing of various structures and assembling
them into a complete phantom
+ Printing the entire model

Computational 3D anthropomorphic models
of the mammary glands

Anthropomorphic  computational breast models
provide anatomically reliable volumetric distribution of
the radiographic absorption coefficients of different breast
tissue types. Three types of approaches are available to such
modeling:

1) Mathematical modeling

Phantoms based on mathematical models are designed
to match certain physical or statistical properties of a human
organ, such as radiographic density or statistical distribution
patterns [6]. Several research groups have developed
reliable model-based virtual BPs for use in projection and
tomographic imaging [7-10]. An algorithm for generating this
type of phantom is shown in Figure 2.

2) Tissue-based approach

These phantoms reproduce the fine-scale structure of
breast tissue observed in abnormal specimens or super-
resolution microtomography [11,12].

3) Approach based on the processing of patient

tomograms

Such models are generated using two-dimensional
(MMG) or three-dimensional (CT or MRI) images [13,14].

DOL: https://doiorg/10.17816/DD623341

Mathematical breast models

This type of model is based on the modeling of the
structural elements of the breast using mathematical
methods. Such models comprehensively represent the shape
of the organ, ductal system, Cooper’s ligaments, pectoralis
major muscle, blood vessels, skin, DDFM pattern, and breast
abnormalities. To generate a 3D anatomically realistic model
of the breast, K. Bliznakova et al. [15] and P.R. Bakic et al.
[16-18] used a combination of constructive solid geometry
methods and voxel techniques.

Breast model from the University of Pennsylvania

In 2002, a research group from the University of
Pennsylvania developed the first anthropomorphic
computational BPs based on the modeling of two ellipsoidal
regions of large-scale tissue elements: predominantly fat
tissue and predominantly fibroglandular tissue [16,17].
These areas are mathematically modeled using realistically
distributed medium-scale phantom elements, which include
the membranes, lobules, and simulated milk ducts. The
duct network model is generated using a branching matrix
that describes the dichotomization of tree structures [18].
The reliability of the milk duct model was evaluated by
comparison with ductography data. A compression model
was also developed, which reliably represents breast
deformation in the University of Pennsylvania model in
2D MMG and breast tomosynthesis. Further development
of this phantom consisted of adding fine structures and
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Fig. 1. Types of breast density according to the BI-RADS classification. For each image, the upper part is the craniocaudal projection, and

the lower part is the mediolateral projection.

implementing an algorithm to rapidly generate high-resolution
anthropomorphic phantoms with voxel sizes ranging from 25
to 1,000 pm?® [19]. The result was an improved version of this
digital phantom [12].

The proposed algorithms are based on the simplified
assumption that each phantom voxel contains one tissue
type. This simplification leads to the appearance of artifacts
in the projection images near the boundaries between the
areas of different materials, particularly at the skin-air
interface. Several methods have been proposed to overcome
these limitations. One of them is to model smaller voxels.

DOL: https://doiorg/10.17816/DD623341

However, reducing the voxel size increases the phantom
generation time and the workstation requirements to
simulate the phantom. Another method considers the
partial volume of various tissues in a voxel [20,21]. The
linear radiographic attenuation coefficient at each voxel was
calculated by combining attenuation coefficients proportional
to the subvolume voxels occupied by different tissues.

Breast model by the University of Patras
A research group from the University of Patras developed
an anthropomorphic model of the breast, which represents
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Fig. 2. An algorithm for generating a computational breast phantom.

a complex combination of anatomical shape, duct system,
Cooper’s ligaments, radiological tissue texture, and nodes
[15]. The 3D texture simulates the presence of fatty, fibrous,
and connective tissues and other tissue types that are not
explicitly modeled. To obtain a realistic 3D MMG texture,
a texturing algorithm based on random walk is used [10].
Cooper's ligaments are modeled as a set of thin ellipsoidal
shells that appear at randomly selected points in the model.
Fatty compartments are modeled by the volume of Cooper's
ligaments. The pectoralis muscle is approximated as a
conical object, and the nodes are modeled as round, ovoid,
elongated, or irregular objects.

BPs by the United States Food and Drug Administration

Based on the above models, a research team from the
United States Food and Drug Administration generated an
improved, open-source, multimodal mathematical BP to be
used by the scientific community [21]. Mammary glands are
generated based on analytical formulas followed by voxel
sampling. In this case, each voxel had an arbitrary size and
consisted of one tissue type. A nipple and a 1-mm thick
layer of skin are added to the front of the surface, and a
layer of muscles supporting the breast is added to the back.
In the inner surface, glandular sections are determined
based on Voronoi segmentation. For each segmented gland
compartment, a tree of ducts is grown using a random
branching algorithm starting from the nipple. In the terminal
branches of each “tree” of ducts, terminal lobular ducts
are added. Initially, the internal part of the phantom was
set as purely glandular tissue. To create subcutaneous and
perilobular fat layers and some fat structures, random fat
lobules should be inserted within the glandular areas. Each
fat lobule is surrounded by a ligamentous structure [22]. At
the final stage of phantom generation, additional structures
such as blood vessels, pectoral muscles, and ligaments
should be introduced.
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In parallel with the United States Food and Drug
Administration, P. Elangovan et al. [9] presented a new
method for generating quasirealistic voxel phantoms
to simulate the compressed breast used in MMG and
tomosynthesis. Anthropomorphic breast models were
generated using a biomimetic technique with their features
and structures extracted from the image planes of real
breast images obtained using tomosynthesis. They are used
to synthesize the 3D structure of the breast. The modeling
process starts with the creation of a high-resolution blank
breast model surrounded by a layer of skin. This template
is populated with voxels corresponding to different tissues
based on the structures extracted from the tomosynthesis
images. The overall 3D shape is obtained from the
tomosynthesis data using image thresholding. Then,
a 1.5-mm thick layer of “skin” is added to the skin surfaces
of the breast contour. Internal voxels are labeled as fat or
glandular tissue.

A database of randomly selected fragments of glandular
tissue was created to produce a 3D matrix of glandular
tissue, which was placed in the fat tissue of the breast. The
blood vessels and Cooper's ligaments are modeled as an
extended 3D skeleton of the linear structures that are present
in the patient’s tomosynthesis images: 3—4 mm in diameter
for the blood vessel network and 1-2 mm in diameter for the
Cooper's ligament network.

Computational Breast Models Based on Medical Data

Several authors have attempted to create a more realistic
tissue distribution in a breast model [20,23,24]. Three voxel-
based breast models were generated using high-resolution
segmented CT data of three compressed breasts (in three
older women) [25]. These segmented breast models allowed
a more realistic representation of glandular tissue and
Monte Carlo calculations of the average radiation dose to
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the breast during MMG and the simulation of various imaging
techniques.

The development of a special breast CT system has
advanced the creation of computational anthropomorphic
BPs. This phantom was first developed in 2009 by CM Li et al.
[14]. The key step was to develop a technique of processing
breast CT scans and differentiating the breast tissue. The
resulting simulated MMG image of the phantom was similar
to a reliable MMG image of the breast tissue. This technique
had some limitations because it did not allow for the reliable
classification of small structures (Cooper's ligaments) that
require higher resolution. To solve this problem, the authors
proposed to express these structures mathematically and
subsequently include them in the calculated breast volume.

Even though the technique by Li et al. guarantees a
high degree of realism, it represents only one breast model
and does not cover wide anatomical variations. To solve
this problem, Hsu et al. [26,27] developed a computational
technique to generate numerous anthropomorphic BPs [14].
This technique is based on morphing (a visual effect that sees
one shape or object transform into another in a seamless
transition) and deformation (significant distortion of shapes
during digital image processing) and demonstrates the ability
to create anthropomorphic BPs that are perceived as realistic
by radiologists.

To enhance the development of CT-based breast models,
accurate anatomical characterization of the breast using CT
is required. Huang et al. [28] proposed and described in detail
the anatomical features of the breast, including its shape,
diameter, and length, proportion of glandular tissues in
three areas of the breast, depending on the patient’s age,
and bra cup size. The study used the largest set of CT images
of breasts available at that time (219 pieces). In addition,
a research group at Duke University used them to create
224 virtual BPs [29,30]. We also developed an application to
simulate different states of breast compression, allowing the
use of phantoms for multimodal imaging.

Sarno et al. developed 88 computational BPs with
realistic glandular tissue distribution to evaluate breast dose
distribution and imaging data. These models contribute to
the creation of an improved phantom that allows for a more
accurate calculation of the average radiation dose to the
gland during radiographic examinations [31] and optimizes
tomosynthesis using virtual clinical trials.

Therefore, the main advantage of computational
phantoms is their ability to generate potentially large
amounts of data [21]; however, these phantoms are virtual,
not physical. The quality of in silico studies depends not only
on the characteristics of the virtual phantom but also on the
accuracy of the simulated imaging system in representing
the physical imaging modality. For example, with breast
tomosynthesis or CT, virtual phantom scanning often requires
detailed knowledge of the geometry of the diagnostic system
and reconstruction algorithm, which is the property of the
manufacturing company.
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Physical anthropomorphic BPs

At the time of this review, 3D-printing technology was
the most popular approach for creating physical models
of breast cancer. 3D-printing technologies allow choosing
printing methods and materials that resemble human tissue
in density, composition, and radiographic properties. In the
breast, such tissues include fat, glands, tumors, and skin.

The process of creating an anthropomorphic physical BP
consists of two steps:

1) Creating a computational model of the breast using one
of the methods discussed above

2) Using a computational model to produce a physical BP

Considerable efforts are being made to develop new
materials because existing materials do not always have the
required radiographic properties [32-34]. K. Bliznakova et
al. conducted a comprehensive review of the materials used
in the production of anthropomorphic models [35], and some
of the main materials used to create BPs are presented in
Table 2.

BPs made using casting technology

A CIRS BR3D phantom (CIRS Inc., Norfolk, USA) for
MMG is produced in the form of D-shaped plates, which
are connected into a single structure to form a one-piece
phantom. Each plate consists of two tissue materials
that simulate fat and glandular tissues in a 50:50 ratio
(m/m). Two tissue-equivalent plastics are mixed to form
a heterogeneous structure. Typically, several plates are
produced, which can be rearranged in different orders and
easily obtain different, but limited in number, variations
of the underlying tissue. One of the plates contains a set
of microcalcifications, fibrous tissue, and neoplasms.
The phantom is used to evaluate image quality, breast
tomosynthesis, and CT. The resulting images of structures
on an MMG image have unclear boundaries but do not look
as realistic as the patient's images. Small structures such as
Cooper's ligament cannot be produced using this technology
and therefore will not appear on radiographic images.
In a recent study by Sage et al., the BR3D [43]-textured
background was found to have high contrast and resulted
in high-contrast artifacts throughout the phantom. In
addition, tomosynthesis images clearly show the contours
of the ring-shaped structures used to place inserts, and
this phenomenon affects the results of measurements and
image analysis.

An anthropomorphic BP for both X-ray and MRI was
developed by Freed et al. [44] by mixing egg whites with
melted refined lard and placing the resulting mixture
in a breast-shaped jar. This phantom is a useful tool
for quantifying image quality in 2D and 3D radiographic
techniques. However, it does not allow the modeling of
anatomical structures because the phantom represents them
much larger than they are in the patient’s body. In addition,
no technique has been established for creating phantoms
with sufficient glandular tissue content.
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Table 2. Main materials used to produce breast phantoms for mammography.

Human tissue Material Density, g/cm?
Ultrahigh-molecular-weight polyethylene [36] 0.94
Acrylonitrile butadiene styrene [32] 1.02
) PE-12 [37] N/A
Fat tissue ]
Formlabs Clear Resin [38] 1.18
QuickWater [33] 1.02
Paraffin [32] 0.93
Polyvinyl alcohol (PVAL gel) [39] 1.19
Water [40] 1.00
Nylon [32] .1
Flex polymer [32] 1.14
Glandular tissue TangoBlackPlus [33] 1.1
VeroClear [33] 1.18
VeroWhitePlus, TangoPlus N/A
Polylactin alloyed with copper and water [41]
Polyvinyl alcohol [42] N/A
Formlabs gray resin [32] 1.175
Tumor tissue Polyethylene terephthalate [42] N/A

Ruvio et al. [45] used bread molds to create multimodal
BPs for radiography, MRI, and ultrasonography imaging.
The manufacturing process included five stages using three
breast molds: external (replicating the breast shape), skin,
and internal fibroglandular. The external shape of the breast
mold follows the shape of the human breast in the supine
position according to MRI data collected from patients.
The main material used in the production of the skin
element is a polyvinyl alcohol cryogel. The fatty structure
is represented by a mixture of water and beeswax, and
the fibroglandular, tumor, and muscle components are
represented by agar containing a mixture of liquid (water,
glycerin, and benzalkonium chloride) and dry (agar, SiC,
and Al, 0,) components. The current limitation is related to
the impossibility of compressing the phantom because the
fat-simulating material is not susceptible and not elastic.
In addition, this phantom can be stored for only 1 week
because it is susceptible to bacterial damage and drying out.
This results in insufficient contrast between the tumor and
fibroglandular tissue. Despite the complexity of producing
tissues simulating important imaging parameters across
the three modalities, the study demonstrated high similarity
between the reference and measured properties. This type of
phantom is intended for use in multimodal cross-calibration
and training when there are no living patients or cadaveric
material.

BPs with integrated spherical elements

This is a special case of the approach discussed in the
next subsection. Spherical elements of various sizes, made
of tissue-equivalent material [46—48], are immersed into
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the homogeneous underlying tissue. These phantoms are
widely used to assess image quality and radiation dose
measurements in MMG and optimize scanning procedures
in new MMG techniques such as dual-energy MMG, dual-
energy contrast-enhanced MMG, tomosynthesis, and CT. A
research group from the Department of Radiology of the
Catholic University of Leuven developed a BP consisting
of two main parts: an acrylic semicylindrical container
simulating a compressed breast shape with a thickness
of 58 mm and equal volumes of acrylic spheres of six
different diameters [49]. Alternatively, the space between
the spheres can be filled with water, a material with
radiographic properties similar to those of real breast
tissue. This study used an MMG system with tomosynthesis
capability. Although the image pattern obtained with these
phantoms differs from the actual image of the breast, they
are very simple to produce and allow for easy acquisition
of different views of the underlying tissue. This physical
phantom has air bubbles at the top because filling the
phantom completely with water is difficult. This phantom
can be improved using a computational model to optimize
the phantom-filling options [50-52].

K. Bliznakova et al. [53-55] have described similar
approaches with semicylindrical containers printed using
photopolymer resin or nylon to be filled with spheres of
photopolymer resin and paraffin or animal lard as fillers.
One of the versions of this approach is a small BP with a
half-cylindrical shape made of Formlabs white resin. This
physical phantom contains 27 Formlabs gray resin spheres
with a radius of 6—13 mm, with the addition of animal fat. The
phantom was used to evaluate phase-contrast imaging of the
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breast [54] and develop a synthetic observer model for the
quality control of tomosynthesis systems [56].

Assembling BPs from separately printed elements

This approach requires the availability of digital models
of the main breast tissues, including skin, glandular,
and fat tissues, as well as various neoplasms and
microcalcifications. These individual digital models are based
on either mathematical calculations using special computer
programs [15,57] or segmentation of medical images of
patients [24]. Each simulated breast tissue was saved in a
separate file and then prepared for 3D printing. An example
of this approach is the phantom developed by NT Dukov et
al., with stereolithography used to print the external shape,
network of milk ducts and neoplasms, and FDM printing
using ABS filaments for fat compartments [37,53]. The
selection of these printed materials is based on extensive
experimental research [32,34]. The phantom is filled with
water. To simulate microcalcifications, the authors used
eggshells crushed into fine powder. In this case, the breast
was not visualized. Further research is required to create
new 3D printing materials that can simulate the radiographic
properties of all types of breast tissue.

In 2016, a new version of the phantom was created
with spherical insert elements [6]. Models of manually
segmented breast fat compartments derived from CT
images of a mastectomy specimen [22] were printed on a
stereolithography 3D printer using Formlabs clear resin. Then,
they were placed in a semicylindrical 48-mm-thick container
filled with water, and an MMG image was obtained using
a Siemens Mammomat (Siemens Healthineers, Germany).
As a result, the experimental images were better than the
original model; however, they were very different from the
MMG images taken from the patients.

Further improvements to the compartment phantom
are aimed at better similarity with patient data. This can be
achieved using a less dense printing material to increase the
contrast of the compartments, using smaller compartments
by reducing their scale, and refining the method of
segmenting the compartments. Recently, a research group
from the University of Vienna developed another version of
a spherical phantom consisting of VeroClear spheres with
paraffin oil as a filler [58].

Printing a one-piece BP

Single media printing

The UPenn physical BP [59] is based on the mathematical
model of the breast developed by the University of
Pennsylvania as described above [16-18]. This technology
involves the initial segmentation of digital phantom voxels
into two components: fibroglandular and fat tissues. The
first one was produced using a PolyJet Eden500V printer
(Stratasy, USA) using tissue-equivalent material with 50%
glandular tissue content (FC-720 photopolymer). Printing
is performed in layers to maintain access to empty spaces,
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which are then filled with fat tissue equivalent. Slices are
printed at 60-pym voxel resolution. The plates are then joined
together to create the final anthropomorphic phantom. The
initial experimental evaluation of MMG and tomosynthesis
images of this physical phantom shows its potential for
use in both qualitative and quantitative evaluations of the
performance of 2D and 3D breast radiography systems.
MMG images obtained using this phantom are visually similar
to clinical images. Some limitations of this technology are
related to the unclear boundaries of the structures, presence
of residual air bubbles that are visible on radiographs, long
manufacturing time, and high production costs.

Mainprize et al. [40,60] used a similar approach to
create a two-component full-size physical BP. A voxel-
based digital phantom [61] is divided into four plates to
accommodate different inserts at different heights. In each
plate, the fibroglandular component is removed, leaving only
the fatty component. The resulting fat layer was printed using
a selective laser sintering printer with a 100-pum resolution
from polyamide-12. The phantom showed high similarity with
data on the excess entropy parameter obtained on clinical
full-fledged digital MMG.

CT and MRI scans of the breasts of individual patients
are used as the basis for generating a two-chamber
anthropomorphic BP proposed by Prionas et al. [62]. The
glandular part consists of water, and the fatty part is made of
polyethylene. 3D images are initially obtained using a special
CT scan of the breast, noise is then removed, and tissue is
segmented into fatty and glandular parts. The production
process differs from that described above. Phantoms are
produced using a numerically controlled water jet machine.
A stack of breast segments was made from a 1.59-mm-thick
ultrahigh-molecular-weight polyethylene sheet using a water
jet machine, with the centerline of the tool path determined
along the edges of the tissue structure. An outer container
is molded around the thermoplastic BP, and its thickness
approximately corresponds to the thickness of the skin. A
container with a stack of breast segments is filled with water
so that the air spaces in the phantom, which represent a
glandular tissue compartment, are filled with water.

Large areas of glandular tissue in this phantom closely
correspond to the original patient images. The advantage
of the model is its modular design, which allows the
implementation of additional objects into any glandular
tissue compartment. The main limitations are related to
both the technology and material used: the thickness of
the polyethylene mass and the gaps between the produced
breast segments resulted in the phantom being 2.6 cm
longer than the patient’s original breast. The characteristics
of the material limit the use of the phantom in radiographic
techniques where breast compression is not performed. Other
minor problems are related to the presence of air bubbles
in the glandular tissue, which can be removed using more
complex degassing techniques during phantom assembly.
Another minor concern is the waterjet cutting process, which
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can also result in a reduction in the outer fat contour and an
expansion of the glandular tissue contour.

2D MMG images of the patient are a key source
of information in the technique of printing physical
anthropomorphic BPs, as proposed and implemented by
two research groups [63,64] in 2018 and 2019. A Badal
et al. [63] developed an easily reproducible technique for
producing anthropomorphic breast cancer models based on
2D MMG images. To produce breast objects, an Objet260
Connex3 inkjet printer (Stratasys, USA) with VeroMagenta
and VeroCyan printing materials was used. The choice of this
printing technology is well justified by extensive experimental
data using three printers with different technologies:
stereolithography, FDM modeling, and inkjet printing [65].

The key element of this approach is the mammorelocator
script in the Python programing language, which calculates
the thickness of the printed materials depending on the gray
level of each pixel in the image and the differences in X-ray
absorption between breast tissue and 3D-printing materials.
Each pixel of the image is converted by the script into a
column of the appropriate height.

The model was printed in 10 h, and it weighed 750 g.
Currently, it is validated to correctly reproduce the
radiographic properties of the breast during MMG. A study
of the similarity between the original and phantom MMG
showed that the anatomical features were reproduced with
good accuracy. The main limitation is related to the resolution
of the resulting phantom. Although the patient’s initial MMG
resolution is 100 pm, the 3D printer was unable to accurately
reproduce the details of clinical MMG <300 pm. The authors
propose using this technology to create collections of
representative patient models that can be used to assess the
effect of anatomical variability of the breast on the reliability
of the diagnostic system.

In the study by Schophoven et al. [64], an MMG image of
the breast compressed to 32 mm was used. A key challenge
was to determine the pixel intensities of raw images for
different thicknesses of the printed material (polypropylene)
for a diverse range of clinical images. This is achieved by
scanning printed plates of various thicknesses (up to 40 mm)
using an MMG system. The corresponding attenuation at the
pixel position of the clinical image was modeled by the height
difference of the printing material, resulting in a relief-like
structure on the phantom.

The phantom printing time was approximately 11 h using
791 g of RGD450 material and 31 g of auxiliary material.
The described approach makes it possible to create
anthropomorphic phantoms that realistically simulate the
anatomy and density characteristics of the breast tissue. These
phantoms can be used to solve various problems of quality
control and system optimization, as well as for educational
and scientific purposes. The main current limitations are
related to the slightly reduced resolution of fine details
compared with the original clinical image. This is due to the
selected printer and material combination (PolyJet printer
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combined with polypropylene print material), which limits the
size of the output structures to approximately 200 ym. The
structures are located on the top of the phantoms; therefore,
they are placed higher above the detector than the structures
in the patient’s breast. This can lead to increased sharpness
in MMG images of denser breast tissue because of geometric
magnification.

Microcalcification accumulations in this phantom were
simulated using a 3D-printed base plate with a diameter of
4 mm with movable inserts and crushed eggshells [38]. The
base and inserts were printed using an Objet30 Pro PolyJet
3D printer and VeroClear RGD810 material (Stratasys,
USA). The base plate contained three round cavities with
a diameter of 60 mm, into which rings numbered “1” to
“3" were placed separately. The first ring, the “lesion ring,”
contains three round 10-mm cavities with corresponding
covers, into which the simulated microcalcifications are
placed. The other two rings are modeled as solid and do
not contain any structures. All three rings have the same
dimensions, which ensures their interchangeability and
ability to change the position of the lesions relative to the
anthropomorphic phantom. Different accumulations of
microcalcifications were modeled using different amounts
and sizes of eggshells.

The advantage of this approach is the modular design
to integrate additional plates and rings easily and cost-
effectively with different damage depending on the purpose.
Phantoms made using this technology are intended for use
in 2D MMG. For 3D breast imaging, physical phantoms must
simulate the spatial distribution of different breast tissues
in three dimensions. This can be achieved using one of the
approaches discussed below.

In 2018, Okkalidis et al. [66] proposed a new technique
for simultaneous printing of BPs directly from patient CT
data using FDM modeling technology by changing the filling
density of a homogeneous template. This template is used
to accurately simulate the internal structure of the modeled
3D object. The thickest parts of the object are printed at
a maximum fill density of 100%, whereas softer, lighter
fabrics are printed at a lower density. This allows different
types of tissue to be realistically created, considering
radiological features. The method is based on reading
Hounsfield units from each voxel and using these data to
adjust the extrusion speed of the polylactic acid filament
to obtain the required amount of extruded filament. This
method was used to print an anthropomorphic BP directly
using CT data [67]. The first evaluation of the phantom
on a conventional CT scanner showed visual similarities
between the original CT images of the patient and the
phantom, which motivated the team to develop a special
phantom for CT and create a future experimental setup for
precision CT dosimetry. The main limitations are the long
printing time (several days) and visibility of the printed
pattern because of the FDM modeling technology used in
the study.
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Printing using two or more materials

To create ideal anthropomorphic MF phantoms, the use
of different printed materials is optimal. A major step toward
the realization of this goal was made in 2015 by N. Kiarashi
et al. [68]. They managed to produce an anthropomorphic
phantom of a compressed breast by 3D printing using two
materials in parallel [26,69]. Two anthropomorphic breast
models were printed using an Objet500 Connex 3D printer.
The first phantom, called Doublet, was printed using two
materials simultaneously, simulating glandular and fat
tissues. TangoGray and VeroWhite materials were used to
print the fibroglandular component. A mixture of butter and
lard in a 1:1 ratio, beeswax, resin, and olive oil were studied
as filler materials approaching the radiographic density of
fat tissue. The resin method was repeated several times
using different filling techniques, which always resulted in
the presence of some unwanted air bubbles.

Physical phantoms provide a realistic radiographic view
of breast anatomy in 2D and 3D images. The description of
MMG physical phantoms corresponds to real human MMGs
[70,71]. The disadvantages of phantoms are related to the
limited dynamic range and contrast caused by the lack of
suitable printing materials. This problem can be solved
with the advent of new materials. Despite its limitations,
the Doublet phantom has a key advantage: it has an all-in-
one design, where the phantom (whole or partial) can be
fabricated in one run.

AH Rossman et al. [72] reported the further development
of the above-described approach to printing anthropomorphic
breast models to simulate the patient’s anatomy to evaluate
the effectiveness of clinical MMG and digital breast
tomosynthesis. They created a modular phantom with an
anthropomorphic region to improve the detection of lesions
and calcifications and a homogeneous region to evaluate
standard quality control parameters. VeroPureWhite and
a special tungsten-doped Jf flexible resin were used for
fibroglandular tissue printing, and TangoPlus material and
a third-party Jf flexible resin without an alloy component
were used for low-density adipose tissue imaging. The
design allows the addition of masses, iodized inclusions, and
calcifications. One of the current limitations of this phantom
is its inability to achieve BI-RADS breast radiographic density
<36%. The image sensitivity depends on the radiological
density: the higher the density, the lower the sensitivity of
the MMG. Efforts are currently focused on achieving lower
densities.

In 2019, a group from Naples [73] for the first time used
an FDM 3D printer to produce physical phantoms of both
uncompressed and compressed breast tissue, simulating
the shape and the anatomical and radiological properties
of real breast tissue. Digital phantoms based on breast CT
data, and three printing materials were used to produce a
physical anthropomorphic BP. Polyvinyl acetate was used
to print the skin, and ABS plastic and nylon were used to
print fat and glandular tissues, respectively. The skin was
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printed separately because computational BPs are made of
three materials, and the available Ultimaker 3 FDM printer
(Ultimaker, Netherlands) prints objects from a maximum of
two materials. Models have 100% filling density to minimize
air gaps. The internal area of the breast can be presented in
the form of either printed 10-mm-thick sections or a single
block of two-component material. In addition, the authors
developed an area in the printed slices to accommodate
TLD chips for dosimetry purposes and special holes to
accommodate printed lesions [73,74].

Paper on anthropomorphic breast models

A budget-friendly way to create BPs is to use office
printing paper and a regular inkjet printer [75]. Some
radiopaque agents, such as potassium iodide, titanium oxide,
and radiocontrast, can be used as paint additives. Parchment
paper has also been tested and found to have a radiographic
density similar to that of fat tissue. A physical phantom was
produced using a digital model presented by Graff et al. [21] in
the form of sections by inkjet printing using parchment paper
and radiopaque ink containing 33% or 25% iohexol (v/v). The
advantage of this approach to anthropomorphic phantom
production is their low cost because they are produced
using commercially available inkjet printers, inexpensive
ink enhancement components, and some inexpensive
additional materials. The inkjet printer used in this study
was a commercially available Epson Workforce 630 desktop
inkjet printer (Epson, Japan). Reusable cartridges were used
instead of the original manufacturer cartridges. Because the
printer has multiple color cartridges, additional “tissues” can
be printed in different colors. For example, to print leather,
determine the appropriate concentration of iodine ink and
place it in a separate cartridge. Various colors can then be
applied to the skin and glandular tissue of the image and
printed accordingly.

In summary, 3D printing technology is a well-studied
technique for producing anthropomorphic BPs for use in
radiography [68,72]. As its main advantage, 3D printing
allows the design and printing of complex structures.
However, several features of the 3D-printing process limit
its versatility and feasibility [41,76,77]. Although 3D printing
can create products from various plastics and silicones,
not all of them are amenable to the temperatures required
for 3D printing. In addition, 3D printers have small printing
chambers, which limits the size of the resulting features.
From a practical point of view, 3D printing is an expensive
and slow process and therefore impractical for high-volume
production. This slowness is attributed to the time required
to create anthropomorphic phantoms using 3D printing,
which depends on the complexity of the design (the desired
number of organic tissues and elements that must be
included in the phantom structure and the desired size). In
addition, postprocessing of the 3D-printed phantoms is often
needed to remove the support material from the structure
and smoothen the surface to achieve the desired finish. This
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may include water-abrasive treatment, exposure to chemical
compounds, and air-heat drying. However, these options may
damage the phantoms or introduce unwanted particles into
the phantoms, which could affect radiography results.

An alternative approach to creating physical phantoms
is to build the model layer by layer. Each layer is a planar
section. With this approach, the complexity of creating a
phantom is reduced to processing 2D layers. This approach
was first introduced by Theodorakou et al. [78]. In this study,
each phantom layer consisted of a substrate and a contrast
material (dye) applied to the substrate using a standard inkjet
printer. Since then, several research groups have improved
this concept and reported successful implementations
[79,80]. The process of layer-by-layer generation of a
phantom allows the detailed formation of radiographic
density properties by adding dyes to a 2D layer; however, it
has some inherent limitations. These limitations are mainly
due to the dependence on the use of contrast materials (dyes).
In addition to the difficulties associated with optimizing dye
chemistry, the contrast material is often in a liquid state,
whereas the substrate is in a solid state. Applying a liquid
contrast material to a solid substrate often results in the dye
bleeding into or spreading across the substrate, making it
difficult to control the positioning of the contrast material. In
addition, this approach usually requires multilayer application
of dyes onto a single substrate, which leads to multistage
drying, which negatively affects production time. Finally,
inkjet printer components often cannot withstand repeated
ink injections. Inkjet printers use small nozzles to deliver ink.
Some contrast materials, such as iodine-hased compounds,
which are widely used in radiography, often lead to nozzle
clogging, requiring extensive maintenance to correct process
failures.

Overview of commercial phantoms

BP for MMG and tomosynthesis developed by Erler

Zimmer and marketed by GTSimulators

The creation of this commercial phantom consists of two
stages. Initially, a calculation model of the breast is created
using the C.G. Graff method [21]. The breast surface is formed
by creating a shell in the form of a quadratic hemisphere, on
which a layer of skin and a nipple are applied. The shape
of the shell is determined using two parameters: those that
determine the total breast volume and those that correct
the surface curvature. Using the Voronoi segmentation
technique, the interior of the shell is randomly divided into fat
and glandular components, with each glandular component
containing a network of ducts with terminal lobular units. The
volume is then filled with additional elements of the breast,
such as Cooper’s ligaments, pectoral muscles, and blood
vessels. In addition, a malignant neoplasm was modeled
[81], which was subsequently introduced into the model.

To create a compressed breast, its volume was converted
into a four-dimensional matrix, and each element of this
matrix was given elastic properties determined by voxels
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of the glandular or fat tissue located in the center of the
element. The matrix was then formed using linear elastic
finite-element modeling, and the breast was compressed in
the craniocaudal direction to a thickness of 30 mm. However,
no restrictions are set for creating a phantom with any breast
thickness. Because the phantom model is based on analytical
formulas, the compression thickness and voxel size are
arbitrary. In this study, the breast model was discretized
with an isotropic voxel size of 70 pm, which corresponds to
the thickness of parchment paper. Depending on the size of
the detector elements, undesirable effects caused by image
sampling may occur at a given voxel size.

The second step is to create a physical phantom using
inkjet printing. The printer used was a commercially available
desktop inkjet printer (Epson Workforce 630). The print
resolution was set to 363 dpi to provide a dot size of 70 um
and match the voxel size of the digital phantom (70 um). In
this procedure, special ink was applied to paper serving as
background tissue to create density characteristics similar
to glandular tissue. The ink was synthesized by mixing
conventional pigment inks (InkThrift, Vermont Photolnkijet,
East Topsham Village, VT) with 350 mg/mL iohexol
(Omnipaque, GE Healthcare, USA). One solution contains 67%
ink and 33% iohexol, and the other contains 75% ink and 25%
iohexol. To align the sheets, a specialized hole punch was
created to make holes above the fiducial markers, and the
sheets were then slid onto racks attached to a specialized
backing plate to ensure that the sheets remained stationary
once placed. Once the printed sheets were stacked on the
base plate, a large, specialized compression paddle with post
holes was placed on top of the stack to secure the sheets and
ensure even compression.

To demonstrate the capabilities of the phantom, 3D
lesions measuring approximately 5 mm and clusters
containing microcalcifications were included in the phantom
after the entire stack of sheets was manufactured. The 3D
lesion was first introduced virtually and then placed into the
physical phantom by reprinting the selected slices to which it
extended and replacing them with nonlesional sheets at the
appropriate locations. Microcalcifications were modeled by
crushing eggshells and placing them at locations of varying
gland densities on a physical BP. The number of elements
in one cluster varied from 11 to >30. The diameter of the
clusters ranged from 3.5 to 8 mm.

The materials used are similar to fat and glandular tissues
in terms of radiographic density, and the production process
is accurate and reproducible and can be used for both 2D
and 3D imaging of the breast. In addition, this phantom is not
limited to a single breast model, and any virtual model, once
voxelized, can be printed using this unique approach.

This phantom has passed the validation process [75] and
was used to study the capabilities of convolutional neural
networks in the differential diagnosis of benign and malignant
calcifications with conventional and dual-energy full-format
digital MMG [84].
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BR3D Breast Imaging Phantom
This phantom is described above in the section “Breast
phantoms manufactured using casting technology” and is
presented in Figure 3.
The model has been validated and used in many studies:
+ Model-based optimization of digital breast
tomosynthesis images for iterative reconstruction
[83]. A new image reconstruction algorithm for digital
breast tomosynthesis implemented using a total
variation regularizer was tested on a Model 20 BR3D
phantom. The results obtained confirm the ability of
this algorithm to accurately image microcalcifications
and breast formations.
+ Evaluation of GPU acceleration of a model-based
iterative method for digital breast tomosynthesis [84].
This study shows that parallel processing implemented
on three different GPU boards allows for rapid iterative
reconstruction of images obtained using digital breast
tomosynthesis.

Fig. 3. BR3D Breast Imaging Phantom [82].
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+ Evaluation of a generative adversarial network
for image quality improvement and radiation dose
reduction in digital breast tomosynthesis [85]. An
improvement in image quality was demonstrated
during digital breast tomosynthesis under low
radiation dose conditions when preprocessing the
reconstruction using conditional generative adversarial
networks [cGAN (pix2pix)].

Other BPs

Commercial BPs are available; however, data on their
use in scientific research are unavailable. They include the
following:

» Model 011A by CIRS is a tissue-equivalent
anthropomorphic phantom designed to test the
performance of all types of MMG systems. Models of
calcifications, ducts, and neoplasms were built into the
phantom as test objects. The sizes of the test objects
vary, which allows testing the system at different levels
of complexity. The resin material simulates the photon
attenuation coefficients of various breast tissues. The
average elemental composition of the simulated tissue
was based on the individual elemental composition of
fat and glandular tissues. This phantom has been used
in some studies aimed at improving the accuracy of
diagnostic methods [86—88]. The phantom is shown
in Figure 4.

+ BT-A01 by True Phantom Solutions (Canada) is a
life-size image of a female torso, carefully crafted
to reflect typical anatomical features. It is used for
MMG, CT, and MRI. The target audience is healthcare
professionals and students.

» Complex Breast Phantom SynAtomy 160,650 by
SynDaver (USA) is an anthropomorphic breast phantom
intended for training students and medical personnel.
Modalities include ultrasonography, elastography, and
MMG.

CONCLUSION

This study provides a brief historical overview of the
development and use of anthropomorphic breast models for
radiography. Different approaches to creating such phantoms
have both advantages and limitations. Depending on the specific
medical imaging task, one or the other approach may be
preferred. Although computational anthropomorphic phantoms
offer anatomical fidelity and relative ease of modeling, the
creation of physical anthropomorphic models is challenging.
Available technologies are costly and labor intensive, and the
range of materials used is limited. Although much work has
been done in this area, searching for new materials with X-ray
absorption coefficients that correspond to different types of
breast tissue is necessary. In addition, low-cost production
technologies are also needed. This will improve and accelerate
the production of anthropomorphic BPs for radiography.
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Fig. 4. 011A by CIRS.
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TexHonoruyeckue AEd)EKTbI nporpaMMHoOro
obecneyeHms ¢ UCKYCCTBEHHbIM UHTEJIZIEKTOM

B.B. 3uHuenko, K.M. Ap3amacos, E.WN. KpemHeBa, A.B. Bnagsumupckuia, H0.A. Bacunbes

Hay4Ho-npaKTUYeCKMiA KIMHUYECKUIA LIEHTP AMArHOCTUKM U TeleMeauumHbl, MockBa, Poccuiickas Qepepauus

AHHOTALIMA

06o0cHoBaHuMe. TexHomoruyeckue fedekTbl B paboTe MporpaMMHOro 0becrneyeHmns ¢ UCKYCCTBEHHBIM MHTENIEKTOM SBMSKOTCA
KPUTMYECKU BaXKHBIMU MPU MPUHATUM PELLEHUS O NMPAKTUYECKON MPUMEHUMOCTU U KIIMHUYECKOW LLeHHOCTU NPOrpaMMHOr0
0becneyeHus ¢ UCKYCCTBEHHBIM UHTENTIEKTOM.

Lenb — aHanu3 1 cucteMatmsaums TEXHONMOMMYECKUX LedeKToB, BO3HMKAOLWMX npu paboTe nporpaMMHoOro obecneyeHus
C UCKYCCTBEHHBIM WHTENJIEKTOM A/ aHanu3a MeULMHCKUX U306paeHuid.

Matepuanbl n Metoapl. B pamkax akcnepumeHTa no MCMosib30BaHWI0 MHHOBALMOHHBIX TEXHONOMMIA B 0611aCTW KOMMbOTEp-
HOro 3peHus AN1A aHau3a MeULMHCKUX M300paeHui U JanbHERLWero NPUMEHEHNS B CUCTEME 3[paBOOXPaHEHUs ropoaa
MocKBbI NPOBOAUTCA MOHUTOPUHI TEXHOIOTMYECKUX NapaMeTPOB A8 BCEX Y4aCTBYIOLLMX PELLEHWI KaK Ha 3Tane anpobauum,
TaK W Ha 3Tane onbITHOM 3KCnyaTaumu. B cTaTbe npeacTaBneHa rpaduyeckas MHGopMaLMs 0 CpeSHEM YKCIe TEXHONOTUYe-
ckux fedekToB An1s npodmnakTUYecKoro HanpaeneHus, MoganbHocTb «Mammorpadusy, 3a 2021 rog. 31oT nepuop BbibpaH
Kak Haubonee noKasaTesNbHbli, XapaKTePU3YIOLLMIACA aKTUBHBIM Pa3BUTUEM MPOrpamMMHOro 0becneyeHns C UCKYCCTBEHHBIM
WHTENNEKTOM C MO3WULMM YBENMYEHWUS TEXHUYECKOW CTabunbHOCTU Mx paboTbl. C Lenbio OLEHKM NPUMEHMMOCTW NMOAX0AA
M0 BbISBMEHMIO TEXHONOMMYECKUX Ae(eKTOB aHaNorMyYHbIN aHanu3 NpoBOAUICA ANS HanpaB/ieHUs 0OHapYKeHUs BHYTpUYe-
PenHbIX KPOBOU3NMAHUI Ha KOMMbIOTEPHBLIX TOMOrPaMMax rosioBHoro mMo3ra 3a 2022-2023 roggl.

Pesynbtathl. B xone uccnenoBaHus Obio NpoaHanM3vpoBaHo NporpaMMHOe 0DecneyeHne € UCKYCCTBEHHBIM UHTENNEKTOM
no MofanbHocTaM «Mammorpadms» (2 anroputMa) u «KoMnbtoTepHas ToMorpadms ronosHoro Mo3rax» (1). Beero ans Mogans-
HocTM «MaMMorpadus» cobpaHo 14 Beibopok no 20 uccnepoBaHuin; ana MoganbHocT «KoMnbloTepHas ToMorpadms» —
12 Bbibopok no 80 nccnepoBanuid. [ng kaxporo Tuna gedexra 6biv NocTpoeHbI rpaduky, a A8 KaXaoM U3 MofanbHOCTEN
Bbinm nocTpoeHbl MHUKM TpeHaa. KoadduumeHTbl ypaBHEHUI NIMHUA TPEHAOB YKa3blBalOT HA TEHAEHLMIO K CHUMEHMIO YMCNa
TEXHOJIOTMYECKUX AeEKTOB.

3aksnitoyeHue. MpoBefEHHbIM aHanKU3 NO3BOMISET NPOCNEAUTb TEHAEHLMIO K CHUMEHMIO YMCA TEXHOMOMMYECKUX LedEKTOB,
YTO MOXKET CBMAETENbCTBOBATH 0 ,opaboTKe NPOrpaMMHOro 0becrneyeHns ¢ UCKYCCTBEHHBIM MHTEIEKTOM W MOBBILLIEHWM ero
KauecTBa bnarogaps nepuoauyeckoMy MoHUTOpUHTY. KpoMe Toro, Takoii pesynbTaT NMoKasbiBaeT YHUBEPCANbHOCTb UCMOJIb-
30BaHWA KaK Ans NpoduUnaKTMYecKux MeToA0B, TaK U [1S IKCTPEHHbIX.

KnioueBble cnoBa: VICKYCCTBEHHbIVI WHTEeNNIEKT;, nporpaMMHoe obecneyeHne ¢ UCKYCCTBEHHBIM  UHTEJIIEKTOM;
TEXHONOMNYECKMH MOHUTOPWHT; TEXHOJ10rM4yecKune ,U,eCIJeKTbI; MocKoBCKuiA JKCNEePUMEHT.

Kak uutupoBatb:
3uH4eHKo B.B., Ap3amaco K.M., KpemHesa E.W., Bnagaumupckmin A.B., Bacunbes 10.A. TexHonornyeckme fedeKTsl NporpaMMHOro obecneyeHns ¢ UCKyc-
cTBeHHbIM WHTennexToM // Digital Diagnostics. 2023. T. 4, N° 4 C. 593—604. DOI: https://doi.org/10.17816/DD501759
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Technological defects in software based
on artificial intelligence

Viktoria V. Zinchenko, Kirill M. Arzamasov, Elena |. Kremneva, Anton V. Vladzymyrskyy,
Yuriy A. Vasilev

Scientific and Practical Clinical Center for Diagnostics and Telemedicine Technologies, Moscow, Russian Federation

ABSTRACT

BACKGROUND: Technological defects in the use of artificial intelligence software are critical when deciding on the practical
applicability and clinical value of artificial intelligence software.

AIM: To conduct an analysis and systematization of technological defects occurring when artificial intelligence software
analyzes medical images.

MATERIALS AND METHODS: As part of the experiment on the use of innovative computer vision technologies for the analysis of
medical images and further application in the Moscow healthcare system, technological parameters of all artificial intelligence
software are monitored at the testing and operation stages of the trial. This article presents graphical information on the
average number of technological defects in mass mammography screening in 2021. This period was chosen as the most
indicative and characterized by the active development of artificial intelligence software and increased technical stability of
its performance. To assess the applicability of the analysis for technological defects, a similar analysis was conducted for the
direction of detection of intracranial hemorrhage on computed tomography scans of the brain for 2022-2023.

RESULTS: During the study, artificial intelligence software used for mammography (two algorithms) and brain computed
tomography (one algorithm) were analyzed. Fourteen mammography samples were collected for technological monitoring
during the identified period, each from 20 studies, and 12 brain computed tomography samples were obtained, each from
80 studies. Graphs were constructed for each type of defect, and trend lines were plotted for each modality. The coefficients of
the trend line equations indicate a downward tendency in the number of technological defects.

CONCLUSION: This analysis allows tracing a downward trend in the number of technological defects, which may indicate a
refinement of artificial intelligence software and an increase in its quality because of periodic monitoring. It also shows the
versatility of use for both preventive and emergency methods.

Keywords: artificial intelligence; artificial intelligence software; technological monitoring; technological defects; Moscow
experiment.
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BACKGROUND MATERIALS AND METHODS
Artificial intelligence (Al)-based software can assist Conditions of the study

healthcare professionals (HCPs) with routine and complex
tasks and improve the quality, accessibility, and speed of
patient care [1-3]. This was largely possible because of
the continuity of foreign and domestic experience with Al in
healthcare [4—7] and the experiment on the use of innovative
computer vision technologies for analysis of medical images
and further application in the Moscow healthcare system
(hereinafter referred to as “the Experiment”). The Experiment
aimed to conduct a scientific study of the possibility of
using medical decision support methods in the Moscow
healthcare system based on data analysis using advanced
innovative technologies. Requirements were developed for
Al-based software results in 21 areas of diagnostic radiology.
Currently, results obtained using >50 Al-based solutions are
available for HCPs. More than 10 million studies have been
processed at the end of September 2023.

The use of new technologies in healthcare requires
mandatory compliance with safety regulations. Therefore,
the development, deployment, and use of Al-based software
should be monitored [8]. Furthermore, Al-based software
requires special control during operation because it can
produce biased results when used on a population other than
the one used to train it [9,10].

Some tests are used as part of the Experiment to control
the quality of processing Al-based software research. Self-
testing is the first step, which is designed to understand the
technological Al compatibility of the software and research
(input) data submitted for processing. The next step is
functional testing. It determines the presence of the declared
Al-based software functions, including its performance.
The Al-based software is evaluated from both technical
and clinical perspectives by technical and medical experts.
Calibration testing is the step of determining the performance
metrics of Al-based software with the area under the ROC
curve as the main indicator.

If all tests are successfully passed, the software is
allowed to work with Al, and based on the work results,
the technological and clinical monitoring of algorithms
is performed. According to international studies, the
technological tests (monitoring of technological parameters)
are an integral part of product tests and are performed as part
of comprehensive tests for the possible use in real clinical
practice [11]. Therefore, this study focused on monitoring
technological defects.

STUDY AIMS

This study aimed to evaluate the technological defects of
Al-based software based on the results of the Experiment,
analyze and statistically process them, and assess the impact
on the safety and quality of Al-based software in clinical
practice.

DAl https://doiorg/1017816/DD501759

For all studies analyzed by the Al-based software during
the reporting period for the “mammography” modality in 2021,
monitoring was performed in accordance with the categories
of errors shown in Table 1 (left column, according to order
no. 51 of the Moscow Healthcare Department; January 26,
2021) 12]:

+ Group A: The time to analyze a study exceeds 6.5
min. The time limit was derived as the average
time required to describe an Al-based software
study to obtain results suitable for use by a
radiologist.

« Group B: No results from the evaluated studies.

« Group C: The images included in the Al-based
software results do not match those of the native
(source) study (they are damaged). In rare cases,
changing the metadata can change the settings when
viewing studies, making it more difficult to visualize
the original image.

+ Group D: Incorrect operation of the declared Al-based
software functions that complicates the HCP's work or
makes it impossible to perform with adequate quality,
including cropping of images, changes in brightness/
contrast, missing description of results, and missing
markers of abnormalities.

« Group E: Other violations of the integrity and content
of the study file, limiting its diagnostic interpretation,
including off-target markings and Al-based software
analysis based on incorrect anatomy.

+ Group F: A modification of the original series of
studies. In 2022, the errors were restructured. This
was considered when processing the monitoring data
for the CT modality (Table 1, right column).

Study Duration

Monitoring was performed monthly until the end of the
use of the Al-based software in the Experiment. The reporting
monitoring period is one calendar month. Based on the data
from days 10 and 20 of each month, an interim report for
monitoring of Group A and B errors was prepared and sent
to the Al-based software manufacturer.

For samples of mammograms and brain CTs, the article
provides information on defects from March to December
2021 and from May 2022 to May 2023, respectively. For
different Al-based software, the frequency of monitoring
is different owing to variations in the time of entry into
the Experiment and time of improvement after receiving
feedback.

Technological monitoring was performed by a group of
experts, including technical specialists and radiologists, who
received additional training in monitoring and instruction in
working with specific Al-based software. Moreover, to report
the performed monitoring, a unified internal reporting form
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Table 1. Criteria correlation for technological defects in orders from the Moscow Department of Health

Technological defects according to order no. 51 of the Moscow

Department of Health dated January 26, 2021
(for mammography data presented in the article)

Group A: study analysis time >6.5 min
Group B: missing results of the studies evaluated

D2: no additional series

D3: no DICOM SR

D4: presence of two or more DICOM SRs

D5: no name for Al-based software

Dé: missing information about the Al-based software version

C1: images are cropped
C2: brightness/contrast changed

C3: not all necessary images were evaluated

D1: complete absence of Al-based software results

D7: no warning label “For research/scientific use only”

D8: missing markings of abnormalities

E1: inconsistent DICOM SR information and additional series
F: change to the original study series

E2: off-target markings
E3: incorrect anatomy, projection, or series were analyzed

Technological defects according to Order No. 160 of the
Moscow Department of Health dated November 3, 2022
(restructured) (for the brain CT data presented in the article)

Group A: analysis time of one study >6.5 min
Group B: missing results of the studies evaluated

Group C: incorrect operation of the declared functions of Al-based
software, which complicates the work of radiologist or makes it
impossible to perform it with proper quality

C1: no additional series

C2: no DICOM SR

C3: presence of two or more DICOM SRs

C4: no name for Al-based software

C5: missing information about the Al-based software version
Group D: defects related to the display of the image area

D1: images of additional series are cropped

D2: brightness/contrast of the additional series does not match
the original image

D3: not all necessary images were evaluated

Excluded

Dé4: no warning label “For research/scientific use only”
F: defects related to clinical work

Excluded

D5: change to the original study series

Group E: other violations of the integrity and content of the study
file that limit its diagnostic interpretation, including

E1: off-target markings
E2: incorrect anatomy, projection, or series were analyzed

SR: structure report

and technological monitoring instructions were developed
and used.

Statistical analysis

A pseudorandomly selected dataset (study sample)
was used for testing during technology monitoring, with
the following proportions considered: 25% of studies with
no abnormalities detected by the Al-based software (no-
abnormality group) and 75% of studies with abnormalities
detected (abnormality group). Selected studies with Al-based
software results were assessed for technological errors. The
study was assigned to the abnormality group if it exceeded
the optimal threshold set during testing; otherwise, it was
classified as a no-abnormality study [13,14].

In 2021, the pseudorandom sample size of the Experiment
was 20 studies per month. This was still the pilot phase of
the project. The nomogram power level was 42.5%, with a
statistical significance level of 0.05. The standard difference
between the sample elements was 0.79 [15]. In a full-scale
project after 2021, with the use of risk analysis, the sample

DAl https://doiorg/1017816/DD501759

size was 80 studies (see the justification in the article by
Chetverikov et al. [13]). These 80 exams formed the monthly
sample for brain CT scans.

RESULTS

In total, 14 samples from 20 studies were used in
technology monitoring for the mammography modality. From
March to December 2021, the generated pseudorandom
samples were sent monthly for testing to all working (not
under development) Al-based software.

To evaluate the applicability of the method for identifying
technological defects, a similar analysis of generated
pseudorandom samples was performed for the brain CT
modality for the detection of intracranial hemorrhage. From
May 2022 to May 2023, 80 studies per month were submitted
to test the Al-based software (12 samples of 80 studies in
total).

To represent changes in technological defects over time,
general statistics were used for all technological monitoring
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results of the Al-based software from March to December
2021 (for the mammography modality) or from May 2022 to
May 2023 (for the CT modality). The number of technological
defects was calculated as a percentage of the total number
of studies in the dataset.

Figure 1 shows the changes in the average number of
technological defects for the mammography modality from
March 2021 to December 2021. The y-axis represents the
presence of defects (expressed as a percentage of the total
number of studies in the sample), and the x-axis represents the
reporting period in months. Figure 2 provides similar information
for the brain CT modality (from May 2022 to May 2023).

The left column of Table 1 shows the defects of the
mammography modality. As shown in Figure 1, at the beginning

35
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(==& ]

—_
o

Presence of defects, %
o
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of the study period, most errors belonged to groups C, D, and
B. At the end of the study period, only Group C errors remained,
although their percentage decreased significantly.

Moreover, the right column of Table 1 presents the errors
of the CT modality. As shown in Figure 2, the percentage of
errors in relation to the sample was lower for all the errors,
except for Group B, for the brain CT modality for the detection
of intracranial hemorrhage than for the other modalities
analyzed. The percentage of Group D and E errors decreased,
whereas Group B errors showed a wide range every month.

To quantify this trend, the corresponding trend lines
were added. These were linear functions k x x + b, where k
indicates the slope of the approximation curve, i.e., it indicates
a tendency to increase or decrease the number of defects,

Reporting period, month

5 =
0
0 2
-5
—s— Group A —— Group B Group C
defect defect defect

Group D —e— Group E
defect defect

—o— y=-0,6127x +7,1455

Fig. 1. Changes in detection of the average number of each technological defect for software based on artificial intelligence for
mammography. Defects are divided into groups in accordance with order no. 51 of the Moscow Department of Health dated January 26,

2021.

35

30
=25 /
2 /
] \
i / \
S ,‘j “‘\
g 15 ‘
o
§ /
& 10 |

y \ ’J“ .
0 2 4 8 10 12
Reporting period, month
—o~ GroupA —e— Group B Group C GroupD —e GroupE  ——y=-0,0921x +2,4114
defect defect defect defect defect

Fig. 2. Changes in the detection of the average number of each technological defect for software based on artificial intelligence for the
brain computed tomography modality (presence or absence of intracranial hemorrhage). Defects are divided into groups in accordance
with order no. 160 of the Moscow Department of Health dated November 3, 2022.
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and b corresponds to the number of defects at the beginning
of the monitoring. The approximation was performed for all
Al-based software for individual modalities, and the entire
data set was approximated at once (Figures 1 and 2). It is
possible to predict changes in technological defect removal
for each Al-based software product separately or for the
entire range if k is known.

Figures 3, 4, 5, and 6 show examples of technological
errors in Al-based software.

DISCUSSION

According to the results obtained and evaluated, the
mammography modality shows an excellent trend in reducing

FOR RESEARCH USE ONLY

2403 2\721

Fig. 3. Defect: not all necessary images have been evaluated.
Modality: mammography.

Fig. 5. Defect: an incorrect series was evaluated (contrast-
enhanced computed tomography instead of native on). Modality:
computed tomography.

Vol. 4 (4) 2023
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the number of technological defects (Figure 1, trend line). The
Al-based software with the brain CT modality has a more
uniform trend of decreasing the number of technological
defects (Figure 2, trend line), despite the values of Group B
defects. The reason for this is that the fluctuation of some
technological defects is related to the automatic detection,
fast feedback, and prompt improvement of the Al-based
software by the manufacturer (version change or bug fix).
The Al-based software versions for the mammography
modality were changed in September—October 2021, and
the average number of Group B and D defects decreased
(Figure 1). This may indicate the successful maintenance of
Al-based software, which in turn may indicate the effective
use of the presented methodology for monitoring technology.

FOR RESEARCH USE ONLY

1.MM

DLecc)

FOR RESEARCH USE ONLY
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Fig. 6. Defect: off-target markings, contrast-enhanced computed
tomography instead of native computed tomography. Modality:
computed tomography.
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Note that identifying technological defects within
technological monitoring may be crucial in comprehensive
testing aimed at safer, higher quality, and more efficient
software operation using Al not only in diagnostic radiology
but also in general healthcare. The analysis showed that
the quality of Al-based software increases as the number
of defects decreases. Therefore, Al-based software gains
more trust from users, minimizes defects, and helps HCPs
[16,17].

Restructuring technological defects

In 2022, the groups of technological defects were
restructured based on the results of the monitoring of
technological defects and their analysis presented in this
article. According to the updated group classification
(Table 1, right column), Al-based software defects for
the brain CT modality were monitored for the presence
or absence of intracranial hemorrhage. Group A and B
defects were reviewed automatically, whereas Group
C, D, and E defects required manual review by experts.
The updated list of technological defects is presented
in order no. 160 of the Moscow Healthcare Department
dated November 3, 2022, which is still valid [18]. The
reasons for increasing the number of studies in the
sample have been discussed by Chetverikov et al. [13].
Such restructuring of technological defects optimized
the work of experts analyzing the Al-based software
monitoring results.

In addition, based on the results of technological
monitoring of Al-based software under experimental
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conditions, technological defects in accordance with the
order dated 2021 for the mammography modality can be
divided into three groups regarding the safety of Al-based
software as a medical product:

« Defects that affect the safety of patients and work
of HCPs: failure to implement functions declared
by the manufacturer; comments that influence a
radiologist or complicate their work; and irreversible
damage to original research data. This group includes,
for example, Group D (D2, D3, D4) and F defects.
Separately, a D7 defect (absence of a warning
label “For research/scientific use only”) should be
considered. This defect can only occur in the research
setting and can never occur when using Al-based
software as a medical device.

+ Defects that do not affect the safety of patients
but affect the work of HCPs: functional defects that
do not conform to generally accepted standards for
the presentation of research interpretation results.
This group includes Group E and C (C1, C2, C3)
defects.

» Defects that do not affect the safety of patients
or the work of HCPs: minor defects that need to be
removed to make the work of HCPs more convenient,
intuitive, and efficient. This group includes D5, Dé, and
D8 defects.

For the CT modality, because of the restructuring of the
defects (Table 1), three safety subgroups were presented
from November 2023 until present, according to the 2021
order:

I A1

T
March April May June July

T T T
August ~ September October November December

W Affects both the work of HCPs and the safety of patients
O Affects the work of HCPs and does not affect the safety of patients
@ Does not affect the work of HCPs and does not affect the safety of patients

Fig. 7. Number of defects in each group over time; modality: mammography.
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[]v[] - T T T
May June July
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April

W Affects both the work of HCPs and the safety of patients
O Affects the work of HCPs and does not affect the safety of patients
@ Does not affect the work of HCPs and does not affect the safety of patients

Fig. 8. Number of defects in each group over time; modality: computed tomography.

» Defects that affect the safety of patients and work
of HCPs: Group C defects (C1, C2, C3) and D4 and D5
defects.

« Defects that do not affect the safety of patients but
affect the work of HCPs: Group E and D defects (D1,
D2, D3).

+ Defects that do not affect the safety of patients and
work of HCPs: C4 and C5 defects.

Figures 7 and 8 show graphical information on the
changes in the number of errors by group and month for
both modalities.

For the mammography modality (Figure 7), defects
that affect patient safety and HCP work were no longer
detected after June because of the Al-based software
update. Furthermore, defects that affect HCP work but do
not affect patient safety tend to decrease by the end of the
study period.

For the brain CT modality, the most common defects
(those that affect the HCP work but do not affect the patient
safety) do not show a clear downward trend.

The methodology presented in the present study allows
the monitoring of the technical stability of algorithms.
This is of great practical importance when evaluating Al-
based software and ensuring its safety. The methodology
used to monitor the operation of Al-based software on
the stream allowed identifying technological defects and
improving solutions, which ultimately led to increasing
the technological stability of Al-based software, as shown
in the example of brain CT analysis data. Therefore, the

DAl https://doiorg/1017816/DD501759

developed methodology proved to be an effective and
universal tool for increasing the technical stability of Al-
based software.

CONCLUSION

This study presents a list of the main technological
defects that occur when implementing Al-based software, as
well as a methodology for monitoring technological defects
based on regular random control testing, which increases
the technical stability of Al-based software. The developed
Al-based software testing methodology for identifying
technological defects is presented as part of monitoring the
safety, quality, and efficiency of Al-based software testing in
real world clinical practice.
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TpyAHOCTM AUArHOCTUKU MUOKapAMUTA:
KNUHUYECKUMN cnyvai

H.I". MotewkuHa'?, E.A. Kosanesckas'?, B.E. Cunuupin®, E.A. Mepumna®,
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AHHOTALMA

MuoKapauT HepeaKo SIBNAETCA TPYAHLIM NS AMArHOCTUKM 3aboneBaHueM cepAla. CNoXHOCTU ero AMarHoCTUKN 0B bACHS-
H0TCA Hecneundryeckon CUMMTOMATUKON MIN «CTEPTOM» KIMHUYECKOI KapTUHOMW, OTCYTCTBMEM NATOrHOMOHWYHBIX MpU3Ha-
KOB Npu dU3MKanbHOM 00CNeoBaHNM, @ TaKKe TEM 0DOCTOATENBCTBOM, YTO 3HLOMMOKapAMarbHas buoncus, sensowasca
«30/10TbIM CTaHAAPTOM» AMArHOCTUKM, — 3TO MHBA3WBHas MpoLiefypa, KOTopas NpoBOAMTCS MO CTPOTMM NOKa3aHUAM Orpa-
HUYEHHOMY KONMYECTBY MauMeHTOB. TeM He MeHee, MO Mepe PasBUTUS JIy4eBOI AMArHOCTUKW Y KIMHULMCTOB NOSBMNAch
BO3MOHOCTb HEMHBA3WBHOI AMArHOCTUKM CUMMTOMOB BOCMANITENLHOTO MOPaXKeHUs MUOKapAa, B TOM YKCTe OTEKA U MU1O-
KapAuanbHoro ¢pubposa, ¢ NOMOLLbI0 MarHUTHO-Pe30HaHCHO! ToMorpaduu cepALia.

B cTaTbe npeacTaBneH KAMHUYECKWIA Cllyyaid nauveHTa MoIOA0r0 BO3pacTa C CUMNTOMaMi OCTPOTO KOPOHAPHOTO CMHAPOMa,
Y KOTOPOrO NMpU 3TOM He Obli0 BbIIBNIEHO NPU3HAKOB NOPAXKEHUS KOPOHAPHbIX apTepuii. C YYETOM NOBbILIEHWS aKTUBHOCTY
Kapavocneundmyecknx GepMeHTOB U YpOBHEN MapKEPOB BOCMaNEHNS, BbIPaXKEHHbIX U3MEHEHUIA Ha 3NeKTpoKaparorpadum
C MONOXKMUTESIbHON AMHAMUKOM, a TakKe (haKTa nepeHeceéHHoM HakaHyHe UHGEeKLMM, Obli 3anof03peH MUOKapauT. B pesynb-
TaTe MpOBeLEeHNs MarHUTHO-pe30HaHCHOM ToMorpaduu cepaLa B AMHaMUKe AMarHo3 Obin NoATBEPXKAEH. TakuM 06pa3oM,
noKasaHa pofib BU3yanuaupyloLlen MeToauku ans anddepeHUManbHoi AMarHOCTUKM ULWEMUYECKOTo W BOCTIANIUTENBHOTO
nopaKeHua cepaua.

KnioueBble cyioBa: MUOKapAWT, MarHUTHO-pPE30HAHCHas TOMOrpadus; aneKTpoKapauorpadus; TPONOHUH; KITMHUYECKMUIA
clyyan.
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Difficulties in myocarditis diagnosis:
a case report

Natalia G. Poteshkina'?, Elena A. Kovalevskaya'?, Valentin E. Sinitsyn?,
Elena A. Mershina®, Daria A. Filatova®, Galina B. Selivanova', Yavilika R. Shashkina?

! The Russian National Research Medical University named after N.I. Pirogov, Moscow, Russian Federation;
2Moscow City Hospital 52, Moscow, Russian Federation;
% Lomonosov Moscow State University Medical Research and Educational Center, Moscow, Russian Federation

ABSTRACT

Myocarditis is often difficult to diagnose. The diagnostic difficulties include nonspecific symptoms or a “vague” clinical picture,
absence of pathognomonic signs during physical examination, and endomyocardial biopsy, which is the “gold standard” of
diagnosis of myocarditis, being an invasive procedure that is performed under strict indications in certain patients. Nevertheless,
as radiology is rapidly developing, clinicians are now able to noninvasively diagnose symptoms of inflammatory myocardial
damage, including edema and myocardial fibrosis, using cardiac magnetic resonance imaging. This article presents the clinical
case of a young patient with symptoms of acute coronary syndrome, who showed no evidence of coronary artery disease.
Myocarditis was suspected because of increased activity of cardiospecific enzymes and high levels of inflammatory markers,
pronounced electrocardiography changes with positive dynamics, and recent infection. Magnetic resonance imaging was used
to confirm myocarditis diagnosis. Thus, this case study demonstrates the role of imaging techniques in the differential diagnosis
of ischemic and inflammatory heart diseases.

Keywords: myocarditis; magnetic resonance imaging; electrocardiography; troponin; case report.
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BACKGROUND

Acute myocarditis is defined as a sudden inflammatory injury
to the heart muscles. Worldwide, approximately 4—14 cases
per 100,000 are reported annually, and 1%-7% die from the
disease [1]. Therefore, timely diagnosis is extremely important
for clinicians to establish prognosis and treatment strategies.

Poorly defined symptoms at onset, lack of specific
clinical signs of myocarditis, minimal changes on physical
examination [2], and infrequent use of endomyocardial
biopsy as the “gold standard for diagnosis” lead to the
underdiagnosis of this disease in real-world practice [3].

However, criteria for diagnosing myocarditis, such as the
presence of a previous infection confirmed by clinical and/
or laboratory data and the clinical and diagnostic signs of
recurrent heart muscle injury remain relevant [4].

Clinical signs:

+ Chest pain

» Arrhythmias of unknown origin

» Signs and symptoms of heart failure

+ Syncopal episodes and/or sudden death prevented
(successfully resuscitated)

« Cardiogenic shock: absence of coronary artery (CA)
injury and other cardiovascular diseases that could
cause this condition

Diagnostic criteria:

» Laboratory criteria, with grade of recommendation
(GoR) C and level of evidence (LoE) 5:

* Increased:
— Troponins T and |
— Lactate dehydrogenase
— Creatine kinase-MB (CK-MB)
— N-terminal pro-B-type natriuretic peptide (NT-
proBNP)
— Serum cardiac autoantibodies

- Imaging criteria:

— Electrocardiography (ECG), GoR C, and LoE 4:
blockades, arrhythmias, and ST-T changes

Vol. 4 (4) 2023
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— Electrocardiography (ECG), GoR C, and LoE 4:
functional and/or structural changes
— Gadolinium-enhanced magnetic resonance imaging
(MRI) of the heart, GoR A, and LoE 2: myocardial
edema and/or late contrast enhancement
— Morphological criteria, GoR C, and LoE 4:
endomyocardial biopsy results
The prevalence of myocarditis is underestimated because
of nonspecific symptoms of its onset and/or asymptomatic
course. Therefore, every clinical case is interesting for the
possibility of diagnosing this disease.

CASE REPORT

Patient M (33 years old) had no comorbidities or family
history of cardiovascular disease. He was a non-smoker with
a physically active lifestyle. He was admitted to the cardiac
intensive care unit for suspected acute coronary syndrome
with ST elevation. On admission, he complained of severe
retrosternal pain that was “searing and burning.”

Case History

Two days before his hospitalization, the described pain
appeared for the first time while resting at night. It lasted
for more than an hour and then disappeared spontaneously.

A similar pain attack recurred the next night. However, the
pain syndrome lasted longer. ECG recorded by the emergency
team showed an inferior atrial rhythm. The heart rate (HR) was 55
beats per minute. Il, lll, aVF, and V56 leads showed ST elevation
up to 2 mm. aVR and aVL leads showed ST depression (Figure 1).

The patient presented with severe retrosternal pain and
ECG changes that were detected before hospitalization. The
patient was treated with 10 mg of intravenous morphine,
600 mg of clopidogrel, and 250 mg of acetylsalicylic acid.

Examination

During admission, the patient’s consciousness was clear;
the patient was cooperative, adequate, and oriented. The

84:4a:57 27.84.2823  HR =55

Fig. 1. Pre-hospital ECG of patient M.
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skin had normal color and moisture. His vital signs were as
follows:

+ Body temperature of 36.8°C

» Subcutaneous fat was moderately developed. The body

mass index was 27.6 kg/m?. No peripheral edema

+ Resting respiratory rate: 16 breaths/min

+ Saturation: 98% in ambient air

« Blood pressure: 130/80 mmHg

+ HR: 100 beats /min, the rhythm was normal

The left border of relative cardiac dullness in the fifth
intercostal space was 1.5 cm medial to the left midclavicular
line. The right border was along the right edge of the sternum.
The upper border was in the third intercostal space.

Physiological accentuation of heart sounds was
preserved. No heart murmurs were heard. Lung breathing
was vesicular. No wheezing was heard. The abdomen
was soft and painless. The liver was not enlarged (Kurlov
ordinates were 10 x 8 x 7 cm). The spleen was not palpable.
Stool and diuresis were normal.

C-reactive protein, antistreptolysin O, troponin I, and
aspartate aminotransferase levels were elevated (Table 1).

Based on the clinical picture, ECG changes, and elevated
cardiac enzymes on admission, the diagnosis was ST-
elevation myocardial infarction. Emergency coronary
angiography (CAG) was performed, which showed no stenotic
lesions of the coronary bed in the left (Figure 2, a) and right
(Fig. 2, b) coronary arteries. Signs of moderate peripheral
vasospasm were observed (Figure 2).

Based on ECHO-CG data, the left ventricular (LV) ejection
fraction was 60%. No abnormalities in local contractility
were reported. The diastolic function of the left ventricle
was not affected. No signs of myocardial hypertrophy of the
left ventricle were observed. The cardiac cavities were not
dilated. The contractile function of the right ventricular (RV)
myocardium was preserved. The systolic pressure of the
pulmonary artery was 23 mmHg with grade 0-1 tricuspid
regurgitation. Some pericardial thickening was detected.
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Table 1. Laboratory data of patient M.

Parameter Results Reference
Hemoglobin, g/L 140 130-160
RBC, 10 '2/L 5.04 4.00-5.00
WBC, 10 7/L 6.5 4.00-9.00
Lymphocytes, 10 7/L 2.5 2.0-6.5
C-reactive protein, mg/L 10.45% up to 6
Aspartate aminotransferase, U/L 65* up to 50
CK-MB, U/L 1.0 up to 25
Antistreptolysin 0, GE/mL 738.9* up to 200
'll'S}Iz_al anticardiolipin antibodies, 17 up to 12
dsDNA IgG antibodies, IU/mL 2.6 up to 20.0
s s
Troponin | (quantitative), ng/mL 2.6* up to 0.2
NT-proBNP 54 0-125

Daily ECG monitoring showed the following:

+ The main rhythm was sinus one with episodic sinus
tachycardia, moderate sinus bradycardia, and sinus
arrhythmia.

+ The mean HR was 73 beats per minute.

+ The maximum mean HR was 111 beats per minute.

+ The minimum mean HR was 53 beats per minute.

« Three individual supraventricular extrasystoles
occurred; no rhythm pauses lasting >2 s were reported.

+ ST elevation was recorded up to 0.2-1.0 mm (in one
lead).

Treatment

The patient was treated with angiotensin-converting
enzyme inhibitors, mineralocorticoid receptor antagonists,

Fig. 2. Coronary angiography of patient M. (a) left coronary artery, (b) right coronary artery.
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and beta-blockers. During therapy, his condition improved,
and the chest pain did not recur. Troponin | and inflammatory
marker levels normalized within 10 days.

ECG showed positive changes (Figure 3):

+ Focal myocardial changes in posterior phrenic and
lateral LV walls in gR II, Qr IIl, and qr aVF leads.

+ SRelevationin I, lll, aVF, and V4-6 leads to 0.8 mm
(over time, regression was >50% of the baseline
one) with negative T waves in I, Ill, aVF, and V5-6
leads.

Clinical diagnosis

Therefore, according to ECHO-CG data, a young patient with
severe chest pain had intact coronary arteries and preserved
LVEF with no abnormalities in local/diffuse contractility.
Moreover, the initial increase in troponin, antistreptolysin O,
aspartate aminotransferase, and C-reactive protein levels
was noted with significant positive ECG changes, so the
diagnosis of myocarditis was discussed.

A detailed interview revealed that 10-12 days before
admission, the patient had a sore throat and a fever
exceeding 38°C for 3 days. A nasopharyngeal swab was
negative for coronavirus infection by polymerase chain
reaction. The outpatient antibacterial therapy was reported
to reduce fever and sore throat.

Since the infection was chronologically associated with
clinical signs of the disease and pseudo-infarction ECG
changes in the absence of coronary artery disease and with
elevated cardiac enzymes, the possibility of acute myocarditis
was high. To confirm the diagnosis, a cardiac MRl was
performed using a gadolinium contrast agent.

The contrast-enhanced cardiac MRI did not show any
enlargement of the heart chambers.

+ An end-diastolic size (EDD) of the left ventricle was

52 mm.

+ An indexed end-diastolic volume (EDV) of the left

ventricle was 59 (reference, 59) mL/mZ.

+ The EDD of the right ventricle was 43 mm.

+ The indexed EDV of the right ventricle was 72

(reference, 57-109) mL/m?).
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+ The sizes of the left and right atria were 41 and
48 mm, respectively.

The RV myocardium was 3-4 mm thick. No areas
of local bulging or dyskinesia of the free RV wall were
identified.

The LV myocardium was not hypertrophied: the thickness
of the basal and middle segments did not exceed 10 mm,
the thickness of the apical segments was 4-5 mm, and
the indexed LV myocardial mass was 56 (reference, 41—
86) g/m?. Uniform thickening of the LV myocardium was
reported during systole. No abnormalities in segmental
contractility of the LV myocardium were detected. No
decrease in overall LV contractility was reported with an
LVEF of 64%.

No blood clots were found in the heart chambers.
First-degree mitral regurgitation and first-degree tricuspid
regurgitation were reported. The thoracic aorta had smooth
contours and was not dilated, and the blood flow signal in its
lumen was uniform. The pulmonary artery and its branches
were not dilated. The superior and inferior vena cava were not
dilated. In the pericardial cavity, trace amounts of free fluid
were found at the level of the basal lateral LV and middle
RV segments. The pericardial layers were not thickened, and
the contrast agent did not accumulate. No hydrothorax was
reported.

Signs of myocardial inflammation were noted including
areas of early and delayed contrast enhancement in the basal
and middle lateral and lower segments with the transition to
the apical lower segment of the left ventricle (Figure 4a—c),
as well as signs of myocardial edema in these segments
(Figure 5a).

Conclusion on the cardiac MRI: MR signs of early
subacute myocarditis (myocardial areas of early and delayed
contrast enhancements in the lower and lateral LV walls with
signs of edema).

Based on clinical, historical, laboratory, and instrumental
data, the following diagnosis was made: acute infectious
and allergic myocarditis, pseudocoronary clinical variant,
subacute course; CAG: without stenotic lesions of the
coronary arteries.

i ’MF/L——V'/LM
| {

Fig. 3. ECG of patient M. over time.
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Fig. 4. Cardiac MRI in the delayed gadolinium enhancement mode (7-15 min after the administration of the contrast agent): g, d, short
axis of the left ventricle in the basal segments; b, e, long axis of the left ventricle, four-chamber projection; c, f, long axis of the left
ventricle, two-chamber projection. Top row, a—c, cardiac MRI initially: subepicardial areas of contrast enhancement (yellow arrows)
are located in the basal and medial lateral and inferior segments with the transition to the apical inferior segment of the left ventricle;
d—f, cardiac MRI in dynamics after 1.5 months: areas of delayed enhancement of the same localization and intensity remain.

According to the Mayo Clinic, myocarditis classification
[5] using baseline characteristics, the patient had a low risk
of cardiovascular complications and a favorable prognosis
(Table 2). However, an intermediate-risk group could be
considered based on cardiac MRI data.

The patient was discharged with improvement. He was
recommended to continue the prescribed therapy and subject
to cardiac MRI over time.

After 1.5 months, the contrast-enhanced MRI of the heart
showed that the area of subepicardial delayed enhancement

of the previous extent remained in the basal and middle
inferior segments (Figure 4d-f), and no evidence of
myocardial edema was found in these segments (Figure 5b).

DISCUSSION

The guidelines of the European Society of Cardiology
[6] and the Russian clinical guidelines for the diagnosis of
myocarditis [4] emphasize the effectiveness of cardiac MRI.
For this purpose, the Lake Louise criteria were developed

Fig. 5. Cardiac MRI T2 mapping along the short axis of the left ventricle in the basal segments: a, cardiac MRI at baseline: there is an
increase in T2 parameter (>50 ms) in the inferior and inferolateral segments, indicating the presence of edema; b, cardiac MRI after 1.5
months: native T2 parameter within normal values (<50 ms). The numbers indicate the T2 parameter values in msec.
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Table 2. Clinical variants of myocarditis onset (Mayo Clinic)
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Low risk

Intermediate risk
(“gray area”)

High risk

Chest pain
Supraventricular rhythm disorders
AV block

Preserved LVEF

Rapid response to therapy
(1-4 weeks)

Favorable prognosis

Moderate persistent structural and functional
changes in the myocardium

Nonsustained ventricular arrhythmias

No life-threatening rhythm and conduction
disorders

Uncertain prognosis

Severe persistent LV dysfunction and
circulatory decompensation

Life-threatening arrhythmias

Persistent AV block

Late gadolinium accumulation in the
myocardium without cardiac chamber
remodeling

Recurrent syncope

Unfavorable prognosis

and first published in 2009. They included the assessment of
signal hyperintensity on T2-weighted images (T2WI), short
T1 inversion recovery sequences, and delayed non-coronary
enhancement [7].
As the effectiveness of the original Lake Louise criteria was
limited by the subjective nature of the qualitative assessment
of the above signs, the criteria were revised in 2018. They have
been supplemented with parametric mapping, which allows
the quantitative assessment of regional and global myocardial
relaxation times T1 and T2 and extracellular volume (ECV).
As a result, the new Lake Louise criteria have higher rates of
sensitivity and specificity (88% and 96%, respectively) than the
old Lake Louise criteria [8].
If at least one criterion in each category is met, cardiac
inflammation is confirmed:
+ T2WI signs of myocardial edema (myocardial T2WI
hyperintensity or high T2 relaxation index) [9]

« T1WI signs of myocardial injury (non-ischemic pattern
of delayed contrast enhancement or high T1 relaxation
index and/or ECV) [10]

If only one marker is present, myocardial inflammation
may be considered in the presence of clinical and/or
laboratory manifestations; however, the specificity of MRI in
this case is lower. Other signs of heart inflammation include
systolic dysfunction (areas of hypokinesia or akinesia) and
signs of pericarditis (contrast enhancement of the pericardial
layers). The use of these criteria is warranted only when
symptoms and signs of inflammatory heart diseases are
present and not as a screening technique for asymptomatic
patients [11, 12].

In this case report, contrast-enhanced cardiac MRI
confirmed the clinical diagnosis. According to cardiac MR, the
patient initially had one of the above criteria for diagnosing
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CuMNTOM «pPUCOBBIX Tesiel» NPU MarHUTHO-
pe3oHaHCHOMU ToMorpa¢umu nne4yeBoro cycraBa
y NauMUeHTKU C peBMaTOUAHLIM apTPUTOM

C.0. AreeBa, [1.A. ®unatoBa, E.A. MepwmHa, B.E. CuHuubIH

MocKOBCKUI rocynapcTBeHHbIN yHUBEpcuTeT MMeHW M.B. JlomoHocoBa, MockBa, Poccuitckas ®epepauus

AHHOTALMA

CUMNTOM «pUCOBBIX TENEL» NPU MarHUTHO-PE30HAHCHOW ToMorpaduu nyeyeBOro CycTaBa y MaLMEHTOB C PEeBMATOMAHBIM
apTpUTOM — pefiKasi, Ho creumduyeckas Haxo[Ka, XapaKTepu3yloLLascs HalMuMeM B CMHOBMANbHOWM MMAKOCTU CYCTaBa,
CMHOBMANbHBIX CYMKaX WM BRiarafmuwiax MHOXECTBEHHBIX MEKUX OKPYIJIbIX CTPYKTYP, CXOXMWX APYr C APYroM, MOXOMMX
Ha 3EPHbILLKM puca. ITMONOMUA «PUCOBbLIX TeMeL» A0 CUX NMOP OKOHYaTeNbHO He AcHa. lpeanonaraetcs, 4to OHM 0bpasyioTca
B pe3y/bTaTe MUKPOMHDAPKTOB CUHOBUANBHOI 060/1I0YKM Y MALMEHTOB C PEBMATOMAHLIM aPTPUTOM UM HEKOTOPLIMM pyru-
MW BOCMaUTESIbHbIMM 3a00/1eBaHUAMM CYCTaBOB. KNMHUYECKN Hanume «pUCOBLIX TeeL» MOXXET Bbi3bIBaTb Y NaLmeHTa 60-
NEeBO CMHAPOM, OIHAaKO TaK NPOMCX0AMT He Bceraa. Cpeay METOA0B y4eBOM AMArHOCTUKM BeAyLUEN POSiblo As BbISBIEHMS
«pPUCOBBLIX Telel» 00/1afaeT MarHUTHO-Pe30HaHCHas ToMorpadus.

B maHHoii cTaTbe NpeAcTaBNeHo OMMUCaHWe KIIMHUYECKOro CyYas BbISBNIEHWS 3TOTO CUMMTOMA NMPU MarHUTHO-PE30HAHCHOV
TOMOrpaduM NNeyeBoro CycTaBa y NaLMEHTKW C ANUTENbHBIM aHAMHE30M PeBMaTOMAHOr0 apTpuTa, obpaTuBLLeiics B CBA-
31 ¢ 6e36one3HeHHbIM yBennYeHneM B 06bEMe NleBoro nneya. BoinonHeHHble UccneaoBaHuA (KOMMbloTepHas ToMorpagus
W MarHWUTHO-pe3oHaHCHasi ToMorpadus NIeBOro MAEYEBOro CycTaBa) MO3BONMM OBHApYXUTb CUMNTOM «PUCOBBIX TEeL»
KaK NposiBNeHne 0CHOBHOTO 3ab0NieBaHUA W ONpeAesuTb ATbHENLLYH TAKTUKY NeYEHNS.

KnioueBble cnoBa: peBMaToMAHbIA apTpWUT; MeYeBOM CycTaB; PUCOBbIE TefbLid; MarHUTHO-pe30HaHcHas ToMorpadus;
KOMMblOTEpHas TOMOrpadus; KNMHUYECKUIA CyYai.

Kak uutnpoBartb:
Areesa C.0., ®unarosa [I.A., MepwwHa E.A., CvHmubiH B.E. CUMNTOM «prCOBbIX TeNeL» Mpy MarHUTHO-pe30HaHCHOM ToMorpathum MieyeBoro CycTasa y naum-
eHTKM ¢ peBMaTouaHbIM apTpuToM // Digital Diagnostics. 2023. T. 4, Ne4. C. 616-624. DOI: https://doi.org/10.17816/DD508786
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“Rice bodies” symptoms on magnetic
resonance imaging of the shoulder in a patient
with rheumatoid arthritis

Sofia F. Ageeva, Daria A. Filatova, Elena A. Mershina, Valentin E. Sinitsyn

Lomonosov Moscow State University, Moscow, Russian Federation

ABSTRACT

The “rice bodies” symptom on magnetic resonance imaging of the shoulder joint in patients with rheumatoid arthritis is a rare
but specific finding characterized by the presence of multiple small, round, rice-grain-like structures in the synovial fluid of
the joint, synovial pouches, or sheaths. The etiology of the “rice bodies” is still not fully understood. They are suggested as the
result of microinfarcts of the synovial membrane in patients with rheumatoid arthritis or other inflammatory joint diseases.
Clinically, the “rice bodies” symptom may cause pain, but not in every case. Among radiological diagnostic methods, magnetic
resonance imaging is the leading method for the detection of rice bodies. This article presents a clinical case of “rice bodies”
symptoms diagnosed by magnetic resonance imaging in a patient with a long history of rheumatoid arthritis who presented
with a painless enlargement in the left shoulder. Computed tomography and magnetic resonance imaging of the left shoulder
could detect “rice bodies” as a manifestation of an underlying disease and determine further treatment techniques.

Keywords: rheumatoid arthritis; shoulder joint; rice bodies; magnetic resonance imaging; computed tomography; case report.
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BACKGROUND

Rheumatoid arthritis (RA) is a chronic systemic
autoimmune disorder characterized by articular and
extraarticular involvement. RA is more common in women.
Generally, RA onset occurs at the age of 35-60 years, except
for juvenile RA [1-3].

In the adult general population, the incidence of RA
ranges from 0.5% to 2%, which is quite high. The World
Health Organization reported that 18 million people had RA in
2019 [4]. In Russia, the official number of registered patients
with RA was 301,200 as of 2017; however, the results of
a Russian epidemiology study suggested that RA affected
approximately 0.6% of the general population [2].

RA is diagnosed based on clinical and laboratory results,
including radiological examinations. According to the criteria
issued by the American College of Rheumatology and the
European League against Rheumatism in 2010 (2010 ACR-
EULAR), a patient’s score =6 (out of 10 possible) is indicative
of RA (Table 1) [2, 5].

The following clinical signs are the most common for RA:

« Arthralgia

+ Morning stiffness of the affected joints (>30 min)

 Fever

+ Rheumatoid nodules under the skin

Table 1. 2010 American College of Rheumatology and European
League against Rheumatism criteria for the diagnosis of rheumatoid
arthritis [2, 5].

Vol. 4 (4) 2023

Clinical signs of joint involvement
(swelling and/or tenderness in physical examination)
(a score of 0-5)

1 large joint involved
2-10 large joints involved

0
1
1-3 small joints involved 2
4-10 small joints involved 3

5

>10 joints involved, including at least one small joint

Laboratory results for RF and ACPA
(a score of 0-3; positive by at least one method)

RF neg.; ACPA neg. 0
RF weak + / ACPA weak + (>ULN to <3 x ULN) 2
RF high + / ACPA high + (>3 x ULN) 3

Laboratory results for acute-phase reactants
(a score of 0-1; positive by at least one method)

Normal ESR and CRP levels 0

Increased ESR/increased CRP 1
Duration of arthritis (a score of 0-1)

<6 months 0

>6 months 1

Notes: +, positive; ACPA, anticyclic citrullinated peptide antibodies; CRP,
C-reactive protein; ESR, erythrocyte sedimentation rate; neg., negative;
RF, rheumatoid factor; ULN, upper limit of normal.
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« Fatigue

+ Weight loss

Usually, small joints are involved first (proximal
interphalangeal and metacarpophalangeal) symmetrically.
Later, as the disease progresses, larger joints are involved.
RA may have pulmonary, renal, cardiovascular, and cutaneous
manifestations [1-3].

X-ray methods are widely used for RA diagnosis and
follow-up. They allow the identification and evaluation
of articular and extraarticular RA signs (e.g., respiratory
involvement, heart damage, splenomegaly in the Felty
syndrome).

Currently, magnetic resonance imaging (MRI) is often
used to evaluate articular involvement in RA. This method
offers high-resolution imaging of soft tissues, allowing the
detection of early signs of RA (e.g., synovitis, bone erosion,
and cartilage lesions) [6].

In some RA cases, small rice-shaped structures, so-
called “rice bodies,” may be visualized in the synovial
fluid and synovial bursae. Rice bodies are multiple small
rounded inclusions of similar shape resembling rice (hence,
their name). When examined histologically, they have an
amorphous core surrounded by fibrin or collagen. The exact
etiology of rice bodies remains unknown. It was suggested
to be cause by the detachment of small particles of synovium
because of local microinfarctions, and their surface is later
covered by fibrin. Rice bodies are possibly associated with
inflammatory joint diseases. They are common in RA but
may also appear in tuberculous arthritis, chronic bursitis
and synovitis, and other diseases. Rice body formation may
be asymptomatic or manifest clinically with pain [3, 9]. The
most efficient method of rice body visualization is MRI [9,
10].

CASE REPORT

The patient was a 59-year-old woman who had a chronic
RA. In September 2022, she presented to a clinic with
nontender swelling of the left shoulder joint and underwent
MRI.

History of the disease

2015: The patient was diagnosed with RA, with
involvement of the left knee and foot joint arthritis. The
patient scored 7 ACR-EULAR points out of 10 (scores >6 are
required for a definite diagnosis).

2017: The patient was diagnosed with Hashimoto
thyroiditis.

2021: The patient presented to a rheumatologist with
significant handwriting difficulties. MRI interpretations of both
shoulder joints dated February 2021 (scans were performed
in another clinic) were as follows:

« A significant amount of effusion was visualized in the

subdeltoid and subacromial bursa, which was more
pronounced on the right side.
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« Joint synovia were thickened, and a small amount of
effusion was observed in the joint cavity.
» The signal intensity of the cartilage surfaces decreased.

Laboratory results

On September 16, 2022, blood tests were performed to
evaluate the ongoing therapy (methotrexate 17.5 mg; folic
acid):

+ Thyroid-stimulating hormone, normal (4.08 plU/mL;

N: 0.27-4.2 plU/mL)

+ Rheumatoid factor, increased (107.9 IU/mL;
N: 0-14 IU/mL)

« C-reactive protein, increased (11.84 mg/L;
N: 0-5 mg/L)

« Erythrocyte sedimentation rate, increased (36 mm/h;
N: <30 mm/h)

Investigations

On September 17, 2022, CT of both shoulder joints was
performed because of further swelling of the left shoulder
joint, based on the patient’s complaints. MAGNETOM Vida
(Siemens Healthineers, Germany) was used at a field

Vol. 4 (4) 2023
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magnitude of 3 Tesla for a standard-protocol MRI scan
(T1- and T2-weighted images with/without fat suppression;
transverse, frontal, sagittal, and oblique slices) with a surface
radiofrequency coil for the shoulder joint.

Under the deltoid, inside the subacromial bursa and
subdeltoid bursa enlarged to the size of 7.7 x 2.5 x 5 cm,
T2-weighted imaging (WI) showed multiple similarly
shaped oval structures measuring 2-3 mm to 8-10 mm in
diameter with an intermediate signal intensity, separated
by areas of increased signal intensity (in T2-WI). In T1-WI,
these structures demonstrated homogeneous intermediate
signal intensity (Figs. 1 and 2). Agglomerations of small
inclusions resembled space-occupying masses in the joint
cavity.

Noncontrasted CT images of the shoulder joints obtained
with Somatom Drive (Siemens Healthineers, Germany) with
a 0.625-mm slice thickness showed large lens-shaped
hypodense structures on both sides in the subacromial and
subdeltoid bursae (Fig. 3):

+ On the left side: 7.5 x 4 x 9 cm; the mass is bigger

than the MR evaluation (7.7 x 2.5 x 5 mm)

+ On the right side: 4 x 1.4 x 4 cm

Fig. 1. Magnetic resonance imaging (MRI) of the left shoulder joint. (a), (b): T2-weighted images, coronal projections; (c): T1-weighted
image, sagittal projection; (d): T1-weighted image, transverse projection.
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Fig. 2. Magnetic resonance imaging of the left shoulder joint, T2-weighted images with fat suppression: a, transverse view; b, coronal
view. Small structures within the synovial sacs are indicated by arrows.

Fig. 3. Computed tomography of the shoulder joints, axial view: a, left shoulder joint; b, right shoulder joint.

Their structure appeared homogeneous in the CT images,
without calcification or solid inclusions; the structure density
was ~35 HU. Reactive lymphadenopathy associated with the
underlying disease was observed in the axillary areas.

DISCUSSION

Rice body formation in the joints is a rare phenomenon
associated with inflammatory joint diseases. It is most
frequently observed in patients with RA. Rice bodies may be
a sign of RA or precede disease onset in rare cases [11]. Rice

DOl https://doi.org/10.17816/DD508786

bodies may be asymptomatic or manifest as joint swelling
(as in the case described) and pain.

In MRY, rice bodies are visualized as multiple small, similarly
shaped, rounded structures. In T1-WI, they are isointense or
hypointense; in T2-WI, they are hypointense. The T2-WI pattern
in the described case consisted of densely agglomerated
inclusions, which were hyperintense compared with the muscle
tissue, which is typical in RA. As demonstrated in the case
presented, MRl is superior to CT in identifying rice bodies.

Rice bodies are not only seen in RA but also in other
diseases, such as synovial chondromatosis and pigmented
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villonodular synovitis (PVNS), and chronic bursitis, including
tuberculous etiology. MRI significantly facilitates the
differential diagnosis of the listed disorders. In synovial
chondromatosis, the cartilage is isointense or hyperintense
in T1-WI, whereas rice bodies are hypointense in T2-WI
compared with hyperintense fluid. Moreover, synovial
chondromatosis is more commonly seen in men and affects a
single joint. In patients with PVNS, the signal of the thickened
synovia is inhomogeneously reduced in T1-WI and T2-WI
because of hemosiderin accumulation [8].

Since fibrin causes irritation, rice bodies, once formed,
may also cause synovial inflammation. Surgery is considered
to improve a patient’s clinical condition [12, 13], particularly
in severe pain syndrome. In the case presented herein,
further management techniques involved surgical treatment.

CONCLUSION

We report a rare case of intraarticular rice bodies in
a patient with chronic RA. A brief literature review on the
subject was provided, and the MR and CT signals of this
phenomenon were described. Although rice bodies are rare,
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HekoMnaKTHbIA MHMOKapa U aHeBpU3Ma
NeBOro Xenypoyka y 6-netHero pe6éHka

T.5. Nlayros', b.b. Kanues', B.T. Epexeww?

"Hopnopatuehbiit poHp «University Medical Center», ActaHa, Kasaxcran;
2 HauwoHanbHbIi Hay4HbIA KapauoXMpyprudeckui LeHTp, ActaHa, Kasaxcrau

AHHOTALMA

HeKoMNaKTHbIN MUOKapA, — PeLKuiA TUM KapAMOMMONATUM, YacTo COMPOBOXKAAIOLLMIACA aHeBpU3MOI Xenyaouka. B cra-
Tb€ OMMUCAH KIIMHUYECKUIA CyYail 6-NeTHeil AeBOYKY, NOCTYNMBLUEN B HaLLy KIMHMKY C XanobaMu Ha nioxoe caMouyBCTBUE
npu GU3MYECKOI Harpy3ke. IxoKkapanorpadus BoIsIBUNA BbIpaXKEHHYIO TPabeKyNAPHOCTL CTEHKM NIEBOTO eNyA0YKa U BblOy-
XaHue B 0bnacTu 6a3anbHo-60KOBOW CTEHKU, HTO COOTBECTBYET AHEBPU3ME M HEKOMMAKTHOCTU MMOKApAa JIEBOr0 enyaouKa.
Ha MarHuTHo-pe3oHaHcHoI ToMorpadum cepAaLa Hanmyme HEKOMNAKTHOCTV MUOKapAa bblo NOATBEPIKAEHO COOTHOLLEHUEM
HEKOMMAKTHOro /1o K KoMnakTHoMy 2,6:1. Kpome Toro, 6bia BbisiBNIeHa cMCTONMYeCKas AUCYHKLUMA U aHeBpU3Ma NeBOr0
XenyaoyKa c pybuesaHueM M1okapAa. KopoHapHas aHrvorpadus UCKIl0UMNa NopaXeHne KOPOHapHbIX apTepuit, YTo No3Bo-
JUNO NPeAnoNOXMTbL NpUpoay pybLEBaHWUS 3HAOMUOKApAA KaK pe3ynbTaT HapyLUeHUs! MUKPOLMPKYALMM B HEKOMMAKTHOM
C/l0e MUOKapLa.

Kniouesble cnoBa: KapAMOMUONaTIS; KIIMHUYECKUIA CNyYald; HEKOMMAKTHOCTb MUOKap/ia NIeBOro Jenya0yuKa; aHeBpu3Ma
NEeBOro eNya04Ka; pybLesaHue.
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Left ventricular noncompaction with ventricular
aneurysm in a 6-year-old patient
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ZNational Research Cardiac Surgery Center, Astana, Kazakhstan

ABSTRACT

Ventricular noncompaction is a rare type of cardiomyopathy often associated with a ventricular aneurysm. We present a clinical
case of a 6-year-old female who arrived at our clinic complaining of physical exertion. Echocardiography revealed prominent
trabeculations in the left ventricular wall and a lateral-basal part bulging out, indicating noncompaction of the left ventricular
myocardium with an aneurysm. With a noncompacted-to-compacted myocardium ratio of 2.6, magnetic resonance imaging
revealed the presence of noncompacted myocardium. It also revealed impaired left ventricular systolic function and a left
ventricular aneurysm with myocardial scarring. Coronary angiography ruled out coronary artery disease. Therefore, myocardial
scarring was caused by noncompacted myocardium microcirculatory disorder.

Keywords: cardiomyopathy; case report; left ventricle noncompaction; left ventricular aneurysm; scarring.
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ABBREVIATIONS

Ao: aorta

CMR: cardiac magnetic resonance imaging
EF: ejection fraction

HF: heart failure

LA: left atrium

LGE: late gadolinium enhancement

INTRODUCTION

Left ventricular noncompaction (LVNC) is a rare type
of cardiomyopathy caused by myocardial compaction
failure during embryogenesis. It has multiple prominent
trabeculations with deep intertrabecular recesses [1]. Its
clinical manifestations vary from no symptoms to cardiac
dysfunction, heart failure (HF), arrhythmias, and systemic
thromboembolism [2]. However, there are only a few
reports of LVNC being aggravated by LV aneurysm [3],
particularly in children, which is uncommon. Clinically, most
LV aneurysms are asymptomatic, although they may cause
arrhythmias (18.4%), embolic events (5.4%), rupture (4%),
congestive HF (21.5%), and angina pectoris in rare cases
[4]. In recent years, two major ideas on the development
of LVNC have emerged: the embryogenesis hypothesis and
the molecular genetic mechanism. Initially, it was believed
that the inadequate consolidation of cardiomyocytes during
abnormal embryonic morphogenesis led to the formation
of prominent myocardial trabeculae and spaces between
them. However, recent improvements in molecular
genetic research techniques have revealed a growing
number of genes associated with LVNC. Most identified

LV: left ventricle

LVNC: left ventricular noncompaction

NC: noncompact myocardium

NC-to-C ratio: noncompact-to-compact ratio
RA: right atrium

RV: right ventricle

genes are sarcomere protein genes, ion channel genes,
and mitochondrial genes, with sarcomere protein genes
most often implicated in pathogenesis [5]. In adults, the
prevalence of isolated LVNC varies from 0.01% to 0.3% [6].
LVNC is classified as primary genetic cardiomyopathy by
the American Heart Association. Conversely, the European
Society of Cardiology classifies it under “unclassified
cardiomyopathies” [7].

CASE REPORT

A 6-year-old female was admitted to our clinic with
complaints of physical exertion. At 26 weeks of gestation,
she had exudative pericarditis due to anamnesis.
Echocardiography at 15 months revealed pericardial fluid up
to 600 mL, prompting pericardiocentesis when the patient
was diagnosed with hemopericarditis. Before admission,
the patient was diagnosed with HF with a slightly decreased
ejection fraction of LV (53). Body temperature was 36.6 C at
the time of admission. Sp0, is 98%. The breath rate is 23 per
minute. There is no organic noise in the heart tones, which
are rhythmic and muffled. Blood pressure is 115/83 mmHg.
The heart rate is 110 per minute.

Fig. 1. (a) A 6-year-old female patient was diagnosed with left ventricular noncompaction with an aneurysm. An apical four-chamber
view demonstrates outpouching of the left ventricular wall with noncompact myocardium. The ventricle is connected to the aneurysm
(asterisk). Transthoracic echocardiography (cardiac transducer, two-dimensional scanning), greyscale. (b) A 6-year-old female patient
with left ventricular noncompaction and an aneurysm. An apical four-chamber view shows a large anechoic lesion (aneurysm denoted
by an asterisk) with prominent trabeculation of the apical and lateral walls of LV. Transthoracic echocardiography (cardiac transducer,
two-dimensional scanning), color Doppler images. (c) A 6-year-old female patient was diagnosed with left ventricular noncompaction
with an aneurysm. A three-chamber view shows an aneurysm (asterisk), inlet and outlet of LV. Transthoracic echocardiography (cardiac

transducer, two-dimensional scanning), color Doppler images.
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During hospitalization, echocardiography revealed
LV dilatation, increased trabecularity of the apex and
lateral wall of the LV, sac-like bulging of the lateral-
basal part as aneurysm, and possibly deep trabeculae
(Figure 1a—c). The echocardiography revealed a decline in
LV systolic function and a 48% LV ejection fraction. There
was minimal regurgitation on the tricuspid, mitral, and
pulmonary valves.

The main rhythm, according to the echocardiography,
was sinus rhythm. The 24-h ECG Holter monitoring
showed sinus rhythm, a mean heart ratio of -109 bpm, a
minimum heart ratio of —64 bpm, a maximum heart ratio
of -173 bpm, no pauses longer than 2 s, and no tachy-
bradyarrhythmia.

Vol. 4 (4) 2023

Digital Diagnostics

A cardiac magnetic resonance imaging (CMR) with
contrast enhancement (Gadobutrol 2.0 mL) was performed
to exclude congenital heart diseases. The systolic function of
both ventricles was reduced (LV EF [41%] and RV EF [45%]).
The total LV mass of the myocardium was 54.6 g, with
noncompacted myocardium accounting for 14.4 g or 26.3%
of the total. CMR revealed signs of myocardial scarring and
aneurysmatic ballooning of the basal anterior and lateral-
basal walls of the left ventricle, noncompact myocardium
(with an NC-to-C ratio = 2.6:1), and left ventricular dilatation.
Accumulation of contrast media (one, five, and six segments)
in delayed scans was observed (Figure 2a—e).

According to EchoCG and CMR, the patient has a
noncompact left ventricular myocardium and aneurysm. Given

Fig. 2. (a) A 6-year-old female patient with left ventricular noncompaction and an aneurysm. Cardiac magnetic resonance imaging (MRI)
showed a well-defined outpouching (asterisk) of the left ventricle's lateral wall, as well as local thinning of the myocardium (arrows).
Cardiac magnetic resonance, 1.5-T MR System (MAGNETOM Avanto, Siemens Healthcare, Germany) with breath-holding, short-axis view,
before the administration of contrast agent, Cine-two-chamber short-axis images, time to echo (TE) of 1.5 ms, repetition time (TR) of 42
ms. (b) A 6-year-old female patient with left ventricular noncompaction and an aneurysm. Cardiac magnetic resonance imaging in the four-
chamber view demonstrates ventricular aneurysms (asterisk) in the lateral-basal segments of the left ventricle (LV) with noncompaction
of the myocardium with a ratio 2.6:1. Cardiac magnetic resonance, 1.5-T MR System (MAGNETOM Avanto, Siemens Healthcare, Germany)
with breath-holding, four-chamber long-axis view, before the administration of contrast agent, Cine-four-chamber long-axis images, TE
of 1.5 ms, and repetition time (TR) of 42 ms. (c) A 6-year-old female patient with left ventricular noncompaction and an aneurysm. LGE,
four-chamber view shows late gadolinium enhancement (arrows) on the basal anterolateral wall of the LV, where the aneurysm (asterisk)
is located. CMR, 1.5-T MR System (MAGNETOM Avanto, Siemens Healthcare, Germany) with breath-holding, LGE, four-chamber long-
axis view, TE of 1.5 ms, and repetition time (TR) of 700 ms. (d) A 6-year-old female patient with left ventricular noncompaction and an
aneurysm. Cardiac magnetic resonance in the two-chamber short-axis view with LGE demonstrates contrast agent accumulation in the
one, five and six segments. CMR, 1.5-T MR System (MAGNETOM Avanto, Siemens Healthcare, Germany) with breath-holding, LGE, two-
chamber short-axis view, TE of 1.5 ms, and repetition time (TR) of 2,000 ms. (e) LGE, two-chamber long-axis view shows late gadolinium
enhancement on the anterior basal wall of the LV. CMR, 1.5-T MR System (MAGNETOM Avanto, Siemens Healthcare, Germany) with
breath-holding, LGE, two-chamber long-axis view, TE of 1.4 ms, and repetition time (TR) of 700 ms.
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Fig. 3. Noncompaction of the left ventricle with the thin-walled
aneurysm with a wide connection to the LV. Aneurysm bulges
out from the anterior basal wall during systole. Arrows show
the direction of the blood flow. Ao, aorta; LA, left atrium; LV, left
ventricle; NCM, noncompact myocardium; RA, right atrium; RV,
right ventricle.

the findings, it was decided to have a coronary angiography
to assess the coronary vessels and exclude coronary artery
anomalies. Coronary angiography showed no evidence of
coronary artery abnormalities (Figure 4a and b).

Based on these findings, he was diagnosed with LVNC
complicated by an aneurysm.

Given the examination results, weight gain, preserved
tolerance to physical activity, and NT-proBNP level of 43.60
pg/mL, the patient was referred to a local hospital for
continued monitoring with prescribed medication.
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Treatment

Due to limited data on the treatment of this condition,
it is recommended that clinical complications be managed
in accordance with current guidelines for each specific
complication. Anticoagulation therapy is recommended in
LVNC patients with a history of thromboembolism, atrial
fibrillation, and/or impaired systolic function (LV ejection
fraction of <40%) due to an increased risk of thrombus
formation resulting from deep intertrabecular recesses
and slow blood flow [6é]. Therefore, it is suggested that
anticoagulation therapy may be necessary in patients
with LVNC and accompanying LV aneurysms, even in
the absence of systolic dysfunction or atrial fibrillation.
However, there have been reports of patients undergoing
more radical therapy, including surgical removal, to
prevent stress and rupture of the aneurysm wall and
the risk of thrombus formation. Furthermore, excising
the fibrotic tissue of the LV aneurysm could help prevent
arrhythmias, and reshaping the ventricle could improve the
patient’s HF symptoms. Surgery is considered a definitive
treatment that can be used in conjunction with optimal
medical therapy [8].

DISCUSSION

The diagnosis of LVNC is mainly based on imaging
anatomical characteristics. Although there is no universally
established definition of LYNC, the following echocardiographic
criteria are widely accepted: (a) two-layered myocardium with
multiple, prominent trabeculations in end-systole; (b) NC-
to-C ratio of >2; (c) Doppler color flow within the recesses
and communication between the intertrabecular space and LV;
and (d) absence of coexisting cardiac abnormalities. The classic
triad of complications comprises HF, ventricular arrhythmia,
and systemic embolic events [9].

Fig. 4. (a and b) Coronary angiography of a 6-year-old female patient diagnosed with left ventricular noncompaction and an aneurysm.
Coronary arteriography using two catheters revealed no evidence of changes in the coronary arteries. Cx was found in a left dominant
pattern of coronary circulation. Coronary angiography using introducer 4Fr and two catheters with 5Fr size. Al, intermediate artery; Cx,
circumflex artery; D1, diagonal artery; LAD, left anterior descending; RCA, right coronary artery; RV branch, right ventricular branch.
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We encountered a rare case of LVNC with an LV aneurysm
formation due to microcirculatory disorder. As demonstrated
in our patient, the CMR criterion for diagnosing LVNC is a
ratio of maximum thickness between the noncompaction
and compaction layer of more than 2.3 in end-diastole, and
the mass of trabeculated lv myocardium represents >25%
of the total LV mass [10]. Myocardial delayed enhancement
revealed scars along the aneurysm wall. Aneurysms have a
large connection to the ventricular cavity (Figure 3), whereas
diverticula are typically elongated and have a narrowed
neck. Aneurysms are most commonly observed in the LV
apex (28%) and the perivalvular area close to the mitral
valve (49%). LV aneurysms are typically acquired following
an acute myocardial infarction with systolic bulging and scar
formation in the myocardium. Without knowledge of the
patient’s medical history and coronary angiogram, acquired
aneurysms are difficult to distinguish from congenital left
ventricular aneurysms [11]. However, poor microcirculation
is believed to be the etiology of aneurysm and scar formation
in LVNC [12]. The aneurysm was unrelated to coronary artery
territory because our patient’s coronary angiography was
normal. In our case, an aneurysm appears to be acquired
because her previous echocardiography analysis showed EF
above 50%; subsequently, when symptoms of cardiac failure
began to manifest, it began to diminish. Complications from
ventricular aneurysms include intramural thrombus, cardiac
output impairment, and aneurysm rupture.
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TEACHING POINT

A highly uncommon variant of cardiomyopathy is the
combination of ventricular noncompaction and ventricular
aneurysm. Echocardiography, CMR, and coronary angiography
are valuable techniques for identifying the components of
LVNC. Surgery can be combined with medical treatment,
regardless of the prevalence of symptoms.
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uccnepoBaHusa 6uonTaToB KaK «30/10TOro CTaHpapTa»
AUWarHoCTUKu Ha npuMepe aAeHoOKapLUHOMbDI
nuiuiesoa: onmMcaHue ciayvyasa
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3 MepBblit MOCKOBCKMIA rocyAapCTBEHHBIA MeMLIMHCKMIA yHuBepcuTeT uMenn WM. CeueHoBa, MockBa, Poccuitckas Qeaepaums

AHHOTALMA

AneHoKapumHOMa NMULLEeBoJA — OLHO M3 CaMbIX PacnpPOCTPaHEHHBIX 3/I0KA4ECTBEHHBIX HOBOOOPA30BaHMI ey 404HO-KM-
LUEYHOro TpaKTa. [1a BbiABNeHNUs 3abofeBaHMA Ha paHHUX CTaAMAX UCMOJb3YHOT 3HAOCKONMYECKME, MOP(OSIOrnYeckue, M-
MYHOTMCTOXMMMYECKME MeTO/bI 00CNIej0BaHNS, 0AHAKO OHU TPEDYIOT He TOSIbKO NPUMEHEHUA BbICOKOCMELMaN3UPOBaHHOM0
0b0pyaoBaHmMs, HO M 3aBUCAT OT NpodeccMoHanM3Ma Bpada-3HA0CKONKCTa U Bpada-natomMopdonora.

B cTaTbe onmcaHo KIMHKUYECKoe HabmoaeHMe naumeHTa ¢ nporpeccupytollen aucdarueid, BbI3BaHHOW ONYX0Nbio NULLEBOAA,
PacnpoCTPaHAOLLENCA Ha CyOKapaManbHbIi OTAEN MenyaKa, KOTOpYK He YAaBanocb NaToMopdonorMyeckn Bepudmumpo-
BaTb B TeYeHWe 0fHoro roga. [laHHble 330daroracTpoAyoaeHOCKONMM, BbIMOAHEHHON B MEAULIMHCKOW OpraHM3aLmm no Me-
CTY JKMTENbCTBA, KOMMbIOTEPHOW TOMOTPaM M PEHTTEHOCKOMWW NULLEBOAA C ABOMHBIM KOHTPACTUPOBaHMEM He OCTaBNSN
COMHEHMI B 3/10Ka4eCTBEHHOCTM HOBOOOPa30BaHMs, 04HAKO Pe3ysbTaTbl MHOMOUMC/IEHHBIX TUCTONOMMYECKUX UCCeL0BaHUi
CBUAETE/bCTBOBA/IM B MOJb3Y afieHOMbl MUIOPUYECKUX MENE3, afleHOMbl U3 MapueTasibHbIX, MO0 OHKOUMTAPHBLIX KIETOK
¢ hoKycaMn OUCMNA3MM 3NUTENNSA BLICOKOW CTENeHW. IHA0CKONMYECKOe UCCNeA0BaHME C TapreTMpoBaHHoM buoncuent B yc-
NIOBMSX CMELMANM3MPOBAHHOMO YUPEXAEHUS NO3BONMIO JOKa3aTh 3/I0KAYECTBEHHOCTb OMyXOMEBOr0 NpoLecca.

PesynbTathl UCCEA0BaHUA AEMOHCTPUPYIOT BaXKHOCTb KIMHWUYECKOW KapTWHBI M MHCTPYMEHTaNbHbIX METOAOB As MocTa-
HOBKY 3aKJTOYMTESIBHOMO AMarHo3a npu NPoTMBOPEUMBLIX AaHHbIX NATOMOPQONIOrMYeCKUX UCCNEeL0BaHUIA U B 04epeHOM pas3
MoLHUMAKT NpobieMy OrpaHUHeHUiA TMCTOMIOTMYECKOro UCCe0BaHUA BMONTATOB KaK «30/10TOr0 CTaHAapTa» AWMarHoCTUKM
3/10Ka4eCTBEHHbIX HOBOODPA30BaHMIA.

KnioueBble cnoBa: ajeHOKapuMHOMa NWWeBOAd; nNuweBod bappetta;  KapauoasodareanbHblii  Nepexof;
330()aroracTpoAyoAEHOCKONHUS; KOMNbloTepHas ToMorpacdus; buoncus.
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Tissue sampling and histopathological limitations
in esophageal cancer
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ABSTRACT

Esophageal adenocarcinoma is a common gastrointestinal cancer. Esophagogastroduodenoscopy with biopsy and
immunchistochemistry are used to detect the neoplasm at an early stage. Definitive diagnosis requires not only highly specialized
equipment but also the skills of the endoscopist and pathologist. We report the case of a 35-year-old man with progressive
dysphagia caused by gastroesophageal cancer. Numerous esophagogastroduodenoscopy studies, computed tomography, and
barium X-ray swallow revealed an extensive esophageal lesion; however, pathomorphologic examinations did not confirm
malignancy within a year. Histological studies showed pyloric gland adenoma and adenoma from parietal or oncocytic cells
with high-grade dysplasia. Esophagogastroduodenoscopy with targeted biopsy at a specialized center confirmed the tumor
malignancy. This clinical case demonstrates the importance of summing clinical symptoms and using additional instrumental
methods to make a definitive diagnosis if biopsy results are ambiguous.

Keywords: esophageal adenocarcinoma; Barrett's esophagus; gastroesophageal junction; esophagogastroduodenoscopy;
computed tomography; biopsy.
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BACKGROUND

Esophageal cancer is the sixth most common cause of
cancer deaths worldwide [1], and the incidence of esophageal
adenocarcinoma is rapidly increasing in developed countries
[2]. This type of esophageal cancer is extremely aggressive,
with a 5-year survival rate <20% [3]. Risk factors for
esophageal adenocarcinoma and gastroesophageal junction
adenocarcinoma include mechanical, chemical, and thermal
injury to the esophageal mucosa, male sex, obesity, and
smoking [4], with the most significant risk factor being
Barrett's esophagus caused by gastroesophageal reflux
disease [5]. Prognosis is determined by both the tumor stage
and its macroscopic morphology [6-8]. W.R.C. Knight et al.
showed that ulcerating tumors were associated with a more
favorable prognosis than exophytic or stenotic lesions [9].

Esophageal cancer is commonly diagnosed using
radiological methods, specifically with double-contrast upper
gastrointestinal radiography and computed tomography
(CT) of the chest [10]. These methods allow evaluation of
the lesion size, invasion depth, and tumor type. However,
these findings must be verified by histopathology [3].
Esophagogastroduodenoscopy (EGD) and transnasal
endoscopy are used to diagnose esophageal tumors. They
allow visual examination of the organs for abnormalities
and obtain biopsy specimens for morphological examination,
which is considered the “gold standard” for tumor verification
[11]. However, histological findings are dependent on various
factors, including the qualifications and experience of the
pathologist and endoscopist, quality of reagents used in
specimen preservation, and quality of biopsy specimens
obtained by endoscopic forceps biopsy. Therefore, biopsy
results may not always match the clinical, endoscopic,
or radiological findings [12]. Furthermore, diagnosing
adenocarcinoma in the setting of Barrett's esophagus is
challenging because of its typically endophytic growth
pattern, which necessitates a specific biopsy technique [13].

Herein, a case of a patient with progressive dysphagia who
was diagnosed with esophageal adenocarcinoma that had
spread to the middle third of the esophagus and subcardial
stomach is presented. Clinical and instrumental findings were
unambiguously indicative of malignancy. However, repeated
morphological examinations did not confirm the diagnosis. A
definitive diagnosis was made after an EGD-guided targeted
biopsy at a tertiary cancer center.

This case report was prepared in accordance with the
CARE Case Report Guidelines [14].

CASE REPORT
Medical History

Patient N was a 35-year-old man.

In March 2021, he experienced a gradual loss of appetite.
He did not seek medical advice because he believed that the
symptoms were caused by work-related stress.
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In March 2022, he presented to his primary care
physician with symptoms of difficulty swallowing, nausea
and vomiting, and a throat lump sensation. At presentation,
he was 192 cm tall and weighed 185 kg (body mass index,
50.18 kg/m?, class IIl obesity).

EGD revealed a tumor mass with multiple ulcerations in
the esophagus, beginning 30 cm from the incisors and nearly
extending to the cardia. No reliable pathological evidence of
tumor cells, dysplastic cells, or atypical cells was found in
the biopsy specimens.

In April 2022, the patient visited a gastroenterologist
and underwent EGD at follow-up. The examination revealed
a significantly narrowed lumen in the middle and lower thirds
of the esophagus, which was caused by a circumferential
tumor with focal destruction. The tumor’s proximal and distal
edges were visualized at 25 and 45 cm from the incisors,
respectively. Submucosal tumor infiltration was observed in
the subcardial stomach. Repeated biopsy of the ulcerations
demonstrated fragments of a villous tumor lined with
columnar epithelium with low-grade dysplasia. Another EGD-
guided biopsy revealed no signs of atypical cells.

Preliminary diagnosis. The observed pathological
changes were consistent with the presentation of a pyloric
gland adenoma with focal high-grade dysplasia arising
from parietal or oncocytic cells that were highly suspicious
of malignancy. Histological findings were inconsistent
with clinical presentation and endoscopy. To address the
inconsistencies between the endoscopic and histological
findings, the tumor immunophenotype was examined by
immunohistochemistry, which correlated with the pyloric
tumor expressing gastric superficial-foveolar epithelial
mucins and pyloric gland mucins. No p53 mutation was
detected in the tumor cells, which did not exhibit high
proliferative activity. Because the malignant nature of
the tumor could not be conclusively established through
immunohistochemistry, the mass was considered a pyloric
gland adenoma. A local gastroenterologist suggested a
dynamic follow-up.

In May 2022, the patient presented to a gastroenterologist
with worsening symptoms of impaired food passage from
the mouth to the stomach and a weight loss of 15 kg over
the past 3 months (body mass index, 46.12 kg/m?). The
patient was admitted to the gastroenterology department for
examination and diagnosis verification.

Laboratory Data

Blood chemistry revealed hyperuricemia (uric acid, 634.8
mmol/L; normal range, 154-357 mmol/L) and high levels of
nonspecific inflammatory markers:

« Erythrocyte sedimentation rate: elevation to 50 (normal

range, 2-20) mm/h
« Fibrinogen: elevation to 4.81 (normal range, 1.8-4) g/L
« C-reactive protein: elevation to 11.4 (normal range,
0-5) mg/L.
Latent iron deficiency was also found:
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Fig. 1. Upper GI X-ray. Circumferential narrowing of the esophagus;
a thin passage of barium leakage (arrow).

» Hemoglobin: 147 (normal range, 132-180) g/L
+ Color index: 0.9
+ lron: 5.9 (normal range, 10.7-32.2) mmol/L

Imaging Studies

Barium-contrast upper gastrointestinal X-ray findings were
suggestive of an extended mass lesion in the middle and lower
thirds of the esophagus with luminal stenosis (Fig. 1).

Chest CT showed a 186-mm esophageal tumor that had
extended to the cardia. The esophageal walls had a polypoid
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thickening of up to 41 mm, and a significant narrowing of the
esophageal lumen to 2 mm was observed. Signs of regional
lymph node involvement were also visible (Fig. 2).

Abdominal CT did not reveal any distant metastases.
The results demonstrated a locally advanced malignant
esophageal tumor involving the cardia.

The patient was referred to a tertiary cancer center.
Endoscopy at the cancer center showed the proximal edge of
esophageal tumor infiltration at a site 24 cm from the incisors.
The tumor appeared as multiple whitish-red merging lesions
that spread circumferentially to the subcardial stomach.
Deep ulcers covered with fibrin and necrotic plaque were
observed. A fistula opening was found in the tumor tissue at
a site 36 cm from the incisors, with the creamy opalescent
contents flowing into the lumen. The esophageal lumen was
significantly narrowed by the exophytic component of the
tumor (Fig. 3). The tumor tissue was dough-like in texture
and bled easily upon contact. The circumferentially infiltrated
cardioesophageal junction was visualized at a site 44 cm
from the incisors. The tumor infiltrated along the posterior
wall to the subcardia (Fig. 4).

Targeted stepwise biopsy of the non-necrotic regions
was performed. The pathology results indicated low-grade
esophageal adenocarcinoma progressing from Barrett's
esophagus.

Diagnosis and Treatment

The patient was diagnosed with low-grade cT3N1MO0
adenocarcinoma progressing from Barrett’s esophagus. The

Fig. 2. Computed tomography of the chest. The white arrows show pathological changes: a, a 186-mm esophageal tumor extending to
the cardia; b, massive invasion of the tumor tissue with narrowed lumen in the middle third of the esophagus; ¢, tumor involvement of
the regional para-aortic lymph node; d, luminal narrowing to 2 mm in the lower third.
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Fig. 3. Endoscopic image. Stenosing adenocarcinoma progressing
from Barrett's esophagus. The circumferential tumor is indicated
by the blue arrows.

tumor had spread to the cardia and was complicated by an
esophageal-mediastinal fistula.

Given the patient’'s young age and absence of long-term
tumor metastasis, radical surgical treatment was deemed
appropriate. In July 2022, the patient underwent single-step
surgery including thoracoscopic esophageal resection, esophageal
repair with a pedicle flap composed of a segment of the greater
curvature of the stomach, cervical anastomosis formation,
and 2S lymphadenectomy. During the surgical intervention, an
esophageal-mediastinal fistula was also removed.

Pathological examination of the surgical specimen
confirmed a low-grade esophageal adenocarcinoma
progressing from Barrett's esophagus with necrotic sites
and surface ulceration. The tumor had infiltrated the mucous
membrane and the submucosal muscle layer of the esophageal
wall and had spread to the cardia. Tumor metastases were
detected in 4 of 11 esophageal lymph nodes and 4 of 6 lymph
nodes along the lesser curvature of the stomach.

The final diagnosis was stage Ill pT4ANTMO esophageal
adenocarcinoma progressing from Barrett's esophagus.

The postoperative period was complicated by a
tracheoesophageal fistula, which was epithelialized after
3 weeks of endoscopic vacuum therapy.Given the advanced
stage of the primary tumor, the high risk of disease
recurrence, and young patient age, he received nine cycles
of adjuvant FOLFOX (calcium folinate, fluorouracil, and
oxaliplatin).

Follow-up examinations in December 2022 and April 2023
showed no signs of local tumor recurrence or progression.

DISCUSSION

This clinical case report discloses several problems
associated with the endoscopic and pathological diagnosis
of a malignant tumor progressing from Barrett's esophagus.

DOl https://doiorg/1017616/DD561354

Fig. 4. Endoscopic image. Stenosing adenocarcinoma progressing
from Barrett's esophagus. The yellow arrow shows the endoscope
located at the stomach entrance, and the green arrow shows the
tumor tissue.

Histological confirmation of the tumor process and its
type is vital before surgery, or other treatments can be
performed. The decision to use chemotherapy or combined
chemoradiotherapy, either as an adjuvant or neoadjuvant
treatment, depends on both the tumor stage and its
histological pattern. In this case, the main issue was the
inconsistency between the endoscopy and radiology results
and the histological findings.

Advanced endoscopic equipment provides high-resolution
imaging of the mucous membrane of hollow organs. The primary
principle should be to perform a comprehensive examination
of the entire organ and identify the most suspicious regions
of the mucous membrane. This is a more labor-intensive
and time-consuming manipulation. The decision to perform a
targeted biopsy should only be made after a detailed endoscopy.
Targeted biopsy differs from blind biopsy and classic forceps
biopsy by taking specimens from the most suspicious regions
using more specific techniques such as narrowed-spectrum
endoscopy combined with near-focus mode [15].

Early-stage adenocarcinoma progressing from Barrett's
esophagus is most commonly characterized by a flat growth
pattern within the metaplasia segment [16]. In our case,
the esophageal carcinoma was accompanied by massive
adenomatous tissue growth, which delayed the malignancy
verification because adenomatous tissue samples were
taken in multiple nontargeted biopsies. The diagnosis was
established accurately through a targeted, stepwise hiopsy
of the non-necrotic regions.

A study reported that only 35% of patients experience
correct detection and preoperative staging of esophageal
adenocarcinomas [17], a finding supported by this case. One
reason for this is the insufficient accuracy of forceps biopsy
as a means of obtaining pathology specimens. If esophageal
malignancy is suspected, endoscopic mucosal resection is
warranted [18]. The value of a biopsy is increased when at
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least five tissue fragments are obtained. This increases the
likelihood of detecting atypical tumor cells, even incidentally,
in one of the fragments [19, 20].

Pathologists may disagree on whether the changes
detected in the biopsy specimens are caused by dysplasia or
signs of a malignant tumor. According to A.H. Ormsby et al,,
pathologists specializing in gastrointestinal tissues frequently
disagree on the diagnosis of high-grade dysplasia versus
adenocarcinoma, even when evaluating total resection
specimens [21]. The authors suggested revising treatment
strategies that differentiate between severe dysplasia
and intramucosal adenocarcinoma based on histological
differences using a limited number of biopsies.

CONCLUSION

This case report demonstrates the significance of
a clinician’s critical approach to pathology results. The
diagnosis should also be based on the clinical presentation
and instrumental findings. However, in cases of unclear
histological findings, biopsy samples from the tumor sites
with the highest quality or volume are recommended, even
if multiple biopsies are required.
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AHHOTALIUA

CnoxHocTb AnddepeHUManbHol AMarHOCTUKN MeXay TybepKyneé3oM OproLMHBI U KapLMHOMATO30M BpIOLLIMHBI 3aKJHYaeT-
CA B CXOKECTU K/IMHWYECKOW KapTUHbI, @ TaKKe [aHHbIX NabopaTopHbIX M MHCTPYMEHTaNbHbIX MeTOL0B obcnefoBaHus. Ty-
DepKynés bpIoLLMHBI, TaK e, KaK M KapLMHOMaTo3 BpIOLLIMHBI, MOXET CONPOBOXAATLCA Pa3BUTMEM acLMTa, KOHIIOMepaToB
nMMbOoy3noB 1 NeTeNb KULLEYHMKA.

B cratbe onucaHo KMHWYecKoe HabnloAeHe MOIOLON NaLMEHTKM, KOTopas nocine BTOpbIX POf0B 0TMeTU/a NOABMIEHUE UH-
TEHCMBHbIX boneii B LWee, Mexdy lonatkamu. B panbHeliweM, yepes ABa MecsLa C Hayana CMMMTOMOB, NaLMeHTKa nepe-
Hecna MHEeBMOHUKO C MOJIOMUTENBHBIM OTBETOM Ha aHTWbaKTepuanbHylo Tepanuio. Ewe yepes ABa Mecsiua oHa BnepBble
0TMeTWNa NOSIBNIEHNE PELMAMBUPYIOLLETO acumMTa U racTpOMHTECTUHANBHOW cMMNTOMaTUKU. [pu obcnefoBaHMM BbinK BbIsB-
NeHbl U3MEHEHUA SMYHWKOB UM NPU3HAKW KapLMHOMaTo3a OpHoLLIMHBI, a TakKe o4aru B NIErkux. OfHaKo HETUNUYHaA AN1A Kap-
LMHOMaT03a OpHOLLMHBI KNIMHMYECKas KapTUHA U cneumduyeckoe NopaKeHue NETKUX MO3BOSMM 3anoA03puTh TyDepKynes
MHOXECTBEHHbIX NOKanu3auuid. [lnarHo3 bbin NoATBEPAEH N0 AaHHLIM JlanapocKonuu ¢ buoncueid NOpayKEHHbIX TKaHe
W nocnefyoLmMM MMCTONOrMYECKUM 1 NabopaTopHbIM NOATBEPIKAEHUEM 3THONOTMYecKoi ponu Mycobacterium tuberculosis.
OnucaHHbIN cryyali NOKa3blIBaeT BaXHOCTb UCMOb30BaHMs BCEX AOCTYMHBIX METOL0B AMArHOCTUKW B YCTAHOBNEHUUA MPUYMH
acuuTa y MonoAbIX NaUMEHTOK Ans AuddepeHLManbHoN AMarHoCTUKU MeXay cneuu@uyecKoin U HeonnacTUyecKoi aTuono-
rve.

KnioueBble cnoBa: TyGepKyné3 MHOXECTBEHHbIX JIOKann3auuii; abaoMuHanbHbli TyGepKynés; Tybepkynés opraHo
BpIOLLHOM NONOCTH; KapLMHOMATO3 BPIOLUMHDI; acLMT; onMUcaHue Cilyyas.
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Difficulty in the differential diagnosis of peritoneal
carcinomatosis and tuberculosis in a young female
patient with ascites: a case report

Tamara S. Nefedova', Yuliya F. Shumskaya?, Marta V. Yurazh', Alexandr S. Panferov',
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ABSTRACT

The differential diagnosis between peritoneal tuberculosis and peritoneal carcinomatosis is quite challenging because of the
similarity of the clinical picture and laboratory and instrumental examination data. Peritoneal tuberculosis and peritoneal
carcinomatosis may present with the development of ascites, lymph nodes, and intestinal loop conglomerates. This article
presents the clinical case of a young patient who, after her second childbirth, noted the appearance of intense pain in the
neck and between the scapulae. Two months later, she experienced pneumonia with a positive reaction to antibiotic therapy.
After another 2 months, she experienced recurrent ascites and gastrointestinal symptoms for the first time. The examination
revealed ovarian masses and signs of peritoneal carcinomatosis and lung nodules. However, the clinical presentation was
atypical for peritoneal carcinomatosis, and lung lesions were suspicious for tuberculosis, which allowed us to hypothesize the
presence of tuberculosis of multiple localizations. The diagnosis was confirmed by laparoscopy with a biopsy of the involved
tissues and subsequent histological and laboratory confirmation of the etiological role of Mycobacterium tuberculosis. The
described case demonstrates the importance of using all available diagnostic methods to establish the causes of ascites in
young female patients for differential diagnosis between specific and neoplastic etiologies.

Keywords: tuberculosis of multiple localizations; peritoneal tuberculosis; tuberculosis of abdominal organs; peritoneal
carcinomatosis; ascites; case report.
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BACKGROUND

Abdominal tuberculosis (TB) affects the liver, spleen, large
and small intestines, intra-abdominal lymph nodes, pelvic
organs, and peritoneum [1]. Peritoneal TB may manifest as
ascites, conglomeration of lymph nodes and intestinal loops,
and high levels of cancer antigen (CA)-125, which requires
differential diagnosis with peritoneal carcinomatosis because
of the progression of ovarian cancer, particularly in routine
clinical practice [2, 3]. The situation is further complicated
by the lack of a noninvasive “gold standard” for diagnosing
tuberculous peritonitis [4].

Herein, the case of a 21-year-old woman with multifocal
TB, with recurrent ascites as a leading clinical manifestation,
was presented. The case description was prepared in
accordance with the CAse REports guidelines [5].

CASE REPORT

In January 2021, a 21-year-old female patient (born and
living in Dagestan) presented to a gastroenterologist with the
following complaints:

+ Abdominal enlargement

+ Hypogastric pain predominantly on the right side

radiating to the right lower extremity

+ Diarrhea occurring up to 3 times per day without

abnormal admixtures

+ Decreased appetite

« Exertional dyspnea

+ General weakness

Case History

In February 2020, 2 days after the second delivery,
the patient experienced pain in her left neck, shoulder,
and scapula, including at night. However, she did not seek
medical attention.

In April 2020, the patient experienced pain in the right
chest and right hypochondrium with a fever up to 39°C. A
local outpatient chest X-ray imaging revealed right-sided
multifocal pneumonia complicated by pleurisy. Antibacterial
therapy (meropenem and azithromycin) was initiated with
a positive clinical effect. Because of the positive clinical
response, lung changes were interpreted by the local
healthcare professionals as community-acquired nonspecific
bacterial pneumonia.

Since June 2020, the patient noticed an increase in
abdominal volume with decreased appetite. Abdominal
ultrasonography showed a moderate amount of free fluid.
Spironolactone 50 mg/day was ineffective, and the abdominal
volume continued to increase.

In September 2020, an abdominal tap was performed at
a local inpatient hospital. Approximately 500 mL of light fluid
was obtained; however, it was not tested.

In December 2020, ascites had increased again. Blood
tests showed a high C-reactive protein (CRP) level of 28.4
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(reference, <5) mg/L and a high erythrocyte sedimentation
rate (ESR) of 48 (reference, <20) mm/h, with leukopenia
of up to 3 (reference, 4-9) min/uL. Computed tomography
(CT) of the chest and abdomen revealed bilateral multifocal
pulmonary inflammation, hepatosplenomegaly, ascites, a
conglomerate of large- and small-bowel loops in the left
abdomen, and retroperitoneal lymphadenopathy. Pelvic
ultrasonography showed an enlarged left ovary with cystic
transformation and a large amount of pelvic fluid. A puncture
of the rectouterine pouch yielded 1100 mL of straw-colored
fluid. Cytology revealed focal accumulations of neutrophils,
rare lymphocytes, and mesotheliocytes on a structureless
substance background. No microflora growth was observed
in the culture. Treatment included amoxicillin + clavulanic
acid 875/125 mg twice daily and spironolactone 100 mg/day.
After the initiation of therapy, the patient had diarrhea up to
5-7 times per day. A stool test for Clostridium difficile toxins
A and B was negative.

In January 2021, the patient consulted a gastroenterologist
with the abovementioned complaints and was admitted to
the Gastroenterology Department of the Sechenov University
Clinical Hospital.

Physical, Laboratory, and Instrumental Data

CRP and ESR remained unchanged in the presence of
leukopenia. Esophagogastroduodenoscopy revealed no
abnormalities. Colonoscopy revealed intact mucosa. Biopsies
showed no microscopic changes in the colon or ileum.

CT of the lungs showed the following:

+ In segments |, Il, and VI: “tree-and-bud” structures
and peribronchial lesions up to 8 mm in size with a
tendency to merge.

+ In the apex of the left lung: an irregularly shaped
subpleural consolidation zone of 15 x 11 mm,

+ Mediastinal lymphadenopathy of up to 12 mm
(Figure 1).

Pelvic ultrasonography findings were as follows:

+ The contours of both ovaries were uneven because of
small echogenic round masses with relatively clear
and uniform contours (up to 3 mm diameter, no blood
flow reported).

+ Free pelvic fluid

« In the presence of free fluid bilaterally adjacent to the
ovaries: echogenic elongated structures with a clear
and relatively uniform contour, approximately 56 mm
long and 15 mm thick, with visible changes in blood
flow.

An abdominal CT with intravenous contrast was performed

because of changes seen on previous examinations:

+ A large amount of free liquid

+ The mesentery and greater omentum were compressed
and edematous, and lymph nodes up to 8 mm were
visualized.

+ The ovaries were not enlarged. They had an uneven
contour and a heterogeneous structure (Figure 2).
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Fig. 1. Computed tomography of the chest: g, d, axial plane; b, c, coronal plane. The arrows indicate the peribronchial lesions and areas

of consolidation in the lung apices.

The patient also had a consultation with a gynecologist.
The serum CA-125 level was 268 (reference, <35) IU/mL
However, the angiotensin-converting enzyme activity and
levels of carcinoembryonic antigen, B-subunit of human
chorionic gonadotropin, and tumor marker HE4 were within
the reference ranges.

Given the history of conglomerate small and large
bowel loops and intestinal symptoms, magnetic resonance
(MR) enterography was performed, which showed circular
homogeneous thickening of the wall and narrowing of the
lumen of the first parts of the small intestine to 12 mm over
approximately 50 cm with increased contrast enhancement. A
“pie-shaped” infiltration of the greater omentum and a large
amount of free fluid in the abdominal cavity was observed
(Figure 3).

ATB specialist suggested that the patient had peritonitis and
a pulmonary inflammatory process. Repeat abdominal puncture
revealed a clear fluid with a predominance of lymphocytes, 58

g/L of protein, 200 mmol/L of glucose, and a serum ascitic
albumin gradient of 9.6 g/L. Acid-fast mycobacteria were not
detected. However, polymerase chain reaction revealed the
DNA of Mycobacterium tuberculosis (MBT).

The patient was further evaluated at a specialized clinic.
Positive T-SPOT.TB and ascitic fluid test results were obtained.
Diagnostic laparoscopy revealed disseminated lesions of the
parietal and visceral peritoneum and infiltrative lesions of the
fallopian tubes. Ziehl-Neelsen staining of biopsy specimens
from the peritoneum and fallopian tubes did not reveal acid-
fast mycobacteria or MBT complex DNA. On histological
examination, all the materials consisted of fragments of
granulation tissue with many macrophage—epithelioid giant—
cell granulomas, some with areas of caseous necrosis.

Diagnosis
Based on the examination data, the patient was diagnosed
with “multifocal tuberculosis: disseminated pulmonary

Fig. 2. Contrast-enhanced computed tomography of the abdomen and pelvis: a, coronal plane; b, c, axial plane. The arrows indicate (a, b)
the ovaries with a heterogeneous structure and uneven contours and (c) infiltration and swelling of the greater omentum.
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Fig. 3. Magnetic resonance imaging, T2-weighted images: a, b, axial plane; ¢, coronal plane. The orange arrow indicates the thickened
wall of the jejunum. The yellow arrow indicates the compressed and thickened greater omentum.

tuberculosis in the infiltration phase, MBT (-); tuberculosis
of the intrathoracic lymph nodes in the infiltration phase;
peritoneal tuberculosis, active phase, MBT(-), MBT DNA(+);
tuberculous salpingo-oophoritis, active phase, MBT (-);
tuberculosis of the intra-abdominal lymph nodes in the
infiltration phase. Ascites.”

Treatment

Based on clinical guidelines, the treatment was as
follows:

+ Meropenem 1.0 g three times daily IV

+ Isoniazid 10% 5.0 mL IV

+ Moxifloxacin 0.4 g IV

+ Rifampicin 0.45 g PO

+ Pyrazinamide 1.5 g

The above treatment was supplemented with
hepatoprotective and detoxifying therapy.

Follow-up and Outcomes

During treatment, positive changes were noted: the pain
syndrome was relieved, and the ascites was completely
resolved. The patient was discharged for follow-up by a
local TB specialist. Six months later, with specific therapy,
the patient’s condition was satisfactory, stable normothermia
was reported, she had no pain, and ascites did not recur.

DISCUSSION

Diagnosis of peritoneal TB is difficult because of the
nonspecific presentation and lack of relevant diagnostic
markers. A primary peritoneal TB is extremely rare.
Therefore, signs of specific lesions in the most common
sites, particularly the lungs, should be excluded. Peritoneal

DOL: https://doiorg/10.17816/DD568134

contamination is possible from primary lesions in the
intestine or fallopian tubes, and in this case, the lung tissue
would be intact [6].

In this case, whether the primary lesion was the lung
or the small intestine, which was involved according to MR
enterography, was unclear.

The present TB course is characterized by a tendency to
generalize and an increased incidence of exudative forms.
As in our case, high CA-125 levels make the differential
diagnosis of cancer difficult. I.H. Chen et al. reported that
the CA-125 level increase in TB is 3-5 times lower than that
in malignant ovarian tumors [7]. However, other authors
reported an increase in CA-125 of up to 18,554 U/mL [8].

Peritoneal TB is characterized by recurrent ascites,
although adhesive and caseous necrosis is possible.
The examination of the ascitic fluid revealed pleocytosis
caused by lymphocytosis and a high protein concentration
with a serum ascitic albumin gradient of <11 g/L, which
was also reported in our case. Many foreign studies
have confirmed the high diagnostic value of determining
adenosine deaminase in ascitic fluid [9]; however, this
technique is not widely used at present. Among laboratory
methods, interferon-gamma release assays (IGRAs) have
the greatest diagnostic value for peritoneal TB, with a
sensitivity of 91.18%, specificity of 83.33%, and accuracy
of 90% [10]. Initially, IGRAs were specifically designed to
replace tuberculin tests in the diagnosis of latent TB and
were not intended for diagnosing active TB, which can only
be determined by microbiological tests. However, EL-Deeb
et al. showed a high specificity of this method in diagnosing
the active form of TB and advantages in diagnosing the
latent form in high-risk groups; however, this issue requires
further research [10]. In our case, the results of the T-SPOT.
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TB tests of both blood and ascitic fluid were positive while
the TB process was active.

Radiological methods play an important role in the
differential diagnosis of TB and peritoneal carcinomatosis. RV
Ramanan and V. Venu described the CT sign of “omental cake”
(radiologically detected diffuse infiltration of the omentum).
According to the authors, it helps in differentiating between
these conditions [11]. However, other authors have pointed
out the insufficient diagnostic value of radiological methods in
such a clinical setting. For example, J. Kattan et al. reported
that when CT and MRI suggested peritoneal carcinomatosis,
laparoscopy and biopsy confirmed the TB origin of the lesion
[12]. In abdominal TB, wall thickening predominated in the
terminal ileum and cecum [13]. In our case, MR enterography
of the abdomen showed a homogeneous, actively contrast-
enhancing, stenotic thickening of the proximal small intestine,
infiltration of the omentum, and small peritoneal lesions,
suggesting miliary dissemination (see Figure 1).

The “gold standard” for diagnosing peritoneal TB is
laparoscopy, followed by the histological examination of
intraoperative bhiopsy specimens. The diagnosis was confirmed
by the visualization of the miliary lesion and detection of
specific granulomas with caseous necrosis [14]. Note that B.
Huang et al. reported the lack of advantages of laparoscopy
as an independent diagnostic method over a combination of
laboratory tests (CA-125, T-SPOT.TB, and ESR) [15].

CONCLUSION

The differential diagnosis between TB and peritoneal
carcinomatosis requires the use of all available techniques
because of the similarity of the clinical manifestations of
the diseases. Peritoneal TB should be considered one of the
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