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OPUMHATTBHBIE MCCIEJOBAHIA T 4,N°2 2023 Digital Diagnostics
DOI: https://doi.org/10.17816/DD321423

[lBoViHOM NpOCMOTpP pe3ynbTaToB MaMMorpagum

C NPUMEHEHUEM TEXHOIOrMA UCKYCCTBEHHOIO
WHTENJIeKTa: HOBasi MOAENb OpraHM3aLuM MaccoBbIX
npodpunakTUYECKUX UCCnea0BaHUM

10.A. Bacunbes', U.A. Toipos?, A.B. Bnagaumupckuin', K.M. Apsamacos',
WM. Wynbkuu', 0.0, Koxxuxuna', 11,10, Mectperm’

! Hay4HO-NpaKTMYECKWIA KIMHUYECKUA LEHTP AMArHOCTUKM W TENeMeANLIMHCKIMX TexHosormii, Mockea, Poccuitckas ®epepaums
2 [lenaptameHT 34paBooxpaHeHns ropoaa Mockssl, Mocksa, Poccwiickas ®epnepaumsa

AHHOTALUA

06ocHoBaHue. [locTynHOCTb HabOPOB MEAMLMHCKUX [LaHHbIX M TEXHONOMMIA pa3paboTKu NMporpaMMHOro obecneyeHns Ha ocHoBe
WMCKYCCTBEHHOIO WHTENNEKTa B NOCNeAHUe rofbl NPUBENA K YBENMHYEHMI0 KONMYECTBA PeLUeHuii AN MeaULMHCKON AMarHOCTUKYU
W MaMMorpaguu B YacTHOCTM. 3T0 NporpamMMHoe obecneyeHue, 3aperucTpUpOBaHHOE KaK MeAMLMHCKOE M3Aenmne, MOXKET BbiTb
MCMONb30BaHO 1S ONMCaHUA LMPPOBLIX MaMMorpaduii, YTo NO3BONUT B 3HAUUTENBHON Mepe CIKOHOMMUTb BPEMEHHbIE, MaTepuanb-
Hble M KafipoBble PECYpChl B 3[paBOOXPaHEHUM NPU rapaHTUPOBAHHOM COXPaHEHUUM KayecTBa NpOGMNAKTUYECKUX MCCNe0BaHUIA
MOJIOYHBIX JKENE3.

Lenb — obocHoBaTb BO3MOXHOCTb M 3 GEKTUBHOCTL MPUMEHEHMUSI NPOrpaMMHOr0 0becreyeHnst Ha OCHOBE TEXHOMOTUM UCKYC-
CTBEHHOr0 MHTENNEKTa A1 NepBOi MHTepNpeTaLmMn LIMGPOBBIX MaMMOrPaMM MU COXpaHEHUW MPAKTUKKU BTOPOTO OMUCaHUSA PEHT-
FeHOBCKUX 1306paeHuii BpaioM-pEHTTEHONOMOM.

Matepuanbl u MeTogpbl. Habop panHbix 13 100 umdposbix MamMmorpaduyeckux uccnefoBakui, u3 Hux 50 — «OTcyTcTBMe Lene-
BOM natonorum», 50 — «[lpucyTcTBrE LeneBoi naTonorum» (C NpM3HaKamMu 3/10Ka4eCTBEHHBLIX HOBOOOpa30BaHuit), bbin 0bpaboTaH
NporpamMMHbIM 00ecreyeH eM Ha OCHOBE TEXHOMOMMI UCKYCCTBEHHOO UHTENNIEKTa, 3aperncTpupoBaHHbIM B Poccuiickoii Peaepa-
LM Kak MeauumnHcKoe usgenue. BeinonHeH ROC-aHanus. OrpaHnyeHus uccneoBaHus: 3HaYEHUS METPUK AMArHOCTUYECKOM TOYHO-
CTW NONyYeHs! ANS BEPCUA NporpaMMHOro obecneyeHns Ha 0CHOBE TEXHOOTUIA UCKYCCTBEHHOIO MHTENNEKTA, aKTyasbHbIX Ha KOHeL|
2022 ropa.

Pesynbtartsl. lpu HacTpoiike Ha 80,0% YyBCTBUTENBHOCTB CNELMGUYHOCTL UCKYCCTBEHHOTO MHTENNeKTa cocTasuna 90,0% (95% AN
81,7-98,3), TouHoctb — 85,0% (95% AU 78,0-92,0). Mpu HacTporike Ha 100% cneundrUUHOCTb UCKYCCTBEHHBINM MHTEINEKT NOKa3an
uyscTBMTENbHOCTL 56,0% (95% [N 42,2-69,8), TouHocte — 78,0% (95% AN 69,9-86,1). Mpu HacTpoiike Ha 100% uyBcTBUTEND-
HOCTb CMeLMdUYHOCTb UCKYCCTBEHHOTO MHTENNEKTa cocTaBuna 54,0% (95% [N 40,2—-67,8), TouHocte — 77,0% (95% [IM 68,8-85,2).
MpeanoxeHbl ABa NOAX0Aa, NpeaycMaTpUBALOLLME aBTOHOMHYIO NEpBY0 MHTepRpeTaumio LudpoBoi MaMMorpaduv nocpeacTsoM
WMCKYCCTBEHHOIO MHTeNNeKTa. [epBbiii NOAX0S, 3aK/TI04aeTCs B OLEHKE PEHTTEHOBCKOr0 M300paKeHNs C NOMOLLbIO UCKYCCTBEHHOMO
WHTENNeKTa ¢ bonee BLICOKON YYBCTBUTEILHOCTLIO, YEM Y ABOIHOTO OMMCaHUs MaMMorpadui BpayaMuU-peHTreHonoramMm, Npu co-
MoCTaBUMOM YpoBHe cneumduyHocTU. BTopoit noaxos nogpasymeBaet, YTo nporpamMMHoe obecrieyeHne Ha OCHOBE TEXHOMOTUA
WUCKYCCTBEHHOIO MHTEN/EKTa byaeT onpefensTb Kateropuio MaMmorpadun («0TcyTcTBme LieneBoi natonoruv» unn «MpucytcTeme
LienIeBOM NaToNIOMMW») C YKasaHMEM CTEMEeHW CBOEH «yBEPEHHOCTU» B MOJYYEHHOM pe3ysibTaTe B 3aBUCMMOCTM OT «KOpPUZO0pa»,
B KOTOpbIA NONafiaeT NpeAcKasaHHOe 3HayeHue.

3aknouenue. 06a npefsIoKEHHBIX CLEHAPUS UCMOMB30BaHUA NPOrPaMMHOro 06ecneyeHNs Ha 0CHOBE TEXHOJIOMWIA UCKYCCTBEHHOTO
WHTENNEKTa C Lienblo aBTOHOMHOIO NEepBOr0 OMUCaHWSA LMGPOBbIX MaMMOrpaMM CnocobHbl 06ecneunTb KayecTBo AMAarHOCTUKY,
He ycTynaiolee [BOAHOMY OMUCAHWI0 CHUMKOB Bpa4aMWU-PEHTIEHONIOMaMU U aie NpeBblllalollee ero. IKOHOMMYECKas BbIroAa
OT MPaKTMYeCKON peanusaumy JaHHOro NoAxoAa B MacluTabax cTpaHbl MOXeT cocTaBnaATb ot 0,6 4o 5,5 Mnpp pybneii exerofHo.

Kniouesbie cnopa: npod)unaKquecxme nccnenoBaHus; MaMMorpadJVIﬂ; VICKYCCTBEHHI:IVI WHTEJINeKT; AUarHoCTu4ecKana TOHHOCTb.
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Double-reading mammograms using artificial
intelligence technologies: A new model of mass
preventive examination organization

Yuriy A. Vasilev', llya A. Tyrov?, Anton V. Vladzymyrskyy', Kirill M. Arzamasov',
lgor M. Shulkin', Daria D. Kozhikhina', Lev D. Pestrenin'

! Moscow Center for Diagnostics and Telemedicine, Moscow, Russian Federation
2 Moscow Health Care Department, Moscow, Russian Federation

ABSTRACT

BACKGROUND: In recent years, the availability of medical datasets and technologies for software development based on
artificial intelligence technology has resulted in a growth in the number of solutions for medical diagnostics, particularly
mammography. Registered as a medical device, this program can interpret digital mammaography, significantly saving time,
material, and human resources in healthcare while ensuring the quality of mammary gland preventive studies.

AIM: This study aims to justify the possibility and effectiveness of artificial intelligence-based software for the first interpretation
of digital mammograms while maintaining the practice of a radiologist's second description of X-ray images.

MATERIALS AND METHODS: A dataset of 100 digital mammography studies (50 — “absence of target pathology” and 50 —
“presence of target pathology,” with signs of malignant neoplasms) was processed by software based on artificial intelligence
technology that was registered as a medical device in the Russian Federation. Receiver operating characteristic analysis was
performed. Limitations of the study include the values of diagnostic accuracy metrics obtained for software based on artificial
intelligence technology versions, relevant at the end of 2022.

RESULTS: When set to 80.0% sensitivity, artificial intelligence specificity was 90.0% (95% Cl, 81.7-98.3), and accuracy was
85.0% (95% Cl, 78.0-92.0). When set to 100% specificity, artificial intelligence demonstrated 56.0% sensitivity (95% Cl, 42.2—
69.8) and 78.0% accuracy (95% Cl, 69.9-86.1). When the sensitivity was set to 100%, the artificial intelligence specificity was
54.0% (95% Cl, 40.2—67.8), and the accuracy was 77.0% (95% Cl, 68.8-85.2). Two approaches have been proposed, providing an
autonomous first interpretation of digital mammography using artificial intelligence. The first approach is to evaluate the X-ray
image using artificial intelligence with a higher sensitivity than that of the double-reading mammogram by radiologists, with
a comparable level of specificity. The second approach implies that artificial intelligence-based software will determine the
mammogram category (“absence of target pathology” or “presence of target pathology”), indicating the degree of “confidence”
in the obtained result, depending on the corridor into which the predicted value falls.

CONCLUSIONS: Both proposed approaches for using artificial intelligence-based software for the autonomous first
interpretation of digital mammograms can provide diagnostic quality comparable to, if not superior to, double-image reading
by radiologists. The economic benefit from the practical implementation of this approach nationwide can range from 0.6 to
5.5 billion rubles annually.

Keywords: artificial intelligence; diagnostic accuracy; mammaography; preventive medicine.
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BACKGROUND

Breast malignancies are a significant problem from
medical, socioeconomic, and demographic points of view,
heading the list of cancers and leading the mortality causes
of the female population. A steady increase in prevalence
from 45.24 to 53.43 per 100,000 population was observed
from 2011 to 2019; later, it sharply decrease to 47.39 per
100,000 population in 2020, with a renewed rise in 2021 [1].
Such a pattern is accounted for by the suspension of mass
screening during the COVID-19 pandemic. Conversely, it
was a completely substantiated decision, and the situation
demonstrates how vulnerable the healthcare system is.
The emergency-related resource re-allocation took its toll
on the socially significant diseases. However, even outside
the pandemic, breast malignancies are still underdiagnosed,
and the rate of newly diagnosed advanced diseases is high:
as much as 27.0% of new cases are classified as stage
llI-IV cancer. A remarkable positive trend is noteworthy:
the prevalence-to-incidence ratio over the reporting period
is increasing steadily. In 2011, it was 9.5, while in 2021, it
increased to 11.9. It is indicative of gradual improvements in
the quality and efficacy of breast malignancy treatment [2].

Thus, the optimization of mass screening is warranted
to expand coverage and population compliance; increase
capacity, quality, and cost-efficiency; and enable sustainability
and continuous accessibility. Given the evident progress in
anti-cancer therapies, accomplishing these goals will take
breast malignancy treatment to the next level.

Currently, the most common type of screening for
breast malignancies is mammography. Following effective
regulations, screening mammograms are subject to double
reading, i.e., the images obtained with each patient should be
viewed and interpreted by two independent radiologists. Such
practice has been proved expedient by domestic and foreign
authors. The cumulative rate of pathologic change detection
is higher with double reading. Single reading lowers the
sensitivity for all categories of breast imaging reporting
and data system (BI-RADS) compared with double reading.
Moreover, single reading is associated with various negative
consequences for the examined patients [3, 4], although
double reading also has its downsides, such as resource-
intensiveness, quality issues, and funding difficulties.

Resource-intensiveness. In primary healthcare, two
radiologists are required to interpret every screening
image, with the vast majority of them being “target changes
not found.” There is a risk for these positions to be filled
in fictitiously to cover staff shortage, which would affect
women's health badly. Meanwhile, given the actual need
for screening mammograms and the rate of the equipment
fleet growth, the shortage of staff for these purposes is
expected.

Quality issues. Interpreting mammograms requires
specific skills in a narrow subarea of modern radiology.
This worsens the staff shortage: formally employing more
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radiologists will not contribute to timely precise detection of
breast malignancies.

Funding difficulties. Double payment only applies if there
is a separate service of mammography interpretation, and
one payment is allocated for mammography scanning and its
interpretation, whereas the other covers interpretation only.
If this is not the case, funding difficulties arise: the payment
is allocated only for combined mammography scanning and
mammogram interpretation. Therefore, underfunding is
common when only a single payment available, not covering
the second mammogram reading.

The potential problems outlined can be solved with the
use of artificial intelligence (Al) in interpreting mammograms.

High-quality readings obtained with such technology
have been reported in the literature. Indeed, certain Al-
based solutions have diagnostic precision similar to an
average radiologist. The cumulative sensitivity, specificity,
and area under the receiver operating curve (ROC) were
75.4, 90.6, and 0.89% for Al and 73.0, 88.6, and 0.85% for a
radiologist, respectively, and no significant differences were
found [5]. A meta-analysis [6] showed that the cumulative
sensitivity, specificity, and area under the ROC for Al-based
mammography interpretation were 91.4%, 91.6%, and 94.5%,
respectively. The similarity coefficients for the intersection-
over-union accuracy for abnormal change localizations
segmented by Al and a radiologist were 0.86 and 0.96,
respectively [7]. In our opinion, Al-based solutions should
be implemented not just as discrete systems backing up the
decisions made by doctors but as independent computerized
processes.

This study aimed to justify a model for mass
mammography screening using Al technology.

MATERIALS AND METHODS

The study was part of the Experiment for Computer Vision
Innovations Used in Medical Image Analysis and its further
use in the healthcare system of Moscow (hereinafter, the
Moscow experiment), which took place in 2020 and was
funded by the Government of Moscow (mosmed.ai). This
study was feasible because of the accuracy of Al-based
software demonstrated with 61,497 mammograms over the
first year of the Moscow experiment [8].

Study design

This study has a mixed design, i.e., using a retrospective
diagnostic study for the quantitative component and an
analytical study for the qualitative component.

Al technology

Al-based software should be registered as a medical
device to be used in routine clinical practice. Al-based
software products by 000 “Medical Screening Systems”
(Reg. No. RZN 2021/14449) and 000 “Third Opinion Platform”
(Reg. No. RZN 2022/16534) intended for computerized
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mammogram interpretation are registered as medical
devices in the Russian Federation.

Such a product by one of the above companies was
used for the study. As part of the Moscow experiment,
the Al-based software was integrated into the Unified
Radiology Information Service (ERIS) of the Unified Medical
Information and Analytical System (EMIAS) of Moscow.
Digital mammaography images in the DICOM format were
the input for the Al-based software. After the analysis, a
text interpretation (DICOM SR) was generated, along with
abnormal areas mapping (DICOM SC) and an overall disease
probability. Al-generated results appeared on ERIS EMIAS
along with the raw data. The overall probability values of
cancer were used in the study. The correctness of BI-RADS
rating and the precision of abnormal finding localization were
not evaluated in this study.

Dataset

This study included 100 digital mammograms obtained as
part of breast cancer screening, of which 50 demonstrated
abnormalities. The mean age of the examined patients was
63 + 6 years.

The images were categorized into “target changes not
found” or “target changed detected” based on the consensus
of two assessors (radiologists with >5 years of experience
in mammography). The primary inclusion criterion for “target
changed detected” was histological verification. Different
opinions of assessors were an exclusion criterion for “target
changes not found.” The exclusion criteria for both categories
were age <18 years and low-quality images (PGMI score 1)
identified by the assessor at the mapping stage for dataset
preparation.

Mammography abnormalities consistent with BI-RADS
categories 3-5 were classified as “target changed
detected.” Mammography results consistent with BI-RADS
categories 1 or 2, i.e., without any suspicion of breast
malignancy, were classified as “target changes not found.”

The distribution based on the American College of
Radiology types was as follows: A, n = 26; B, n = 16; C,
n=>5; and D, n = 3 in “target changes not found,” and A,
n=15B,n=24;C,n=11;and D, n =0 in “target changed
detected.”

Images included in the dataset were obtained with
FUJIFILM Corporation (Japan) mammography machines. The
following healthcare providers contributed to the dataset: City
Polyclinic (CP) No. 22 Branch No. 1, Diagnostic Clinical Center
No. 1, CP No. 8, CP No. 36, CP No. 22, CP No. 209, Diagnostic
Center No. 2 Branch No. 4, Consultation and Diagnostic
Polyclinical No. 121, Clinical and Diagnostic Center No. 4,
and M.P. Konchalovsky City Clinical Hospital with the Moscow
Healthcare Department, Outpatient Department No. 3.
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Ethics review

The study was based on the results of the Moscow
experiment and was approved by the Ethics Committee
(Protocol abstract No. 2 NEK MRO RORR dated February 20,
2020; ClinicalTrials ID: NCT04489992).

Statistical analysis

Receiver operating curve (ROC) analysis available from
a web tool was used for statistical data processing (https://
roc-analysis.mosmed.ai/) [9, 10]. The true values were binary
(0 for “target changes not found”; 1 for “target changes
detected”). The result was the probability of cancer determined
by Al-based software. Data obtained in the CSV format were
uploaded to an electronic form, after which the web tool
plotted a ROC. Cutoff values corresponding to the leftmost
point with 100% sensitivity and the rightmost point with 100%
specificity were determined in the interactive mode. Later,
other diagnostic accuracy parameters for the established
cutoff value were analyzed. A classic 2 x 2 contingency
table was used for the analysis. Correct classification of a
mammogram as “target changed detected” was considered
true positive, and correct classification of a mammogram as
“target changes not found” was considered true negative.
Incorrect classification of a normal mammogram as “target
changed detected” was considered false positive, and
incorrect classification of an abnormal mammogram as
“target changes not found” was considered false negative.

All statistical parameters presented in the results were
calculated using 95% confidence interval (Cl) by bootstrapping
with 1,000 iterations.

RESULTS

The following model was suggested: the attending
physician refers the patient to mammography screening
in accordance with the current regulations and clinical
guidelines. The X-ray technologist performs the examination.
The resulting digital mammograms are sent to the archive of
medical images as part of the medical information system
of a medical organization and/or a healthcare information
system of a constituent entity of the Russian Federation.
The first reading is performed by the software (an approved
Al-based medical device). Following the first reading,
an automatic electronic medical record’ is formed in the
information system, containing (a) the series of images with
graphic marks and/or a temperature map of abnormal areas,
if any; (b) a structured report, brief user guide, conclusion,
details, and cancer probability. The second reading is
performed by a radiologist. Based on the second reading, an
electronic interpretation protocol and conclusion are provided
in the information system.

! Medical records generated automatically by the approved medical devices that do not require the electronic signature of a healthcare professional
(in accordance with Order of the Ministry of Health of the Russian Federation No. 947n dated September 7, 2020, On approval of the procedure for

electronic documents turnover in healthcare).
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A study was performed to establish whether Al-based
software can provide the required level of diagnostic accuracy.
The ROC for the studied Al-based software is shown in Fig. 1.
The distribution of mammograms by groups (true positive,
true negative, false negative, and false positive) depending
on the selected cutoff value is presented in Table 1.

When setting a cutoff value of 0.93 corresponding to
100.0% specificity, Al correctly identified mammography from
the “target changes detected” group, i.e., no false positives
were recorded. Of the 50 mammograms in the “target changes
detected” group, Al correctly identified 28 (56.0%) images at
the specified threshold setting. With these settings of the
Al-based software, sensitivity, specificity, and diagnostic
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accuracy were 56.0% (95% Cl 42.2-69.8), 100.0% (95% CI
100.0-100.0), and 78.0% (95% CI 69.9-86.1), respectively.
When setting a cutoff value of 0.25 corresponding to
100.0% sensitivity, no false negatives were observed, and
27 true negatives were identified (54.0% of all images in the
“target changes not found” group). With these settings of the
Al-based software, the sensitivity, specificity, and diagnostic
accuracy were 100.0% (95% CI 100.0-100.0), 54.0% (95% ClI
40.2-67.8), and 77.0% (95% Cl 68.8—85.2), respectively.
When setting a cutoff value of 0.82 to maximize the
Youden index, the sensitivity was 80.0%, 45 were true-
negative results (90.0% of all images in the “Target changes
not found” group), and 40 were true-positive results (80.0%

Total studies: 100, with results: 100
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Fig. 1. ROC for Al-based software. The highlight shows the 95% confidence interval. Experimental values corresponding to 100.0%
sensitivity (a), 100.0% specificity (b), and 80.0% sensitivity (c) are highlighted individually. For each experimental paint, the rectangle shows

the diagnostic accuracy metrics at the corresponding cutoff value.
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Table 1. 2 x 2 contingency table for different threshold values

Vol. 4 (2) 2023

Digital Diagnostics

Balanced sensitivity

Group No. of scans Result 100% sensitivity | 100% specificity and specificity
h True positive 50 28 40
Target changes 50 56.0%** 80.0%**
detected N
False positive 23 0 5
. 27 45
;roarggt changes not 50 True negatlve 54.0%* 50 90.0%*
un
False negative 0 22 10

Note: * The percentage of true-negative results is calculated from the total “target changes not found” images. ** The percentage of true-positive results

is calculated from the total “target changes detected” images.

of all images in the “target changes detected” group). With
these settings of the Al-based software, the sensitivity,
specificity, and diagnostic accuracy were 80.0% (95% CI
68.9-91.1), 90.0% (95% Cl 81.7-98.3), and 85.0% (95% ClI
78.0-92.0), respectively.

DISCUSSION

Summary of the primary outcome

Setting different cutoff values for Al-based software used
for description and interpretation of mammography data
allows achieving the sensitivity, specificity, and accuracy
metrics that correspond to or exceed those for double reading
of mammogram by radiologists.

Discussion of the primary outcome

In the Russian Federation, approximately 8.2 million
mammographies? are performed annually as part of
screening, and their double reading requires a significant
amount of time, staff, and financial resources. The use of
Al-based software for the first review of mammograms will
reduce the above costs while maintaining or even improving
diagnostic quality. Two approaches were proposed to setting
up Al-based software for the first reading of mammograms.

The first approach involves the use of Al-based software
with balanced values of sensitivity and specificity. In our case,
the sensitivity was 80.0%, which exceeds the sensitivity of
double reading of mammograms by radiologists determined
in reviews (72.0%-73.0%) [5, 6]. In this study, the specificity
of Al (90.0%) is not inferior to that of two radiologists
(88.0%-98.0%) [5, 6]. Al-based software in combination
with the assessment by one radiologist will have a higher
overall accuracy of mammography interpretation than
interpretation by only one radiologist, which is confirmed
by a number of scientific publications [11-13]. An electronic
medical record containing a conclusion on the category of
the image (“target changes not found” or “Target changes
detected”) will be generated by Al-based software with this
approach.

The second approach implies that the Al-based software
will determine the category of the image (“target changes not
found” or “target changes detected”), indicating the degree
of its “confidence” in the result. The general concept of the
method is shown in Fig. 2.

As mentioned in the Results, cutoff values were
determined for the predicted values at 100% sensitivity and
100% specificity (0.25 and 0.93, respectively) when plotting
the ROC for the Al-based software. Based on these data, it
is proposed to contribute to the predicted value to one of
three “corridors,” which correspond to different classification
results and different degrees of Al “confidence™
1) Green corridor: the predicted values are within the range

of 0-0.25 and correspond to the category “target changes

not found” with 100% confidence,

2) Red corridor: the predicted values are within the range of
0.93-1.0 and correspond to the category “target changes
detected” with 100% confidence,

3) Yellow corridor: the predicted values are within the
range of 0.25-0.93 inclusive and correspond to the
“target changes not found” or “target changes detected”
category; however, the probability of correct classification
is <100%.

The predicted value and color of the corridor in which
it falls are proposed to be added to the description of
mammography by the Al-based software. With this
information, the radiologist making the second reading
after the Al step will know how much they can rely on the
results. This will help the doctor stay alert when examining
a mammogram from the yellow corridor. In the long term,
this approach can increase the confidence of radiologists
in the results of Al-based software because, despite the
current high level of accuracy, Al is not yet able to correctly
classify 100% of the analyzed images with a high degree of
confidence.

The advantage of the second approach is not only the
ability of Al to categorize some mammograms as “target
changes not found” or “target changes detected” with a
100% degree of confidence (green and red corridors for the

2 |.E. Tyurin. 2020 Report by the Chief Independent Expert of the Ministry of Health of Russia on radiation and instrumental diagnostics [electronic resource].
Accessed at: https://static-0.minzdrav.gov.ru/system/attachments/attaches/000/056/620/original/OtueT_3a_2020_ron_TiopuH.pdf?1624967722.

DOl https://doiorg/10.17816/D0321423



https://doi.org/10.17816/DD

ORIGINAL STUDY ARTICLES

Vol. 4 (2) 2023

Digital Diagnostics

100 MMG

\4

Al reading
with 100% sensitivity

At this stage, Al correctly
classifies 27 normal MMGs
(BI-RADS 1 and 2)

Y

Al reading
with 100% specificity

At this stage, Al correctly
classifies 28 abnormal MMGs
(BI-RADS 4 and 5)

Cutoff = 0.61

Cutoff = 0.90

Al reading
with 81.8% sensitivity

At this stage,
Al classifies MMGs
as normal or abnormal,

Al reading
with 36.4% sensitivity ||

and 52.2% sensitivity and 95.7% sensitivity indicating <100%
confidence
TN: 12 FN: 4 FP: 11 TP: 18 | | TN: 22 FN: 14 FP: 1 TP: 8
Resulting sensitivity 92.0% 72.0%
Resulting specificity 78.0% 98.0%

Fig. 2. Concept of an approach to the first mammogram reading using artificial intelligence involving binary image classification with an
indication of the degree of confidence of the Al-based software in the results obtained.

Note: Al artificial intelligence; FN, false negative; FP, false positive; MMG, mammogram; TN, true negative; TP, true positive.

predicted values) but also the ability to change the cutoff
value to balance the sensitivity and specificity of Al-based
software for the analysis of mammograms that fall into the
yellow corridor. Depending on the clinical task, a higher
sensitivity can be set, which will provide better detection of
pathology with the lowest number of false-negative results
or higher specificity to reduce the number of false-positive
results (Table 2) [5, 6].

The results of this study demonstrate the possibility
of using Al-based software for the first reading of
mammograms; however, in the future, the software must
be optimized to more effectively distinguish between “target
changes not found” and “target changes detected.” Only high-
quality mammograms were initially selected for this study.

However, modern Al-based software has the function of
offline mammography quality control. When introduced into
routine practice, Al-based software can perform technical
assessment of image quality and clinical assessment [8].

Economic justification of Al-based double
reading of mammograms

As part of the study, payment rates for medical care
provided under the territorial program of compulsory medical
insurance adopted in the constituent entities of the Russian
Federation for 2023 were analyzed.

In 19 constituent entities (22.4% of all constituent
entities of the Russian Federation), a separate payment for
medical service A06.20.004 mammography (provided as

Table 2. Sensitivity and specificity with different approaches to mammogram reading

Screening mammography results

Sensitivity, % Specificity, %

Double reading by two radiologists *

First approach to using Al for the first mammogram reading (binary classification)

Second approach to using Al for the first mammogram reading (binary
classification with a degree of confidence) with a cutoff value of 0.61

Second approach to using Al for the first mammogram reading (binary
classification with a degree of confidence) with a cutoff value of 0.90

72.0-73.0 88.0-98.0
80.0 90.0
92.0 78.0
72.0 98.0

Note: * Based on literature data [5, 6].
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part of screening) is available. In 4 out of 19 constituent
entities, a separate payment for medical service A06.30.002
description and interpretation of radiographic images
(second reading of mammograms) is also available. In all
other constituent entities of the Russian Federation, the
payment for a comprehensive service (without specifying the
mammography-related services included in it) is charged at
the first stage of screening of the adult population.

The cost of mammogram description varies from
114.97 to 1034.93 rubles. As of March 1, 2023, the description
and interpretation of mammography data using Al is available
only as part of the Moscow experiment [8]. According to the
rate agrees for medical care provided under the territorial
program of compulsory medical insurance in Moscow, this
medical service costs 239.00 rubles®.

In this study, two approaches to determining the required
amount of funding for screening mammograms in the Russian
Federation were analyzed. The first approach was to perform
calculations based on the cost of medical services in Moscow
for 2023. A description of mammography by a radiologist costs
178.00 rubles. Therefore, a double reading of each mammogram
by radiologists will cost 356.00 rubles. In turn, mammography
description by Al and a radiologist, as mentioned above,
costs 239.00 rubles. Thus, with an average number of annual
mammaograms of 8.2 million in Russia, double reading by two
radiologists will cost 2.9 billion rubles, and double reading
by Al and a radiologist will cost 1.9 billion rubles. Potential
savings through the use of Al-based software may account
to 1.0 billion rubles annually. The second approach was to
perform calculations based on the cost of medical services
in the constituent entities of the Russian Federation for 2023.
The percentage of money saved was also considered, thanks
to the interpretation of mammography by Al and a radiologist
compared with double reading by two radiologists in Moscow,
which amounted to the following:

178,00 x 2 — 239,00
178,00 x 2

Mammogram reading by a radiologist in the constituent
entities of the Russian Federation costs 114.97-1034.93 rubles,
which means that double reading by radiologists costs
229.94-2069.86 rubles. Assuming that the interpretation
of mammography by Al and a radiologist in the constituent
entities of the Russian Federation is cheaper than double
reading by radiologists by 32.8% (as is the case in Moscow),
the resulting cost of double mammogram reading by Al

x 100% = 32,8%.
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and a radiologist will range from 154.51 to 1390.94 rubles.
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Study limitations

The determined values of diagnostic accuracy metrics are
valid for Al-based software versions as of the end of 2022.
For patients in the “target changes not found” group, changes
over time on the BI-RADS scale were not evaluated, which
can be regarded as a study limitation.

CONCLUSION

The results of this study show the feasibility and
prospects of using Al for the first reading of mammograms.
Al-based software (registered as a medical device) has
sensitivity and specificity non-inferior or superior to those
of two radiologists. The model for using Al-based software
for the first reading combined with the second reading
by a radiologist allows for nationwide economic benefits
amounting to 0.6-5.5 billion rubles annually.
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C aHanM30M UCKYCCTBEHHOrO MHTENNeKTa. [lns Bcex HaxoAoK, BbISBMIEHHBIX W He BbISIBEHHbIX BpadyaMu KIMHUKY, ONPefenvin Aanb-
HeliLUyl0 MapLUpyTM3aLmMio B COOTBETCTBUM C KJIMHWUYECKUMM peKoMeHAaumamu. [ng Kawpgoro nauveHTa bbina paccumtaHa CTOMMOCTb
HEOKa3aHHbIX MeULMHCKUX YCYT N0 NPaic-nCTy KITMHUKW.

Pe3synbtartbl. MTorosyio rpynny coctaBunm 160 KOMNbIOTEPHBIX TOMOrpaMM OpraHoB FPYAHOM KIETKY € onucaHuaMu. C moMoLLbio McKyc-
CTBEHHOr0 MHTenNeKTa BbisBnieHo 90 (56%) nccnepoBanuii ¢ natonorusamm, u3 Hux B 81 (51%) npotokone Gbina nponyLieHa xoTs Obl 04Ha
natonorus. 06LLas CTOMMOCTb HEOKa3aHHbIX MEAMLMHCKUX YCNYr «BTOPOro 3Tana» Afs BCex natonoruii oT 81 nauuexTa bbina oLeHeHa
B 2 847 760 py6. (37 250,99 ponnapos unu 256 217,95 kutaiickux toaHeit). CTOMMOCTb HEOKa3aHHbIX MEAMLIMHCKUX YCIYT TONbKO AN Tex
NaTosoruii, KOTopbIe MPOMYLLIEHbI BpaiaMu, HO BbISIBNIEHbI UCKYCCTBEHHBIM MHTENNEKTOM, cocTaBuna 2 065 360 pyb. (27 016,57 ponnapos
unu 185 824,05 kuTalcKux toaHen).

3aknioueHue. [puMeHeHMEe UCKYCCTBEHHOMO MHTESIEKTA ANS aHanW3a [aHHbIX KOMMbIOTEPHOW TOMOrpaduu opraHoB rpyAHON KIETKU
B KayecTBe MOMOLLHWKA PEHTIeHO/0ra No3BOJISET CyLIECTBEHHO YMEHbLUUTL YUCIO Cily4aeB Nporycka natonoruii. Micnonb3oBaHue uc-
KYCCTBEHHOIO MHTEJIIEKTa MOXET NPUHECTU B 3,6 pa3a Oofblle CTOMMOCTY 33 MEMLIMHCKME YCIYrW MO CPaBHEHWUIO CO CTaHAAPTHON Mo-
Lenbto paboTbl peHTreHoNoroB 6e3 NpUMeHeHNs TaKWUX TEXHONOTWIA, W, TaKUM 00pa3oM, BbITb peHTabenbHbIM Ans NPUMEHEHNS B YCOBMSAX
YaCTHOr0 MeAMLIMHCKOrO LieHTpa.

KnioueBble cnoBa: KOMNbIOTEPHAs TOMOrPadus; UCKYCCTBEHHbINA MHTENNEKT; TPYAHAsA KIETKa; CNyyailHble HaXo4KM.
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ABSTRACT

BACKGROUND: Artificial intelligence technology can help solve the significant problem of missed findings in radiology studies.
An important issue is assessing the economic benefits of implementing artificial intelligence.

AIM: To evaluate the frequency of missed pathologies detection and the economic potential of artificial intelligence technology
for chest computed tomography compared and validated by experienced radiologists.

MATERIALS AND METHODS: This was an observational, single-center retrospective study. The study included chest computed
tomography without IV contrast from June 1to July 31, 2022, in Clinical Hospital in Yauza, Moscow. The computed tomography
was processed using a complex artificial intelligence algorithm for 10 pathologies: pulmonary infiltrates, typical for viral
pneumonia (COVID-19 in pandemic conditions); lung nodules; pleural effusion; pulmonary emphysema; thoracic aortic dilatation;
pulmonary trunk dilatation; coronary artery calcification; adrenal hyperplasia; and osteoporosis (vertebral body height and
density changes). Two experts analyzed computed tomography and compared results with artificial intelligence. Further routing
was determined according to clinical guidelines for all findings initially detected and missed by radiologists. The hospital price
list determined the potential revenue loss for each patient.

RESULTS: From the final 160 computed tomographies, the artificial intelligence identified 90 studies (56%) with pathologies, of
which 81 (51%) were missing at least one pathology in the report. The “second-stage” lost potential revenue for all pathologies
from 81 patients was RUB 2,847,760 ($37,251 or CNY 256,218). Lost potential revenue only for those pathologies missed by
radiologists but detected by artificial intelligence was RUB 2,065,360 ($27,017 or CNY 185,824).

CONCLUSION: Using artificial intelligence as an “assistant” to the radiologist for chest computed tomography can dramatically
minimize the number of missed abnormalities. Compared with the normal model without artificial intelligence, using artificial
intelligence can provide 3.6 times more benefits. Using advanced artificial intelligence for chest computed tomography can
save money.

Keywords: artificial intelligence; chest; computed tomography; incidental findings.
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List of abbreviations

DATA SET: a data set, a collection of logical records
Cl: confidence interval

Al: artificial intelligence

CT: computed tomography

BACKGROUND

According to the World Health Organization, most deaths
are associated with cardiovascular diseases (CVDs), infections,
lung diseases, and cancers.' Based on large randomized trials
of lung cancer screening, the use of chest low-dose computed
tomography in asymptomatic patients at risk resulted in a 6.7%
decrease in mortality from lung cancer and from all causes in
the National Lung Screening Trial (USA) and in a 39% decrease
in mortality during follow-up in the Year 5-10 of a Multicentric
Italian Lung Detection study (ltaly) due to incidental detection
of clinically significant findings and treatment and prevention
of relevant diseases [1,2].

Lung cancer screening programs are cost effective
in high-risk patients. This effect varies across healthcare
systems in different countries [3]. Moreover, these programs
have significant differences in lung cancer mortality and total
mortality. In one of the lung cancer screening studies, 77.1%
of patients died not from the disease itself but from other
causes such as CVDs, lung diseases, other tumors, and
infectious diseases [1]. By focusing on lung cancer searching,
a radiologist may miss abnormal findings associated with
other diseases. For example, during lung cancer screening,
58% of clinically significant findings are not reflected in the
radiologist protocol texts [4].

During the coronavirus disease-2019 (COVID-19)
pandemic, lung cancer screening programs were suspended
because computed tomography (CT) scanners are required
to perform mass chest CT to diagnose COVID-19. In half of
the patients who underwent chest CT, incidental findings
were detected, and 1/4 had clinically significant findings [5].
Chest CT data allow diagnosis of diseases in the lungs, other
organs, and systems [6-8]. Medical personnel shortage,
burnout, pandemic effects, and increased workload can lead
to missing clinically significant findings.

Artificial intelligence (Al) is the most promising technology
for solving this problem; thus, assessing economic benefits

detail/the-top-10-causes-of-death.

ICD-10: International Statistical Classification of Diseases
and Related Health Problems, Tenth Edition

MRI: magnetic resonance imaging

CNMS: cost of non-provided medical services

of such innovations is necessary. Numerous Al healthcare
products were developed for diagnostic radiology, and the
number of such solutions exceeds the number of other
medical Al services in several times.? In Russia, the largest
Al imaging project is related to an experiment on the use
of innovative computer vision technologies for evaluating
medical images and further use of the Moscow healthcare
system (hereinafter referred to as the Moscow experiment).
For this project, more than 7.5 million imaging examinations
were performed, including X-ray imaging, mammaography,
and CT [9].3
Briefly, the use of Al single-pathology algorithms is
of limited practical value for controlling diseases that are
among the leading causes of death worldwide. Given the
need for simultaneous detection of several pathologies
using Al, the first software products have been developed
for a comprehensive analysis of chest CT. They have passed
all testing stages and have been approved for prospective
use in 153 Moscow healthcare organizations.* One of these
products is a multi-IRA combined Al service by IRA Labs,
which can simultaneously search for 10 abnormal signs of
various diseases during CT [10-13], including the following:
1) Infiltrative lung lesions typical for viral pneumonia
(COVID-19 pandemic; U07 according to ICD-10), with
calculation of the percentage of lung damage.
2) Lung nodules with assessing their size, volume, and
density to detect lung malignancies (ICD-10 code C34).
3) Free pleural fluid (effusion) (ICD-10 code J94).
4) Pulmonary emphysema as a sign of chronic obstructive
pulmonary disease (ICD-10 code J44).
5) Measuring thoracic aorta diameter to detect aorta
dilatation and aneurysms (ICD-10 codes I70 and 171).
6) Measuring the diameter of the pulmonary artery trunk to
detect potential causes of pulmonary hypertension (ICD-
10 code 127).
7) Evaluating the extent of coronary calcification using
the Agatston score to assess the severity of coronary

who.int [Internet]. Top 10 death causes in the World [cited on December 08, 2020]. Available from: https://www.who.int/ru/news-room/fact-sheets/

2 |QVIA [Internet]. FDA Publishes Approved List of Al/ML-enabled Medical Devices [cite 2021 Oct 29]. Michaela Miller, Technology & Analytics Practice
Lead, U.S. MedTech, IQVIA. Available from: https://www.iqvia.com/locations/united-states/blogs/2021/10/fda-publishes-approved-list-of-ai-ml-

enabled-medical-devices.

17, 2023.
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atherosclerosis and the risk of coronary heart disease

(ICD-10 codes 120-125).

8) Measuring the adrenal gland size to detect lesions and
hyperplasia (ICD-10 code C74).

9) Measuring vertebral body heights for diagnosing
compression fractures (ICD-10 codes M80-M85).

10) Analyzing the density of the vertebral bodies to detect
signs of osteoporosis (ICD-10 codes M80-M85).

This study aimed to evaluate the frequency of significant
abnormal findings and the economic potential of using
combined Al technologies in the analysis of chest CT,
validated by radiologists, compared with analysis performed
radiologists without Al access in a private medical center.

MATERIALS AND METHODS
Study design

In this observational single-center retrospective study,
patient informed consent was not required. The study was
prepared in accordance with the CHEERS 2022 checklist
for the economic evaluation of medical studies [14].°
An economic analysis plan was developed for a private
medical center. It included the assessment of the potential
additional costs of non-provided medical services (CNMS)
that should be provided to patients with certain abnormal
findings according to clinical guidelines and best practices

Total 185 examinations

160 chest CT scans included
in the study

160 texts of radiologists’
opinions

160 chest CT images
(DICOM format)

All images are processed
by a combined Al
for 10 pathological findings

Validation of Al results
by two experts

Truly-positive results

90 chest CT scans with at least one pathological
finding detected by Al and confirmed by experts

Comparison of findings detected by radiologists in the clinic
(according to the protocol text) and by the combined Al service

81 chest CT scans with at least one pathological
finding detected by Al and missed by radiologists

Fig. 1. Study design.
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of evidence-based medicine. The use of combined Al
services added to CNMS resulted from radiologist activities,
through further diagnostic actions to clarify the nature and
severity of CT findings.

Treatment cost was not assessed in this study. The study
design is presented in Fig. 1.

Eligibility criteria

Inclusion and exclusion criteria were used to form the
study group.

Inclusion criteria: Chest CT in men and women who
got medical assistance in a primary and specialized care
organization for adult population of Moscow; chest CT
performed and interpreted by radiologists between June 01,
2022, and July 31, 2022; chest CT performed without
intravenous contrast enhancement; patients aged >18 years;
availability of CT scans in DICOM format and protocol texts
prepared by radiologists in the clinic; and the patient's first
visit to a clinic.

Exclusion criteria: age >85 years; previous chest CT within
1 year; Al could not process scans because of reasons out
of its control (e.g., inappropriate modality, scan region other
than the chest, insufficient number of slices, i.e., <30); Al
could not process scans due to reasons related to algorithm
features (e.g., incorrect work due to the presence of
significant metal artifacts at the scan level).

Exclusion criteria
25 examinations could not be processed by Al for the following
reasons:
1. Al independent (23 examinations):
« Inappropriate modality, 9 examinations;
MRI, 7 examinations; mammography, 2 examinations;
« area of the study other than the chest, 9 examinations;
« insufficient number of slices (<30), including localizers
with 5 examinations.
2. Al dependent (2 examinations):
« Incorrect work due to the presence of significant metal
artifacts at the scan level, 2 examinations

False-positive results

70 chest CT scans without 10 target
pathological findings after a review by experts

9 chest CT scans where a radiologist detected all pathological
findings detected by Al

5 EQUATOR Network [Internet]. Enhancing the QUALlity and Transparency Of health Research. Available from: https://www.equator-network.org/

reporting-guidelines/cheers/.
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Conditions of the study

CT was performed at the Clinical Hospital on Yauza LLC,
which is a multidisciplinary private healthcare organization
providing primary and specialized care to the adult population
of Moscow.

Study duration

The study was conducted using CT performed between
June 1, 2022, and July 31, 2022. Results were retrospectively
analyzed using the Al algorithm and verified by experts
between October 01, 2022, and November 30, 2022.

Description of the study

Chest CT was performed without intravenous contrast
enhancement using a Philips Ingenuity CT scanner. This
tomograph performed 128 slices per tube rotation. The
chest CT protocol was performed in accordance with
standard equipment manufacturer recommendations and
national guidelines. CT findings were provided to experts
and Al in two series reconstructed with a soft tissue kernel
(60 HU for the center of the window, 360 HU for the width
of the window) and a pulmonary kernel (-500 HU for the
center of the window and 1,500 HU for the width of the
window). The slice thickness was 1.0 mm. Iterative model
reconstruction algorithms were used to improve image
quality (reduce noise) and reduce the radiation dose to the
patient.

Vol. 4 (2) 2023

Digital Diagnostics

All the included CT examinations were processed using
multi-IRA combined Al software (IRA Labs) integrated into
the clinic’s picture archiving and communication system. The
Al algorithms used in this study were previously tested on
specially prepared calibration datasets as part of the Moscow
Al experiment.®

The criterion for the possibility of Al use was algorithm
accuracy not lower than the area under the ROC curve (ROC
AUC) of 0.81 for each pathological finding, according to the
guidelines for clinical trials of software based on intelligent
technologies [15]. The diagnostic accuracy metrics for Al
algorithms based on developer-independent closed datasets
of the Moscow experiment are presented in Table 1 [9,10].

Primary study outcome

For all the findings detected and missed by physicians in
the clinic, “second stages” were determined (consultations
with specialists and various types of additional clinical,
instrumental, and laboratory examinations), i.e., further
routing of the patient in accordance with current clinical
guidelines for each pathological finding.

Then, for each patient, the CNMS was calculated according
to the price list of the clinic, which was determined based on
non-provided medical services, required according to clinical
guidelines for missed pathological findings. The CNMS was also
calculated for the missed significant pathological findings, as
shown in Table 2 [16-31]. For radiologists, abnormal findings

Table 1. Diagnostic accuracy metrics for a combined Al solution for chest CT, based on the datasets of the Moscow experiment

Name of the multi-IRA Al algorithm for certain pathologies | ROC AUC | Sensitivity | Specificity Accuracy
COVID-IRA

(detection of lung infiltrative lesions) 0.98 0.95 0.94 0.94
LungNodule-IRA

(detection of lung nodules) 0.932 0.86 0.9 0.88
PleuralEffusion-IRA

(detection of pleural effusion) 0.999 0.98 1 0.99
Aorta-IRA (chest)

(evaluation of the thoracic aorta diameter) 0.997 0.96 1 0.98
Aorta-IRA (chest + abdomen) 0.98 ] 0.99
(evaluation of the thoracic and abdominal aorta diameters) : '
PulmTrunk-IRA

(evaluation of the pulmonary trunk diameter) 1 0.98 0.99
Agatston-IRA

(evaluation of the Agatston coronary calcification score) 0.986 0.96 0.9 0.96
Genant-IRA

(evaluation of the height of vertebral bodies) 0.995 1 0.98 0.99
Emphysema-IRA 0.989 0.94 0.98 0.96
(detection of emphysema)

Adrenal-IRA 0.9 . 0.9 0.98

(assessment of the adrenal size for masses and hyperplasia)

¢ Center for Diagnostics and Telemedicine [Internet]. IRA Labs LLC: Chest-IRA (https://mosmed.ai/service_catalog/chestira/); Adrenal-IRA Abd
(https://mosmed.ai/service_catalog/adrenalira/); Aorta-IRA Abd (https://mosmed.ai/service_catalog/aortaira/); Genant-IRA Abd (https://mosmed.

ai/service_catalog/genant-ira/). Accessed on March 17, 2023.
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Table 2. Criteria for abnormal findings and omissions
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Health condition

Criteria for skipping
significant pathological
findings

Criteria for pathological findings

Criteria for skipping
non-significant
pathological findings

Lung nodules

At least one solid or subsolid (only the solid component
is measured) nodule with an average size of =6 mm
(volume =100 mm3) [16]

All findings for this condition that met the described
criteria were considered significant, excluding
perifissural lung nodules. Nodules along the pleura
are benign and do not require further observations.

Infiltrative lung
changes typical for viral
pneumonia (COVID-19)
in a pandemic

1. Bilateral frosted glass infiltration of the lung parenchyma
with peripheral predominance, with, or without consolidation
infiltration of the lung parenchyma with a positive sign of an
air bronchogram.

2. Bilateral cobblestone infiltration of the lung parenchyma
(thickening of the interlobular interstitium with frosted
glass), with peripheral predominance, with, or without
consolidation infiltration of the lung parenchyma with

a positive sign of an air bronchogram [17, 18]

Lung involvement >50%

Lung involvement <50%

Lung emphysema

In total 6% (by volume) of areas in both lungs (excluding
bronchial lumen) with CT density <-950 HU [19,20]

All findings for this condition that met the described
criteria were considered significant.

Free pleural fluid

A crescentic liquid accumulation (effusion) in the pleural

cavity with a density of 0-30 HU in the gravity-dependent Maximum layer

Maximum layer

(effusion) ' thickness >10 mm thickness <10mm
chest regions [21]
1. Dilatation of the ascending thoracic aorta: on native
scans, the largest axial diameter of the ascending thoracic
aorta is 40 to <49 mm.
2. Aneurysm of the ascending thoracic aorta: on native
scans, the largest axial diameter of the ascending thoracic Aneurysm of the Dilatation of the
aorta is =50 mm. ascending thoracic aorta  ascending thoracic aorta
3. Dilatation of the descending thoracic aorta: on native (diameter =50 mm) and  (diameter of 40-49 mm)
Aneurysm / scans, the largest axial diameter of the descending thoracic descending thoracic aorta and descending thoracic

aorta dilatation

(diameter 40 mm).
Aneurysm of the
abdominal aorta

(diameter =30 mm).

aorta ranges from 31 to 39 mm.

4. Aneurysm of the descending thoracic aorta: on native
scans, the largest axial diameter of the descending thoracic
aorta is >40 mm.* [22]

5. Dilatation of the abdominal aorta: the largest diameter

is 25-<29 mm.

6. Aneurysm of abdominal aorta: the largest diameter

230 mm [23,24]

aorta (diameter of
31-39 mm). Dilatation
of the abdominal aorta

(diameter 30 mm).

Dilatation of the
pulmonary trunk

Diameter of the pulmonary trunk =29 mm# [25] >29 mm

29 mm

Coronary calcification
by Agatston score

On native scans, the Agatston score (the sum of areas in
the projection of coronary vessels, multiplied by individual
density factors*) is =1, or CAC-DRS class A1-A3. [26,27]

* Factor 1: 130-199 HU

Factor 2: 200-299 HU

Factor 3: 300-399 HU

Factor 4: =400 HU

Agatston score >10

Agatston score 1-10

Measurement of the
adrenal size for masses
and hyperplasia

Nodular formations of the adrenal body or pedicles with
a short-axial diameter measuring=10 mm [28]

All findings for this condition that met the described
criteria are considered significant.

* The Task Force for the Diagnosis and Treatment of Aortic Diseases of the European Society of Cardiology (ESC). ESC Guidelines on the diagnosis and

treatment of aortic diseases, 2014. Available from: https://scardio.ru/content/Guidelines/Recom%20po0%20aorte%207_rkj_15.pdf.

# The Task Force for the diagnosis and treatment of pulmonary hypertension of the European Society of Cardiology (ESC) and the European Respiratory
Society (ERS). ESC/ERS Guidelines for the diagnosis and treatment of pulmonary hypertension, 2015. Available from: https://scardio.ru/content/

Guidelines/ESC%20_L_hypert_2015.pdf.
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Health condition

Criteria for pathological findings

Criteria for skipping Criteria for skipping
significant pathological non-significant
findings pathological findings

Evaluation of the
density of the spongy
substance of vertebral
bodies for the detection
of osteoporosis/
osteopenia

ISCD 2019 statement [29]

Decrease in bone mineral density in Th11-L3 (optimally
L1-L2) vertebral bodies according to ACR 2018 criteria,

Density <+100 HU Density +100 to +150 HU

Vertebrae with compressive body deformity >25%
according to the Genant semi-quantitative scale, grades

Vertebral compression 11l [30, 31].
fractures related
to osteoporosis formula:

DG = (ratio of the maximum vertebral

body size - minimum/maximum size) x 100%

The deformation grade (DG) is calculated by the following

All findings for this condition that met the described
criteria were considered significant.

were considered missed if it was not reported in the final CT
descriptions in the electronic medical information system of the
clinic provided that such information was available according
to true-positive results (ground truth) after reviewing CT data
by an expert and Al analysis. Findings were true positive if
they were detected by the Al algorithm and confirmed by two
medical experts analyzing CT.

Additional study outcomes

The number of protocols with significant and insignificant
missed pathological findings and the percentage of erroneous
protocols were calculated for each clinic radiologist.

Subgroup analysis

To eliminate erroneous program triggering, two experts
(radiologists with 10 and 13 years of experience, respectively,
who are not employees of the clinic that provided data for the
study) reviewed CT scans with results of Al processing. In the
case of controversial opinions, a single option was selected
after a collective discussion. As a result of this analysis, the
true-positive results of the Al analysis, confirmed by two
experts, were selected. Then, Al findings were compared
with the final chest CT descriptions prepared by radiologists
in the clinic without using Al, and some cases of missed
pathological findings were identified. All pathological findings
missed by radiologists in the clinic were divided into significant
and insignificant. The significance criteria for pathological
findings were evaluated in accordance with basic diagnostic
requirements for Al analysis in the Moscow experiment,
agreed by the Commission for Scientific Problems of the
Scientific and Practical Clinical Center for Diagnostics and
Telemedicine Technologies of the Department of Healthcare
of Moscow (Protocol No. 9/2021 dated December 10, 2021,
No. 1/2022 dated February 28, 2022, No. 7/2022 dated
December 06, 2022, No. 1/2023 dated January 13, 2023).
These requirements are based on clinical guidelines and
evidence-hased best practices.
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In this study, protocol texts were not evaluated for the
presence or absence of the “epicardial fat” term because
the radiologists in the clinic did not have tools to measure
the volume of adipose tissue. The criteria for pathological
findings and distribution by the missed pathological finding
significance are presented in Table 2.

Ethical review

The Independent Ethical Committee of the Moscow
Regional Branch of the Russian Society of Radiologists was
notified about this this retrospective study (minutes dated
March 01, 2023).

Statistical analysis

Results were presented using descriptive statistics
methods, and the absolute number (n) and percentage (%) of
observations were indicated for each category. Frequencies
of pathological finding detection by different methods were
compared using the Z-test for proportions. The p-values
obtained for each of the nine pathological findings were
adjusted for multiple testing (for general hypothesis of the
absence of a statistically significant difference in diagnostic
results) by the Bonferroni correction. Financial parameters
were analyzed using a paired t-test. The level of statistical
significance for p was 0.05. The statistical analysis was
performed using the R program, version 4.1.3.

RESULTS

Study subjects

A total of 185 examinations were selected (male-to-female
ratio: 47%:53%; age, 19-83 years; mean age, 49.5 years)
in accordance with established criteria. Of them, 25 examinations
were not processed by Al for the following reasons:

1) Al-independent (23 examinations).
« Inappropriate modality (9 examinations: 7 MRIs;
2 mammographies).
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+ Scan region other than the chest (9 examinations).
« Insufficient number of slices (<30), including localizers
(5 examinations).
2) Al-dependent (2 examinations)
+ Incorrect operation due to the presence of significant
metal artifacts at the scan level (2 examinations).
The final group for analysis consisted of 160 chest CT
scans with descriptions prepared by radiologists. Additional
information on the presence of oncological, cardiovascular,
and other chronic diseases in patients was not collected
because patients visited this clinic only under compulsory
or voluntary medical insurance policies and were on a
paid basis to consult specialists. The medical information
system about established diagnoses highly likely contained
incomplete information.

Primary study outcomes

Automatic processes were set up to anonymize and
transfer CT scans from the clinic to the developer of
combined Al for chest CT and return the analysis results to
the clinic and experts for Al validation. For quality control,
experts provided a list of all discrepancies between the
verified Al results and the text protocols to the clinic staff
(Fig 2). No claims were obtained from the clinic. The largest
number of clinically significant omissions in the protocol
texts was found for osteoporosis and adrenal masses
(n = 14 each). The largest number of insignificant omissions
was recorded in aortic dilatation (n = 36) and osteopenia
(n = 40). Detailed data on number of findings are presented
in Fig. 3.

With Al, 90 (56%) examinations with pathological
findings were identified, and at least one pathological
finding was missed in 81 (51%) radiologist protocols. In
70 studies, the Al algorithm did not detect any pathological
findings. In this study, examinations presented could have
other abnormal findings that were not included into the

Al Al + expert
80
60
40
20
20

2 9 4
0

Vertebral Aorta Coronary Adrenal

density calcification glands
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Al validation program. Analysis results are summarized
in Table 3.

A CT could reveal several pathological findings; some
were detected by a radiologist in the clinic (and they were
described in the protocol), and some were detected only by
Al (potential benefit of Al).

A detailed CNMS analysis for missed pathological findings
in every 90 patients is presented in Fig. 4. When comparing
two diagnostic approaches (algorithm + expert verification vs.
expert without Al), some statistically significant differences
were obtained for the following abnormal findings: aortic
aneurysms/dilatations, increased diameter of the pulmonary
trunk, Agatston score, vertebral compression fractures,
decreased density of the vertebral bodies, and adrenal gland
thickening (Table 4).

The total estimated “second step” CNMS for all missed
pathological findings in 81 patients was RUB 2,847,760
($ 37,250.99 or CNY 256,217.95) with RUB 17,799 ($232.83
or CNY 1601.41) per patient. The cost of the total “second
step” CNMS for pathological findings missed by radiologists
in the clinic, but detected by Al, and confirmed by experts,
was RUB 2,065,360 ($ 27,016.57 or CNY 185,824.05) with
RUB 12,909 ($168.86 or CNY 1,161.45) per patient. The
results of CNMS calculations for all findings are presented
in Table 5.

The total estimated CNMS for significant missed
pathological findings was RUB 770,855 ($ 10,083.4 or
CNY 69,355.17) with RUB 4,818 ($63.02 or CNY 433.48) per
patient. Results are presented in Table 6.

Costs were compared using a paired t-test with
calculated average difference per patient and using 95%
confidence interval (Cl). Therefore, 160x12908.5 [160x9833.5;
160x15,983.5] correspond to the total CNMS for analyzing the
population with own Cls. Results are presented in Table 7.

The final cost-effectiveness for the Al used in healthcare
organizations is shown in Fig. 5.

Described in the protocol

3 3 3 4
" 0
Lung Compression Pulmonary CoviD-19 Pleural
fractures trunk effusion

Fig. 2. Study result by the number of findings detected with and without Al.
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Fig. 3. Number of findings (ranked by the number of significant missed pathological findings).

Table 3. Summary data on the number of patients with detected and missed pathological findings

Pathological
Parameter Number Total cases, % findings
assessment, %

Total patients 160 100 -
Without pathological findings 70 L4 -

With pathological findings 90 56 100

A radiologist in the clinic has detected at least one pathological finding 35 22 39

of those detected by Al.

A radiologist in the clinic has missed at least one pathological finding 81 51 90

of those detected by Al.

Computed tomography examinations in which abnormal changes

. 55 34 61

were detected only by an Al algorithm.
An example of calculating the CNMS Additional data

Aradiologist in the clinic correctly described the pulmonary
trunk dilation up to 34 mm, an increased Agatston score up
to 350, and decreased density of the vertebrae to a maximum
of +90 HU. The Al algorithm also detected these pathological
findings. The Al algorithm also detected pathological findings
that were not described in the radiologist's protocol, such
as a lung nodule up to 10 x 9 mm, thoracic aorta dilatation
up to 45 mm, and adrenal gland thickening up to 14 mm.
An example of CNMS calculation for this case is presented
in Table 8.

DOL https://doiorg/10.17816/DD321963

Final data on the number of protocols with significant and
insignificant missed pathological findings and the percentage of
erroneous protocols are presented in Table 9. For the protocol,
both significant, and insignificant missed pathological findings
could be found. Of the 160 analyzed protocols, significant, and
insignificant pathological findings were missed in 81 protocols,
i.e., 50.6% of the total number of CT scans. The average
percentage of protocols was 28.1% with significant missed
pathological findings (max, 56.9; min, 5) and 27.2% with
insignificant missed pathological findings (max, 74.1; min, 5).
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p.100 000

Insignificant missed
pathological findings
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Pathological findings
detected by radiologists

Significant missed
pathological findings

Digital Diagnostics

p.75 000

p.50 000

p.25 000

p.0
Each column corresponds to a CT examination

Fig. 4. Analysis of the cost of medical services not provided because of missed pathological findings, and all CT scans performed.

Table 4. Comparison of two diagnostic approaches to detect pathological findings

Number of P 95% Cl 2
Parameters umber of cases ercentage for proportion -.test
detected [95% CI] . HO: proportions are equal
difference .
(Bonferonni adjustment)
Signs of COVID-19 according to CT
Algorithm + Expert 3 0,016 [-0,008; 0,04] 0,246 (1)
[0,003; 0,047] R '
Protocol 0 0[0; 0,02] - -
Lung nodules
Algorithm + Expert 15 0,082 [-0,036; 0,08] 0,542 (1)
[0,047; 0,132] e '
Protocol 1 0,06 [0,031; 0,106] - -
Effusion
Algorithm + Expert 6 0,033 [0,012; 0,07] [-0,028; 0,05] 0,749 (1)
0,022
Protocol 4 [0,006; 0,055] - -
Aorta
Algorithm + Expert 40 0,22 [0,162; 0,287] [0,141; 0,276] <0,001 (<0,001)
0,011
Protocol 2 [0,001: 0,039] - -
Pulmonary trunk
Algorithm + Expert 16 0,088 (0,021; 0,122] 0,005 (0,042)
[0,051; 0,139] e ' '
Protocol 3 0,016 - -

[0,003; 0,047]

DOl https://doiorg/1017816/DD321963
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Table 4. Ending
0 P
Parameters Number of cases Percentage for 9?0A] ocrltion Z-test
detected [95% ClI] prop HO: proportions are equal
difference A
(Bonferonni adjustment)
Coronary calcification
. 0,159 )
Algorithm + Expert 29 [0,109; 0,221] [0,043; 0,177] 0,001 (0,01)
0,049
Protocol 9 [0,023: 0,092] - -
Vertebral compression fractures
Algorithm + Expert 18 0,1[0,06; 0,152] [0,03; 0,135] 0,002 (0,015)
0,016
Protocol 3 [0,003: 0,047] - -
Assessment of the mineral density of the vertebral bodies
. 0,407 )
Algorithm + Expert 14 [0,335: 0.482] [0,207; 0,387] <0,001 (<0,001)
Protocol 20 0,11 [0,068; 0,165] - -
Thickening of adrenal glands
Algorithm + Expert 2 0,143 [0,06: 0,181] <0,001 (0,001)
[0,095; 0,202] e ' '
0,022
Protocol 4 [0,006: 0,055] - -

Table 5. Analysis of the estimated cost of non-provided medical services from all missed CT findings

Calculation for all patients of the pilot project Calculation per one patient
(rubles/US dollars/renminbi) (rubles/US dollars/renminbi)
Cost
Parameter s G} = = i} —_
£ _g| E | _E| =
s | £ | EE| I | B | £ | EE| %
=3 P = =} = e 2
B a EE 2 = 2 £ E =
2 S 23 £ 2 S 23 £
Cost of the “second step” 2 847760/ 463300/ 2049760/ 334700/ 17799/ 2896/ 12 811/ 2092/
of diagnostics for all 37 250,99/ 6060,34/ 2681251/ 4378,15/ 232,83/ 37,88/ 167,58/ 21,37/
pathological findings 256 217,95 4168391 184 420,49 30 113,54  1601,41 260,56 1152,63 188,22
Cost of the second step only
for those pathological findings 2 065 360/ 326 800/ 1519 460/ 219 100/ 12 909/ 2043/ 9497/ 1369/
that were missed 27 016,57/ 4274,81/ 19 875,76/ 2866/ 168,86/ 26,72/ 124,23/ 17,91/
by a radiologist and detected ~ 185 824,05 29 402,77 136708,47 1971281 1161,45 183,81 854,46 123,17
by the Al algorithm
Cost of the second step for 782 400/ 136500/ 530300/ 115 600/ 4890/ 853/ 3314/ 723/
pathological findings detected 10 234,42/ 1785,53/  6936,75/  1512,14/ 63,97/ 11,16/ 43,35/ 9.46/
by radiologists 703939 12281,14 4771202 1040073 439,96 76,75 298,17 65,05

The total number of protocols was associated with
statistically significant increase in the number of errors.
The total work experience in radiology (excluding residency)
and thoracic radiology (including residency) was associated

DOI: https://doiorg/1017816/DD321963

with a decrease in the number of errors. However, these
data are not representative because of the small sample of
radiologists and the presence of a dominant case. Detailed
data on the experience of specialists are presented in
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Calculations for(;llgg a/ti;r/lt(s:':;)the pilot project Calculations per one patient (RUB/$/CNY)
Cost
Parameter ='L‘:: f:; = i % =
2 2 = £ g 2
s | E | £5 | 2| 3 | B | g% :
= S 23 L 2 S 23 £
Cost of the second step 770855/ 113100/ 584255/ 73500/ 4818/ 707/ 3652/ 459/
for significant pathological 10 083,4/  1479,44/ 764253/ 961,44/ 63,02/ 9,25/ 4177/ 6/
findings missed by radiologists 69 355,17 101758 52 566,44  6612,92 433,48 63,61 328,58 41,3
Cost of the second step 782 400/ 136500/ 530300/ 115600/ 4890/ 853/ 3314/ 723/
for pathological findings 10 234,42/ 178553/  6936,75/  1512,14/ 63,97/ 11,16/ 43,35/ 9,46/
detected by radiologists 703939 1228114 47712,02 10400,73 439,96 76,75 298,17 65,05
Table 7. Cost-effectiveness
Cost »
cotert vittis Total (all) (findings bTyOtrzldiologists) M(:;I:hd;f;(‘?/:eace (paired t-test)
n 160 160 12 908,5
Mean 17798,5 4890 [9833,5; 15 983,5]
SD 23 304,74 11 945 -
Minimum 0 0 -
Full cohort First quartile 0 0 - <0,001
Median 12 635 0 -
Third quartile 27 900 0 -
Maximum 91 095 52 420 -
Percentage of zero values 46,88 79,38 -
n 81 81 24 298,4
Mean 33 503,06 9204,71 o 590239]
SD 22 262,46 15 162,13 -
Cohort with all Minimum 3900 0 -
detected pathological  First quartile 14 395 0 - <0,001
findings Median 27900 0 -
Third quartile 51995 14 395 -
Maximum 91095 52 420 -
Percentage of zero values - 61,18 -
n 32 32 17 104,7
Mean 24 089,22 6984,53 [8726,8; 25 482,6]
SD 15 568,37 13799,84 -
Cohort Minimum 7600 0 -
with significant First quartile 14 395 0 - <0,001
pathological findings Median 19 700 0 _
Third quartile 27 900 4825 -
Maximum 69 500 52 420 -
Percentage of zero values - 71,88 -

DOI: https://doiorg/1017816/DD321963
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Evaluation of CNMS due to the “second step” based on the clinical
recommendations of the Ministry of Health of the Russian Federation

RUB 2,847,760,
$37,020.88,
CNY 256,298.4

+264%

The cost of medical services provided
in the clinic, in accordance
with pathological findings detected
by radiologists

Vol. 4 (2) 2023

Digital Diagnostics

This CNMS can be obtained from the same examinations
that were checked by the radiologist in the clinic and using
the combined Al service for chest CT scans with 10 algorithms
for detecting pathological findings.

An example of CNMS calculation for the second step:

1) Chest CT was performed to diagnose COVID-19.

RUB 782,400,
$10,171.2,
CNY 70,416

2) The radiologist missed a thoracic aortic aneurysm.

3) According to the clinical guidelines, CT with IV contrast enhancement should
be performed.

4) The combined Al service detected aortic dilatation, interpreted the finding

as an aneurysm, and recommended CT with IV contrast enhancement.

5) This medical service is available in the clinic.

Specialists
of the clinic

AU verified by experts

Chest CT of 160 patients

Fig. 5. Range of costs of medical services not provided due to the use of the combined Al service for chest CT scans in a clinic. Al, artificial
intelligence; CT, computed tomography; CNMS, cost of non-provided medical services.

supplementary materials (Tables 10, 11). Examples of Al
algorithm use are presented in Fig. 6, 7.

Adverse events
In this study, no adverse events were noted.

DISCUSSION

Summary of the primary study outcome

For the first time, this study showed the expected
economic effect of using a combined Al-based software
product for the analysis of chest CT data. The estimated
economic effect is based on CNMS assessment.

Medical services should be provided to patients in
accordance with current clinical guidelines. The total CNMS
of the “second step” of the necessary diagnostics for
pathological findings missed by radiologists and detected by
Al was just over 2 million rubles, or 3.6 times more than the
cost of medical services that could be provided by the clinic
based on CT findings detected by radiologists in 160 patients.
According to the calculation model used, only the CNMS, as
significant missed pathological findings were slightly more
than 770 thousand rubles, according to the price list of the
clinic, or 98% more than the CNMS that the clinic could
provide based on incidental findings.

In addition, the possibility of using combined Al-based
software was proven for auditing CT description protocols.

Discussion of primary study outcome

An analysis of socioeconomic burden of the COVID-19
pandemic can show an example of significant social
and economic consequences of a mass disease for the
Russian healthcare system and society, and this require
focusing attention not only on the clinical aspects but
also on the economic importance of investing in disease
control strategies [32]. According to experts, the social, and
economic burden of COVID-19 in the Russian Federation in
2020 was approximately 5.4 trillion rubles (5% of the nominal
GDP in 2020), which corresponds to 2486.30 years of life
lost due to premature mortality (YLL) in men and 1378.22
YLL in women [32]. In 2020, the economic burden of non-
communicable diseases in the Russian Federation was four
trillion rubles, whereas the damage from chronic diseases is
comparable to the entire healthcare budget of the Russian
Federation, and funds saved through effective prevention
could become a huge additional resource for the development
of the country.’

In the available literature, no studies have evaluated the
effect of combined Al analysis of chest CT on the economic
aspects of clinic activities.

7 Medvestnik [Internet]. The economic burden of non-communicable diseases in Russia has grown by a trillion rubles in two years [Ekonomicheskoye
bremya neinfektsionnykh zabolevaniy v Rossii vyroslo za dva goda na trillion rubley] (cited: June 04, 2021). Available from: https://medvestnik.ru/
content/news/Ekonomicheskoe-bremya-neinfekcionnyh-zabolevanii-v-Rossii-vyroslo-za-dva-goda-na-trillion-rublei.html.
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Table 8. An example of calculating the cost of non-provided medical services based on data of one chest CT
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Recommendations and cost for all pathological findings detected in patients

CroumocTb
Over time B
Consultations Additional examinations monitoring . Additional °"e.r ‘"?‘e
M Total Consultations s monitoring
(all) (all) findings examinations | .. .
(all) (all) findings
(all) (all)
(all)
Stress ECG, AP activity,
CBC, calcium, abdomen
ultrasonography, coronary
Consultation by Ezhigg'%?gafg‘yhStf:rsmonal gn‘;‘ﬁtratt'i’;‘:s' RUB 91,095 RUB7,800 RUB71795 RUB 11,500
cardiologists v of agn a%ri'nal e $1,191.6 $102.03 $939.14 $150.43
orendocrinologists y . . . CNY 8,195.98 CNY 701.78  CNY 6,459.52 CNY 1,034.68
tumor, echocardiography, endocrinologist
blood biochemistry, CT
with intravenous contrast
enhancement
Recommendations and costs for pathological findings missed by radiologists and detected by Al
Foll Cost
. - — ollow-up -
Consultations Additional examinations monitoring Total Consultations Add!tlor]al Follt_)w-_up
examinations | monitoring
Stress ECG, coronary
CT angiography, stress
echocardiography, hormonal RUB 65,300 RUB 57,700  RUB 7,600
- activity of the adrenal tumor, CT over time $854.18 0 $754.76 $99.41
echocardiography, and CT CNY 5,875.16 CNY 5,191.37 CNY 683.79
with intravenous contrast
enhancement
Recommendations and cost for pathological findings detected by radiologists
Consultation AP activity, CBC, calcium, Consultation RUB 25,795 RUB 7,800 RUB 14,095  RUB 3,900
by cardiologist, abdomen ultrasound, and blood of an $337.42 $102.03 $184.37 $51.02
endocrinologist biochemistry endocrinologist CNY 2,320.82 CNY 701.78 CNY 1,268.15 CNY 350.89

Note. AP, alkaline phosphatase; CBC, complete blood count; CT, computed tomography; EchoCG, echocardiography.

Table 9. Results by the number of protocols with significant and non-significant missed pathological findings

Total number Number of protocols Number of protocols

Total number of protocols with

r,‘::i.i:lt);?:t of protocols with insignific_ant_ missed | with sig_nifica_nt _missed _significant ant_i insi_gni_ficant
prepared pathological findings (%) | pathological findings (%) | missed pathological findings (%)

Physician 2 58 33 (56,9) 28 (48,3) 47 (81)
Physician 5 23 7 (30,4) 9(39,1) 11 (39,1)
Physician 3 23 7 (30,4) 7 (30,4) 13 (56,5)
Physician 1 16 2(12,5) 3(18,7) 5(@31)

Physician 6 20 1(5) 1(5) 2 (10)

Physician 7 18 1(5,5) 1(5,5) 2(11,1)
Physician 4 2 1(50) 1(50) 1(50)

Total 160 52 (32,5) 50 (31,2) 81 (50,6)

Pickhardt et al. [33] built a model of the cost and clinical
effectiveness of combined Al screening with abdomen CT.
Based on the expected disease prevalence, probability of
transition between health conditions, associated healthcare

DOL https://doiorg/10.17816/DD321963

costs, and treatment effectiveness in three diseases (CVD,
osteoporosis, and sarcopenia), three mutually exclusive
screening models were evaluated: (1) ignoring outcomes
(“do not treat”; no intervention regardless of CT findings),
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Fig. 6. An example of Al use. Patient B, 76 years old. A radiologist
correctly identified bilateral hydrothorax and emphysematous
changes but did not describe the lung nodule in the right lung. An
Al algorithm revealed all three pathological findings: hydrothorax
is highlighted with a yellow line, emphysematous changes are
highlighted in orange, and the lung nodule is indicated by a red
square.

(2) statin therapy for all (“treat all” for the prevention of
CVD without considering CT findings), and (3) opportunistic
screening for CVD, osteoporosis, and sarcopenia with
Al-based abdomen CT (targeted treatment for at-risk

Digital Diagnostics

individuals). For baseline scenarios in simulated in 10-
year groups of 55-year-old men and women, Al-based
opportunistic CT screening proved to be a cost effective and
more clinically effective strategy the than “ignoring” and
“treating all” approaches. Thus, Al-based opportunistic CT
screening appears to be a highly cost effective and clinically
effective strategy with a wide range of input assumptions
and cost savings in most scenarios. However, compared
with our study, a really working combined Al service was
not presented. In addition, our study used the combined
Al service for 10 target pathological findings, whereas the
mentioned paper reviewed three diseases. In this regard,
there are reasons to expect an increase in the potential
cost-effectiveness of using Al, combined with its positive
effect on diagnostics.

Few publications have examined the economic effect
of such programs using an integrated approach for
several pathological findings without using Al systems.
For example, in the Netherlands, a comprehensive low-
dose CT screening of three diseases, such as lung cancer,
chronic obstructive pulmonary disease, and CVD in people
aged 50-75, could be cost effective if its cost is <971 euros
per patient [34]. In a 5-year study of nearly 7,500 low-dose
CT scans, extrapulmonary malignant tumors incidentally
detected during lung cancer screening were on early stages
and had favorable outcomes, and additional examinations
required much less cost than in cases with later stages [35].
Thus, the analysis of the costs of additional diagnostic and
therapeutic measures associated with extrapulmonary
changes detected during low-dose CT of lung cancer is

o]

2]

Fig. 7. An example of Al use. Patient B., 79 years old. Chest CT scans: a) axial section: a radiologist and an algorithm correctly identified
a lung nodule in the left lung (indicated by a red square) and coronary calcification (outlined by an orange line). In addition, the algorithm
indicated an increase in the volume of epicardial fat (filled in yellow; this pathological finding was not considered in the study); b) sagittal
section: a radiologist and an algorithm correctly identified compression fractures of Thé and Th9 vertebral bodies, Genant 3 (three columns
are marked with red lines); however, the radiologist did not indicate deformities of Th5 and Th12 vertebral bodies, Genant 2 (three columns

are marked with yellow lines) in the protocol.

DOL https://doiorg/10.17816/DD321963



https://doi.org/10.17816/DD

ORIGINAL STUDY ARTICLES

one of the main steps in proving the cost-effectiveness
of such measures. This approach (despite the limited lung
cancer screening using chest CT) allows proposing the
use of combined Al services to improve the diagnostic
effectiveness and cost-effectiveness of examinations.

This study also used the combined Al service
to detect 10 pathological findings. Such reserve analysis
techniques are useful in making informed decisions about
further research [36-38]. These analysis techniques are
recommended for diagnostic intervention and evidence
development to optimize data collection and more accurately
estimate long-term economic health effect as a large amount
of clinical data become available.

Before the COVID-19 pandemic, Al algorithms were
used to detect radiologic symptoms for disease detection,
classification, image optimization, radiation dose reduction,
and workflow improvement [39]. Medical studies on
the effectiveness of Al make such programs more
understandable, more efficient, safer, and more integrated
into medical staff workflows [40]. Currently, studies are
ongoing in the IMALife project, which evaluates the decrease
in mortality not only from lung cancer but also from the
consequences of emphysema (a biomarker of chronic
obstructive pulmonary disease) and coronary calcification (a
biomarker of atherosclerosis) [41].

At present, Al effectiveness was evaluated for the detected
target pathological finding. Ziegelmayer et al. [42] showed a
negative incremental cost-effectiveness ratio (ICER) in the
baseline CT+Al scenario compared with CT, demonstrating
lower costs, and higher efficiency. To support the use of Al
threshold analysis showed that ICER remained negative until
the $68 threshold. Therefore, the use of a monosystem for
the analysis of low-dose CT data using Al for lung cancer
screening is a reasonable diagnostic strategy in terms of
cost-effectiveness.

The constantly growing volume of radiological
examinations provides additional burden on radiologists [43].
Excessive workload can increase the likelihood of errors
and deteriorate the quality of care [44]. An audit system
with a retrospective double review of studies is widely used
in radiology. A RADPEER system of the American Society
of Radiology is the best-known system [45]. However,
according to Lauritzen et al. [46], double reading of the 1/3 of
examinations performed at their clinic takes 20%—-25% of the
working time of HCPs. Al algorithms can significantly reduce
the time for examination review and increase audit volume
and quality. However, the algorithm used should have the
minimum number of false-positive errors. The use of Al had
some effects on the quality of work of radiologists such as a
change in the lung lesion severities in the case of suspected
COVID-19 toward a decrease in the proportion of severe and
critical lung lesions [47].

Our study also demonstrated the feasibility of using
combined Al services for study description audit and identified
>28% of protocols with significant missed pathological
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findings and 27% of protocols with non-significant missed
pathological findings. For CT, radiologists in the clinic
provide information on the main diagnostic tasks for which
patients were referred to scan. In the clinic where our
study was conducted, radiologists did not have tools at all
workstations for quick measurement of the Agatston score,
and the measurement of the density of the vertebral bodies
was not included in the standard description of examinations
performed in this radiology department. In addition, the
average error rate was comparable between radiologists;
thus, by dismissing 1-2 radiologists with the worst results
according to audits, the clinic will not solve the problem of
missing pathological findings.

In this study, the economic effect was calculated without
considering Al costs and cost of Al validation by experts.
These expenses are variable and depend on the number of
algorithms, level of experts involved, and other factors. Any
rate for the Al-based service will be cost effective, provided
that the total expenses are lower than the profit obtained by
a clinic using Al (Fig. 8). However, such an analysis is beyond
the scope of this study.

Study Limitations

This pilot study has several limitations. The study has a
retrospective design and evaluates the maximum potential
CNMS of a private healthcare organization in accordance with
recommendations for abnormal findings. In practice, not all
patients tend to comply with doctor's recommendations,
particularly when additional paid examinations and
consultations are required. In addition, each clinic has its
conversion that is not evaluated in this study.

This study aimed to estimate the cost of the “second
step” without the cost of the “third” and subsequent
steps, i.e., the cost of treatment and rehabilitation was
not considered. However, for nearly all pathologies that
the combined Al service can detect, the cost of treatment
significantly exceeds the cost of the “second stage.” Every
clinic has many factors that affect the quality of medical
personnel work. The quality of work parameter (number of
missed clinically significant radiographic findings) can vary
depending on the experience of the radiologists, number
of examinations per day, time of day, day of the week, and
many other additional factors that can affect knowledge
level, attentiveness, and readiness of the radiologist to
include in the protocol all abnormal findings and reasonable
recommendations for the “second step.”

This study did not evaluate the potential for false-
negative Al findings because the combined Al service used
was validated during independent testing by employing
closed datasets of the Moscow experiment, and the selected
Al settings were found to be acceptable and calibrated for
subsequent use.

The aim of this study was not to assess the economic
effect at the level of city and federal healthcare systems.
However, each clinic in the Russian Federation has some
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Cost of non-provided medical services, which could not be converted into
provided, because even after a reasonable invitation (based on an Al project),
the patients did not return to the clinic

Cost of the use of the integrated
Al service

Clinic revenue driven by Al
Clinic profit driven by Al

Clinic expenses (equipment depreciation, inviting all patients
from the Al project, paying staff, paying for consumables, etc.)

Fig. 8. Potential cost of medical services not provided because a combined Al service was not used for chest CT scans in a clinic,

considering the cost of using Al.

opportunities to provide paid medical services supported
by evidence-based medicine principles. This study did not
evaluate compliance of patients according to invitations
based on a retrospective analysis, whereas the findings
are closely related to the time intervals between CT and the
“second step.”

CONCLUSION

A combined Al service can be used as an additional tool
for radiologists when analyzing chest CT data to better detect
10 common and significant types of abnormal findings. When
using such an approach, CNMS is 3.6 times larger than the
standard operation model of radiologists not using Al.

Opportunistic screening of multiple diseases requires
a detailed investigation of comorbidities to determine the
optimal target group for diagnostic intervention using
combined Al services. Combined Al solutions for chest CT are
highly likely to be cost effective because such an approach
allows the detection of various significant abnormal changes
that require additional healthcare services.
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Health condition | Clinical guidelines

| Consultation/additional examinations/follow-up monitoring

Gombolevsky V.A., Blokhin LA,
Laipan A.Sh., etc. Guidelines

for lung cancer screening.
[Metodicheskiye rekomendatsii po
skriningu raka logkogo.] Series:
“Best practices of radiological
and instrumental diagnostics.”

Lung nadules [Luchshiye praktiki luchevoy i

instrumental'noy diagnostiki.] Issue
56. Moscow: Scientific and Practical

Clinical Center for Diagnostics
and Telemedicine Technologies of
the Department of Healthcare of
Moscow. 2020. 57 pp.

Consultations: oncologist.

Additional examinations: biopsy, bronchoscopy under CT/ultrasound
control, cytology, blood test (HIV, syphilis, and hepatitis), PFT,
spirometry, CBC, ECG, PET/CT, and brain MRI with an intravenous
contrast-enhancement

Follow-up monitoring: depending on the number and size of lung
nodules. Chest CT is recommended after 3—6 months.

Interim Guidelines. Prevention,
Diagnosis and Treatment of Novel
Coronavirus Infection (COVID-19).

Infiltrative lung The Ministry of Health of the

changes typical Russian Federation. Version 17
for viral pneumonia  (December 14, 2022). Available
(CovID-19 from: https://static-0.minzdrav.

in a pandemic) gov.ru/system/attachments/

attaches/000/061/254/

original/%D0%92%D0%9C%D0%A0_

COVID-19_V17.pdf?1671088207

Consultations: primary care doctor.

Additional examinations: pulse oximetry; ECG; SARS-CoV-2 RNA

by nucleic acid amplification techniques; SARS-CoV-2 antigens by
immunochromatographic techniques; CBC with erythrocytes, hemoglobin,
hematocrit, leukocytes, platelets, and leukogram; blood biochemistry
(urea, creatinine, electrolytes, glucose, ALT, AST, bilirubin, albumin,
lactate, and lactate dehydrogenase, as well as troponin as a marker

of myocardial damage and ferritin as a protein of acute inflammation
phase to assess the disease severity and prognosis); CRP; hormonal
testing (procalcitonin and NT-proBNP); coagulogram (activated partial
thromboplastin time, prothrombin time, prothrombin ratio and/or quick
prothrombin %, fibrinogen, and D-dimer by the quantitative method).
Follow-up monitoring: 8 weeks after discharge, a visit to a doctor

and imaging studies (if indicated) are recommended: chest X-ray*,
spirography*, blood oxygen saturation at rest and during exercise (it is
possible to conduct a 6-min walk test and determining saturation before
and after the test)*, echocardiography, and other techniques (diffusion
test, arterial blood gases, etc.)

* |f abnormalities are detected, lung CT is indicated.
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Health condition

Clinical guidelines

Consultation/additional examinations/follow-up monitering

Lung emphysema

Lung emphysema. Clinical
guidelines (approved by the Ministry
of Health of the Russian Federation,
2021). Available from: https://
www.garant.ru/products/ipo/prime/
doc/402775957/

Consultations: pulmonologist/primary care doctor.

Additional examinations: blood gas test. If a hereditary A1AT deficiency of
ATAT is suspected, determine the blood activity of A1AT, spirometry with
a bronchodilator test, body plethysmography, and lung diffusion test.
For all patients with clinical signs of A1AT deficiency and/or decreased
serum ATAT, phenotype, and genotype testing is recommended.
Follow-up monitoring: for all patients with A1AT deficiency, annual blood
biochemistry for albumin, total bilirubin, AST, ALT, GGT, and platelets is
recommended.

For patients with pulmonary A1AT deficiency, spirometry is initially
recommended every 6—12 months to rule out rapid disease progression,
followed up with less frequent examinations. For patients with A1AT
deficiency, an annual abdomen ultrasound is recommended to exclude
liver manifestations of the disease.

Free pleural fluid
(effusion)

Maskell N., Butland R. British
Thoracic Society (BTS) guidelines for
the investigation of adult patients
with unilateral pleural effusion
[Rekomendatsii Britanskogo
torakal'nogo obshchestva (BTS)

po obsledovaniyu vzroslykh
bol'nykh s odnostoronnim
plevral'nym vypotom]. Pulmonology
[Pul'monologiya]. 2006. No. 2.

P. 13-26.

doi: 10.18093/0869-0189-2006-2-13-26

Consultations: pulmonologist. If tuberculosis is detected, a TB specialist
should be consulted. If a malignant lesion is detected, an oncologist should
be consulted.

Additional examinations: consider pleural aspiration (ASAP, “as soon

as possible”), cytology, protein, LDH, pH, Gram staining, culture, and
sensitivity determination, staining for acid-resistant rods, and culture for
Mycobacterium tuberculosis. Later, if necessary, chest CT with intravenous
contrast enhancement and pleural hiopsy.

If no underlying cause is found after all investigations, consider
thoracoscopy.

Aneurysm/dilatation

Clinical guidelines.
Recommendations for the
diagnosis and treatment of
aortic diseases [Rekomendatsii
po diagnostike i lecheniyu

Consultations: cardiologist/vascular surgeon.
Additional examinations: CT aortography with intravenous contrast
enhancement.

of the aorta zabolevaniy aorty] (2017) // Follow-up monitoring: transthoracic echocardiography and abdominal
Cardiology and Cardiovascular ultrasound.
Surgery [Kardiologiya i serdechno-
sosudistaya khirurgiya]. 2018. No.
1. P. 7-67
Consultations: cardiologist.
Additional examinations: echocardiography; ECG; blood gas tests;
Clinical guidelines. Pulmonary perfusion scintigraphy with ventilation scintigraphy; CBC with hemoglobin
hypertension inCll:I ding chronic and hematocrit, erythrocyte, leukocyte, platelets, and ESR; blood
thromboemb;)lic pulmonary biochemistry (creatinine, sodium, potassium, glucose, total protein, CRP,
hypertension, 2020 (June 03, 2021) AST, ALT, total bilirubin, and uric acid); blood antibodies to cardiolipin,
Dilatation Approved by ’the Ministry of I’-Iealth " phospholipids, beta-2-glycoprotein in the case of suspected chronic

of pulmonary trunk

of the Russian Federation. Available
from:

http://disuria.ru/_ld/10/1026_
kr20127MZ pdf

thromboembolic pulmonary hypertension to identify risk factors; content
of antibodies to cell nucleus and DNA antigens to exclude association
with systemic diseases of the connective tissue; NT-proBNP; IgM,

lgG antibodies to HIV-1, and HIV-2 in blood; HBV antigen, anti-HCV,
anti-treponema pallidum; clinical urinalysis; thyroid function test (free
triiodothyronine, free thyroxine, and thyroid-stimulating hormone);
abdominal ultrasound (complex) to exclude liver disease and/or portal
hypertension.
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Health condition

Clinical guidelines

Consultation/additional examinations/follow-up monitoring

Coronary calcification

Clinical guidelines. Stable coronary
heart disease, 2020 (Approved by
the Scientific and Practical Council
of the Ministry of Health of the
Russian Federation). Available
from: https://cr.minzdrav.gov.ru/
schema/155_1

Consultations: cardiologist.

Additional examinations: CBC (clinical) with hemoglobin, erythrocytes,
and leukocytes; blood creatinine and estimated GFR or creatinine
clearance for kidney function assessment; blood biochemistry,

including total blood cholesterol, low-density lipoprotein cholesterol,
and triglycerides; blood NT-proBNP; ECG at rest; ambulatory ECG
monitoring; echocardiography; heart MRI when receiving non-conclusive
echocardiography results (including with contrast enhancement); duplex
scanning of the extracranial carotid arteries to detect atherosclerotic
plaques; coronary CT angiography; stress ECG, stress echocardiography,
stress MRI, and SPECT.

Follow-up: in the case of repeated examinations, in all patients with

a diagnosed stable coronary heart disease, annual monitoring of

the clinical CBC, blood biochemistry, blood test for lipid metabolism
abnormalities, blood creatinine, fasting blood glucose for timely therapy
adjustment, if necessary, is recommended.

Measurement
of adrenal size
for masses

and hyperplasia

Clinical guidelines. Adrenocortical
cancer, 2020 (Approved by the
Scientific and Practical Council of
the Ministry of Health of the Russian
Federation). Available from: https://
cr.minzdrav.gov.ru/schema/341_1

Consultations: endocrinologist and oncologist.

Additional examinations: test for the hormonal activity of the adrenal
tumor (cortisol, ACTH, free plasma metanephrines, or 24-h urinary
fractionated metanephrines, aldosterone, plasma renin, and serum
potassium), abdominal CT with intravenous contrast enhancement (in
the case of contraindications for CT with contrast enhancement, perform
an abdominal MRI with the involved retroperitoneal space). In the case
of adrenal gland lesion with an indeterminate CT phenotype and without
hormonal hypersecretion, the situation with a multidisciplinary team is
recommended. Three options are possible: (1) additional imaging studies
(PET/CT with fluorodeoxyglucose), (2) watchful waiting with repeat non-
contrast CT (or MRI) 3—6 months later, and (3) surgical treatment.
Follow-up: in the case of lesions with an indeterminate CT phenotype, to
assess changes in the tumor size over time (if observation was chosen
based on the primary diagnosis), a repeat CT/MRI is recommended after
3-6 months. Surgical treatment in the case of a 20% increase in the
lesion size (or an increase in the maximum diameter >5 mm) during

a short follow-up period.

Evaluation of the
density of the
spongy substance
of vertebral bodies
for detection of

Clinical guidelines. Osteaporosis,
2022 (Approved by the Scientific and
Practical Council of the Ministry of
Health of the Russian Federation).

Consultations: endocrinologist.

Additional examinations: CBC (clinical); blood biochemistry (total calcium,
creatinine with GFR, inorganic phosphorus, AP activity, and glucose);
blood test for C-terminal telopeptide and/or N-terminal propeptide of type
1 procollagen (PINP, a resorption marker for prescribing antiresorptive
therapy and a bone formation marker for prescribing anabolic therapy)

in patients receiving self-therapy for osteoporosis, initially, and after

os:eoport_)sw/ Avallat/)le from: g}g;s./ll/cr.mlnzdrav. 3 months from the start of therapy for early assessment of therapy
osteopenia gov.ru/recomend/c/_ effectiveness and adherence; dual-energy X-ray densitometry (DXA) of the
lumbar spine and proximal femur; 3D measurement of maximum oxygen
consumption by quantitative CT (optional).
Clinical guidelines. Pathologic Congt_lltations: er_ldoc_rinologist. - . . . :
fractures in osteoporosis, 2022 Ac_ldlt/onal exam/n_at/pns: CBC_ (clm!cal); ur!naly5|s; blood biochemistry
Vertebral 4 with total and/or ionized calcium, inorganic phosphorus, total AP, and

compression
fractures related
to osteoporosis

(Approved by the Scientific and
Practical Council of the Ministry

of Health of the Russian Federation).
Available from: https://cr.minzdrav.
gov.ru/recomend/614_2

blood creatinine with GFR; blood level of parathyroid hormones, calcium,
and phosphorus in 24-h urine; dual-energy X-ray densitometry. In the
case of a low-energy fracture of the vertebral body in people aged

>50 years, blood, and urine tests for paraproteins and M-gradient are
required to exclude multiple myeloma.

Note. A1AT, alpha-1 antitrypsin; ACTH, adrenocorticotropic hormone; ALT, alanine aminotransferase; AST, aspartate aminotransferase; CBC, complete
blood count; CRP, C-reactive protein; CT, computed tomography; ECG, electrocardiogram; EchoCG, echocardiography; ESR, erythrocyte sedimentation rate;
GFR, glomerular filtration rate; GGT, gamma-glutamyl transferase; HBV, hepatitis B virus; HCV, hepatitis C virus; HIV, human immunodeficiency virus; LDH,
lactate dehydrogenase; MRI, magnetic resonance imaging; NT-proBNP, aminoterminal pro B-type natriuretic peptide; AP, alkaline phosphatase; PET/CT,
positron emission tomography with computed tomography; PFT, pulmonary function test; SPECT, single-photon emission computed tomography
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Table 11. Employment history of physicians
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Work experience

Physician in radiology in thoracic radiology . Employment Academic degree
(including residency) (excluding residency) in CT
Physician 1 15 13 13 Part-time Yes
Physician 2 17 5 5 Part-time No
Physician 3 7 5 5 Full-time No
Physician 4 16 14 14 Part-time No
Physician 5 5 5 Part-time No
Physician 6 3 Part-time Yes
Physician 7 14 10 10 Part-time No

Generalized linear model

The generalized linear model assumes that each finding Y

has linear relationship with variables X, p=1,2,...m:
Vibigtb Xiptb Xt 4b Xt

where X variables can be either categorical (considering
groups, classes, and categories) or continuous. In the
generalized linear model, coefficients {bj, j=0,1,2,....m} are
estimated for the model of Y parameter dependence on
factors {Xj, j=1,2.....m}. For these coefficients, their statistical
significance is determined (calculation of p-values for testing
hypotheses Hy: b=0, j=0,1,2,...,m), which shows the significance
of the corresponding factors’ effect on the target parameter.

In our case, some parameters have a lognormal
distribution; thus, a logarithmic transformation was used for
them. The final model is as follows:

Y = log (total number of protocols with critical and non-
critical errors)

X1 = all protocols

X2 =log (work experience in thoracic radiology [excluding
residency])

X3 = log (length of experience in CT)

Categorical parameter X4 = academic degree.

Results of estimating coefficients for the generalized
linear model and their statistical significance are presented
in the table:

Thus, the total number of protocols statistically
significantly increases the number of errors. The total work
experience in radiology and thoracic radiology decreases the
number of errors. However, these data are not representative
because of the small sample of HCPs and presence of a
dominant case.

Partially similar results (for statistical significance and
effects of one experience types) are also considered in the
correlation analysis:

+ p (log (total number of protocols with critical and non-

critical errors), all protocols) = 0.88 with 95% CI [0.39;
0.98] and p-value of 0.008 (statistically significant
correlation),

+ p (log (total number of protocols with critical and
non-critical errors), log (work experience in thoracic
radiology [excluding residency]) = -0.45 with
95% CI [-0.9; 0.46] and p-value of 0.31 (statistically
insignificant correlation),

+ p (log (total number of protocols with critical and
non-critical errors), log (work experience in thoracic
radiology (excluding residency)) = -0.27 with 95% Cl
[-0.85; 0.61] and p-value of 0.56 (statistically
insignificant correlation).

« However, the absence of statistical significate
correlations does not allow establishing any trends.

Estimate Std. Error | t.value Pr...t..
(Intercept) 0,132922 0,352989 0,37656 0,742697
bd_Lr$"All protocols” 0,037246 0,006111 6,094863 0,025879
L"(gii‘fu—éIrrfg"\r’gg‘dsﬁ‘c’;)r/'f;r‘ff in thoracic radiology/r/ -7,96969 1,009013 -7,8985 0,015654
factor(bd_Lr$"Academic degree")no -0,92975 0,229399 -4,05297 0,055828
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AHHOTALIMA

06ocHoBaHMe. JneKTpoKapauorpadms — ofiHa U3 Haubonee MPOCTbIX, LUMPOKO PacnpoCTPaHEHHBIX, HELOPOruX U UHOp-
MaTUBHBIX METOAMK B (YHKUMOHAMNbHOW AMarHOCTUKE, OfJHAKO €€ AMAarHOCTUYECKas LIEHHOCTb Pe3K0 CHUXAETCA Npu Henpa-
BW/IbHOM NpoBegeHuu. [penpyHAManUCh NONLITKM CUCTEMATU3WUPOBATb OLIMOKM M OTKIOHEHWS NPU HANOXEHUW 3NIEKTPOL0B,
HO BCE OHM Kacanucb Hambonee YacTblX BapUaHTOB (MepecTaHOBKA 3MIEKTPOL0B KPAcHOro W 3KENTOro, KEMTOro U 3eNEHOro,
TPYAHBIX — BbILLIE UM HUXE CTaHAAPTHOW CXEMbI.

Llenb — co3patb Habop LaHHbIX 3NEKTPOKApPAMOrpaMM C pa3HbIMU BapUaHTaMu TPAHCMO3WLMIA U AMCMO3ULMIA 3NEKTPOS0B
Mpu perucTpaLmu 3NeKTpoKapaMorpaMMbl Ans 0byyeHns U TECTUPOBAHMA CUCTEM MaLUMHHOTO 06Yy4eHus.

Matepuanbl M Metogpbl. B nccnenoBaHne BKIOYEHbI NauMeHThl B Bo3pacTe oT 18 0o 75 net, 27 MyXuYuH U 22 XKEeHLUMHbI.
Bce naumeHTsl faBanu [obpoBosibHOE UHPOPMUPOBAHHOE COrNlace Ha NPOBEJEHNE PErucTpaLvK 3MIeKTPOKapAUOrpaMMbI.
KapavorpamMmy peructpupoBanu Ha npubope «MoaynbHas cucTeMa Anst perucTpaumn 1 AMCTaHLUMOHHOW Nepesiayu aNIeKTpo-
Kapavorpammbl «EASY ECG»». KaxpoMy naumeHTy Bo BpeMsi 04HOI0 BM3MTa MOCNeL0BAaTENbHO PErUCTPUPOBAU AMEKTPO-
KapAvorpamMMmbl C KOPPEKTHBIM HaNOXEHUEM 3MIEKTPOAOB U Pa3fINiHbIMKU BapuaHTaMM AUC- W TPAHCMO3ULMIA.

Pesynbtatbl. Bcero 3apeructpupoBaHo 488 anektpokapamorpamm y 49 naumenToB. lNonydyeHHble pe3ynbraTbl CBUAETESb-
CTBYHOT O 3HAUYMTESILHON BapUaTUBHOCTU KapTWHBI 3NIEKTPOKapAMOrpamMmbl. Mpu BU3YanbHOM aHanu3e 3aperucTpupoBaHHbIX
3N1EKTPOKApAMOrpaMM onpefeneHre TPaHCIO3ULMK, CBA3aHHOM C NepecTaHOBKOM OTBELEHWI HA PYKaX W B FPYAHbIX 3NIEKTPO-
pax C1-C2, He BbI3bIBas0 3aTpyaHeHN. Pexxe HafExHO onpefensnach yCTaHOBKA rPyAHbIX 3MEKTPOAOB B KOHTaKTe Apyr
C ApYroM, AWCMO3MLMM C MEPEHOCOM TPYAHBIX OTBEAEHWN BbILLE WM HUXE Ha 2 Mexpebepbsi MO CPaBHEHMIO CO CXEMOM
Wilson. TpaHcno3uumm EnToro v 3eNIEHOr0 KOHEYHOCTHbIX /IEKTPOL0B, U3MEHEHME NOMOXKEHUA MPYAHbIX 3EKTPOAOB, KOraa
X «BbICTPaUBAOT» MO NPAMOI IMHUK, «3aaMPaloT» N0 Mexpebepbto, nyTalT MecTamn C5—Cé, 3aTpyLHUTENBHO ONpeaensTb
LQXe Npy CONoCTaB/EHUM PAAOM ABYX KApAMOrpaMM — C NPaBWbHBIM U TPAHCMO3ULIMOHHBLIM HaNOXEHUEM 3/1EKTPO/LOB.
BeposATHO, 3T0 3aBMCMT KaK OT UCXOAHBIX M3MEHEHWUN Ha 3/IEKTPOKapAMOrpaMMe, Tak M OT TMNA TENOCNOMEHUS, pa3MepoB
MOJI0YHOW }ene3bl UK HanuMs UMNNaHTaTa.

3akuitouenme. lMonyyeH Habop AaHHBIX IEKTPOKAPAMOrPaMM C pasfMUHbIMW BapuaHTaMW AMUCIIOKaumii aneKTpoaos. Habop
LaHHBIX COCTOMT U3 CEpUM INEKTPOKapAMOrpaMM, 3aperucTpUpOBaHHBIX Y KaX0ro MaLMeHTa ¢ pasfiMiHbIMW BapuaHTaMu Ha-
NOXEHUA 3NEKTPOAOB (B Habope NpeAcTaBneHbl He TONBKO HOPMasibHbIE 3/IEKTPOKAPAUOrPaMMbI, HO U PasfiNiHbIE BapUaHTHI
3M1eKTPOKapAMOrpadUUECKUX OTKIIOHEHMIA).
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Creation of a training and test dataset

with the disposition and transposition of overlaying
electrocardiographic electrodes when recording
electrocardiograms-12
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ABSTRACT

BACKGROUND: Electrocardiography is one of the simplest, most widely used, inexpensive, and informative methods in
functional diagnostics; yet, if performed poorly, its diagnostic value is sharply reduced. Several attempts were made to
systematize errors and deviations in electrode application, but all concerned the most common options (rearrangement of red
and yellow electrodes, yellow and green electrodes, and chest electrodes — above or below the standard scheme).

AIM: To create an electrocardiogram dataset with different options for transpositions and dispositions of electrodes during
electrocardiogram recording.

MATERIALS AND METHODS: The study included patients aged 1875 years (27 males and 22 females). All patients provided
informed consent for electrocardiogram registration. During one visit, the cardiogram was recorded on the device “Modular
system for recording and remote transmission of electrocardiograms (EASY ECG)” for each patient.

RESULTS: In all, 488 electrocardiograms were recorded in 49 patients. The results obtained indicate a significant variability of
the electrocardiogram pattern. Visual analysis of the electrocardiograms revealed no difficulties in determining the transposition
associated with rearranging the leads on the arms (RY) in the thoracic C1-C2. The placement of thoracic electrodes in contact
cheek-to-cheek dispositions with the transfer of thoracic leads above or below two intercostals was reliably determined
compared with the Wilson scheme. The transpositions of the yellow and green limb electrodes and the change in the position
of the thoracic ones when they are “lined up” in a straight line, “bullied” between the ribs (curved), and confused in places C5
and Cé are difficult to determine even when comparing two cardiograms next to each other, with the correct and transpositional
superposition of the electrodes. The initial changes on the electrocardiograms, physique type, breast size, or the presence of
an implant most likely determine it.

CONCLUSION: An electrocardiography dataset was obtained using various electrode dislocation variants. The dataset consists
of a series of electrocardiograms obtained for each patient with several electrode placement options and contains both normal
and pathological electrocardiograms.

Keywords: electrocardiogram; ECG; defects in the registration of the electrocardiogram; artificial intelligence; algorithms;
functional diagnostics.
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BACKGROUND

Electrocardiography (ECG) is one of the simplest, most
widespread, inexpensive, and informative techniques in
cardiology; however, its diagnostic value is dramatically
reduced if it is not performed correctly. The most common
change in the recording technique is electrode displacement
(dislocation). A disposition (a deliberate and necessary
change in electrode placement) should be distinguished from
a transposition (an erroneous change in electrode placement
compared with the standard overlay pattern).

Several studies have attempted to systematize errors
and deviations in electrode placement; however, all of them
concerned the most frequent variants, such as relocation of
red and yellow, yellow and green, and precordial electrodes
above or below the standard pattern. [1-7] To avoid errors
in the interpretation of ECG recordings, algorithms capable
of detecting such errors are developed. Machine algorithms
stably recognize right-left (RL) transposition.

To assess the quality and determine the criteria for the
possibility of using such algorithms, ECG datasets should be
created for training and testing both algorithms for automatic
ECG analysis and by healthcare specialists, i.e., doctors and
nursing staff.

This study aimed to create an ECG dataset with different
electrode transpositions and dispositions during ECG
recording for training and testing machine-learning systems.

MATERIALS AND METHODS

Inclusion criteria

Patients aged 18—75 years (27 men and 22 women) were
included in the study. All patients gave voluntary informed
consent for ECG recording.

Settings

The study was performed in the Moscow State Budgetary
Institution City Clinical Hospital No. 67 named after
L.A. Vorokhobov of Moscow Healthcare Department.

Description of treatment

The patients were divided into the following six arms:

1) Patients with normal ECG (recordings starting with 101,
102, 103, 104, 105, 106, 107, 108, 109, and 110).

2) Patients with ECG signs of left ventricular hypertrophy or
complete left bundle branch block (recordings starting
with 201, 202, 203, 204, 205, 206, 207, 208, and 209).

3) Patients with ECG signs of right bundle branch block
(recordings starting with 301, 302, 303, 304, 305, and 306).

4) Patients with recorded ST (-) depression (recordings
starting with 401, 402, 403, 404, 405, 406, 407, 408,
and 409).
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5) Patients with recorded ST(+) elevation, including
the phenomenon of early ventricular repolarization
(recordings starting with 501, 502, 503, 504, 505, 506,
and 507).

6) Patients with any nonsinus rhythm that are preferably
characterized by negative P waves in I, Il, V1, and V2
leads (recordings starting with 601, 602, 603, 604, 605,
606, 607, and 608).

Cardiograms were recorded using EASY ECG Modular
System for Recording and Remote Transmitting of ECGs
according to TU 9441-001-42447560-2012 with Accessories
(ATES MEDICA SOFT LTD, Russia, Registration Certificate
No. RZN 2018/7062).

For ECG recording, operating silver/silver chloride
electrodes were used with 26 x 47-mm plates (for limb ones)
and 22-mm cups (for precordial ones).

Digitized cardiac signals were recorded in the European
data format. [8] Recordings were made in 12 common leads
with a sample rate of 500 Hz, the recording lasted for 10 s,
and the signal magnitude was 10 mV. No signal filtering was
performed, and the bandwidth was from 0.05 to 150 Hz.

Ethical review

The study was approved by the independent ethical
committee of the Moscow Regional Branch of the Russian
Society of Roentgenologists and Radiologists (RSRR MRB
[EC).

RESULTS

Each patient underwent sequential ECG recording during
one visit with correct electrode placement and different
variants of dis- and transpositions. The coding and description
of overlay patterns are provided in Table 1.

In total, 486 ECGs were recorded in 49 patients. The
structure of the recorded ECGs is shown in Table 2.

After recording, all results were anonymized and
pseudonymized', placed, and annotated on the ECG.RU
platform using a unified thesaurus. [9] Each ECG file was
named according to the following principles: the first three
digits referred to the patient subgroup number and serial
number, and subsequent letters referred to the coding of
electrode placement.

For example, the file name “101_dis_st” meant that this
ECG was recorded in a patient with an unchanged ECG, and
the electrodes were placed correctly. The file name “203_
trns_crv” contains the ECG of a patient with left ventricular
hypertrophy, and the C4, C5, and Cé electrodes are placed
along the intercostal line (not along the horizontal line,
but curved upward). The file name “602_trns_yg" contains
the ECG of a patient with nonsinus rhythm, and the yellow
and green electrodes are reversed. Examples of recorded

! GOST R 55036-2012/ISO/TS 25237:2008. P85 Group. National Standard of the Russian Federation. Health Informatics. Pseudonymization.

Access: https://docs.cntd.ru/document/1200100339.
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Table 1. Electrode placement variants and their coding
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Russian wording English equivalent

Part of the ECG

Comment Incorrectly displayed leads

filename
CrannaptHoe Standard electrodes dis_st Correctly applied electrodes All leads are correct
pacnonoXeHue aNeKTpoAoB  arrangement
Pr.ecord|al electrodes 0cca§|qnally rgqu!red Correct: I Il Ill, VR, aVL, and
['pynHble aneKTpoAbl: misplacement: up to for clinical indications, aVF
Ha 2 M(-.")er?epbﬂ BblLLIE 2 intercostal spaces dis_u2 but in general, it is the Dislocated: V1, V2, V3, V4, V5,
CTaHAAPTHOM CXeMbl above the standard most common electrode and Vé
arrangement misplacement
Pr_ecord|al electrodes Occasionally required for ~ Correct: |, Il lll, aVR, aVL, and
l'pynHble 3neKTpoabi: misplacement: below TR
Ha 2 Mexpebepbs HUXe to 2 intercostal spaces  dis_d2 clinical indications, but aVvk.
~ - in general, it is electrode  Dislocated: V1, V2, V3, V4, V5,
CTaHAAPTHOM CXEMbI down the standard .
misplacement and Vé
arrangement
Incorrect: I, I, Ill, aVR, aVL,
MepenyTaHbl kpacHbifi (R)  Reversal of the two arm trns Misplacement and aVF.
v kénToiid (L) anektpopbl  electrodes -1y p Correct: V1, V2, V3, V4, V5,
and Vé
Incorrect: I, Il, lll, aVR, aVL,
MepenyTaHbl XENTbIA (L) Reversal of the left arm trns Misplacement and aVF.
u 3enéubiii (F) anektpoabl  and left leg electrodes -9 p Correct: V1, V2, V3, V4, V5,
and Vé
BCe IDVIHBIE 37eKTDOb! Correct: I, II, 1ll, aVR, aVL, aVF,
acnopgfmeHu Ha npﬂﬂoﬁ All chest electrodes are trns_In Misplacement and V1.
JPII/IHI/IVI oT C1-Cb P placed at the same line - P Incorrect: V2, V3, V4, V5, and
Vé
Reversal of the C1 and Correct: I, II, 1ll, aVR, aVL, aVF,
MepenyTaHbl C1-C2 trns_12c Misplacement V3, V4, V5, and Vé.
C2 electrodes
Incorrect: V1 and V2
Correct: I, II, I, aVR, aVL, aVF,
MepenytaHbl C5-Cé Reversal of the C5 and trns-56¢ Misplacement V1, V2, V3, and V4.
Cé electrodes
Incorrect: V5 and Vé
3nektpopbl C4, C5, C6 The C4, C5, Cé Correct: I Il Ill. VR, aVL. aVF,
PacnonoeHbl 04eHb electrodes are placed .
trns_cls Misplacement V1, V2, and V3.
BAM3Ko Apyr K Apyry too close to each other
Incorrect: V4, V5, and Vé
(conpukacatotcs) (cheek to cheek)
3nektpoapbi C4, C5, The C4, C5, C6
electrodes are
C6 pacnonoseHbl misolaced along the Correct: I, II, 1ll, aVR, aVL, aVF,
no Mexpebepbto (He P 9 trns_crv Misplacement V1, V2, and V3.

intercostal space (not
at a horizontal line, but
curved upwards)

MO FOPU30HTANLHOM JIMHUK,
a UCKPUBNAIOTCA BBEPX)

Incorrect: V4, V5, and V6

ECGs are shown in pairs in Figures 1-3 (overlay pattern and
corresponding ECG).

DISCUSSION

The obtained results indicate a significant variability
of ECG patterns depending on the initial changes and,
probably, the patient’s body type and state of mammary
glands. Despite sufficient studies on the variability of
normal ECG changes, [6—8] the variability of changes in the

DAl https://doi.org/10.17816/DD201870

initial abnormal ECG is yet to be examined, which we will
do in our next paper.

In the visual evaluation of the recorded ECGs, transposition
was determined based on the relocation of the arm leads (red
and yellow—RL) and precordial C1-C2 was not complicated.
The placement of precordial cheek-to-cheek electrodes, in
disposition with the transfer of the precordial leads higher
or lower by two intercostal spaces than the Wilson scheme
(upper2 and lower2), was less often reliably determined.
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Table 2. Allocation of cardiograms recorded in patients

T sttt | St | gt o | Ty |

placement limb electrodes

Subgroup of ECG changes electrodes electrodes
Normal ECG 10 20 20 49 99
ECG with LVH and CLBBB 9 18 18 45 90
ECG with RBBB 6 12 12 30 60
ECG with ST(-) depression 9 18 18 43 88
ECG with ST(+) elevation 7 14 14 35 70
ECG with any nonsinus rhythm 8 15 16 40 79
Total 49 97 98 242 486

Notes. ECG, electrocardiogram; CLBBB, complete left bundle branch block; LVH, left ventricular hypertrophy; RBBB, right bundle branch block.

Reversal of L and F

Reversal of L and F

Fig. 1. Misplacement of L and F electrodes.

Transpositions of yellow and green limb electrodes (LF),
changes in the position of precordial electrodes, when they are
in line, curved, or C5-C6 electrodes are reversed, are difficult to
determine even when directly comparing two cardiograms, with
correct placement and transposition of electrodes. This probably
depends on baseline ECG changes, body type (normosthenic,
hypersthenic, or asthenic), breast size, or presence of an
implant. Certainly, issues such as the consideration of the built,
presence of a transplant, possible detailing of the initial ECG

DAl https://doi.org/10.17816/DD201870

changes according to the reduced thesaurus, and comparison
of the efficiency of recognition by a specialist and automatic
analysis algorithms, require further evaluations.

Despite the known disadvantages, considering the
high importance of the issue and difficulty of obtaining
qualitatively recorded data and annotated ECGs, the obtained
set of ECGs was published under an open license and used
for both verification of algorithms of automatic ECG analysis
and training of doctors and nursing staff.
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Curved along the intercoastal space

Curved along the intercoastal space

Fig. 2. Misplacement of C4—Cé electrodes.

Precordial electrodes dislocated upwards

Precordial electrodes dislocated upwards

Fig. 3. Dislocation of C4-Cé electrodes.

DAl https://doi.org/10.17816/DD201870
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Study limitations

On patient examination, their height, weight, and built
(somatotypes) were not always considered. Taking these
factors into account will probably increase the accuracy of
determining the type of electrode dislocation.

CONCLUSION

In this study, an ECG dataset with different electrode
dislocation variants was obtained. The dataset consists of
ECG series recorded in each patient with different electrode
overlap variants. The set includes not only normal ECGs but
also different variants of abnormal ECGs.
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lpo6neMbl 06nyyeHus nepcoHana
B COBpPeMEHHbIX MEeAULUHCKUX TEeXHOJIOrUAX

C.A. Poixkun™ 7, 10.B. [pysunmnna® 2, 3.A. Nlantyx?, U.B. Conpatos?, B.H. JlecHsr®,
0.N. Nebepes?®, [1.H. Camouatos*, M.M. CemeHoBa®, B.A. Cyxos®, C.E. Oxpumerko'

! Poccuiickan MeMUMHCKan akafeMus HenpepbiBHOro npodeccroHansHoro obpasosaHns, Mocksa, Poccuiickas ®epepaums

2 Hay4Ho-NPaKTM4ECKMIA KIMHUHECKWIA LIEHTP ANArHOCTUKN M TeNEMEANLIMHCKUX TexHonorui, Mocksa, Poccuiickas ®epepaums

3 (DepepasnbHbIN HaYYHO-KIIMHUYECKVIA LEHTP CMIELMaM3upoBaHHbIX BUAOB MeMLMHCKOA MOMOLLM 1 MEAMLIMHCKUX TEXHONOM VA,
Mocksa, Poccuiickas Qepepauvs

“ T'opofickan KMHMYeckas Bonbuua N 67 umenn J1.A. BopoxoBosa, Mocksa, Poccuiickan Deaepaums

5 TocynapcTBeHHblit HayuHbIl LieHTp Poccuitckoit ®eaepaumn — DeepanbHblit MEAMUMHCKUA BMOdUM3MYecKui LeHTp uMenn AN, BypHasaHa,
Mocksa, Poccuiickas Qepepauvs

¢ MepBblin MOCKOBCKMIA roCYAapCTBEHHbIN MeAULMHCKHIA yHuBepcuTeT umeHn WM. Ceuerosa (CeueHoBCKvit YHuBepcuTeT),
Mocksa, Poccuiickas Qepepauvs

7 KasaHcKuii rocynapcTBeHHbIN MeaMLIMHCKWIA yHuBepcuTeT, KasaHb, Poccuiickas Qepnepauns

AHHOTALIMA

06ocHoBaHue. LLIpoKkoe NpMMEHEHWE UCTOUYHWUKOB MOHW3WPYIOLLErO U3NYYeHUS B MEAULIMHCKOW NPaKTUKe (KapamMo3HA0Ba-
CKYNSPHOW XMpYPruu, 3HA0CKONUM, TPaBMATONOMMK, YPOSIOTUM, HEMPOXMPYPIUM, CTOMATOSIOMMM, OTAENEHUSX PafUOU30TOMNHO
AMArHOCTUKM) NPUBOAMT K 00JTyHEHUIO XpyCTanMKa rasa U KOXM pyK PacCesHHbIM M3y4YeHUeM HU3KOW MHTEHCUBHOCTY. BBe-
neHve MATATI HOBbIX peKOMeHAALMIA N0 CHUXEHWIO Npefena roA0BON 3KBUBA/IEHTHOM 03bl Ha xpycTanuKk (20 M3B) npu-
BEJI0 K TOMY, YTO OLIEHKA A03bl M0 XPYCTaNMKy Ha 0CHOBE 3P (QEeKTUBHOI J03bl CTaNa HEKOPPEKTHOM.

Llenb — aHanu3 noaxo[0B U OLEHKa 3KBMBANEHTHbIX 4,03 001y4eHUs XpyCTanuKa rnasa M KoXu pyK MeAULIMHCKOro Mnepco-
Hana npu NPoOBeAEHUN Pa3fINYHbIX AMarHOCTUYECKUX UCCel0BaHMI NoJ, BO3AENCTBUEM PEHTIEHOBCKOMO U3/TyYEHUS U raM-
Ma-u3y4eHus paguodapMnpenapara, a TaKKe CpaBHEHWE MONYYEHHbIX Pe3yNbTaToB C paHee onyb/MKOBaHHBIMU JaHHBIMU.
Matepuanbl u MeTogpl. [TpUMeHANCS METOA, TEpMONIIOMUHECLIEHTHOW Ao3uMeTpun. OLeHKa J03 NMpoBOAMNIach Y nepcoHana
KapAv03HA0BACKYIAPHON XUPYPTvK, 3HA0CKONUU, U30TOMHOM AUArHOCTUKM, CTOMATONIOMMK, YpOJIoruu.

Pe3ynbTathl. PacuéTHble rofoBble 3KBMBAJIEHTHbIE [03bl HA XPYCTANMK rN1a3a y Bpayeii 0TeNeHUI KapAM03HL0BacKyNspHOIA
XMPYPIrvW Haxoaunuck B ananasoHe ot 35 go 90 M3B, cpeiHero MeaMLMHCKOro nepcoHana — ot 6 Ao 19 M3B (B 0TAE/bHbIX
Cyyasx y Bpaya — [0 225 M3B, y MeauumMHCKol cecTpbl — [0 180 M3B); nepcoHana OTAeNeHUs pafron30TOMNHOI auarHo-
CTUKM — 0T 4,5 po 9 M3B. lo0BbIE pacyETHbIE IKBMBANEHTHBIE [103bl HA KOXY PYK Y NepcoHaa KapAmMo3HL0BacKyIAPHOA
xupyprum coctasunm ot 17 o 100 M3B, a npu pabote ¢ pagnodapmnpenapatamMu — oT 24 no 220 mM3s. lMokasaHo, 4To Uc-
Mosb30BaHMe OLEHKM YCPeHEHHOM [103bl 33 OHY OMepauMio y Bpayel KapAno3HA0BaCcKyIPHON XMPYPriu, Kak NpaBuio, He-
M30EKHO MPMBOJMT K NPEBbILIEHMI0 3KBUBANIEHTHOM [03bl HA XPYCTaUK rnasa Yepe3 onpeAesiEHHOE KOMYECTBO ONepaLyii.
3akntoueHue. py npesbILEHNN onpeaenéHHoro konndectaa onepaumi (ot 100 go 200) y Bpayeli KapaMo3HLOBACKYNAPHOI
XMpYpruv MoryT (OpMUpOBAaTLCS IKBMBAJIEHTHLIE [03bl HA XPYCTanuK rnasa bonee 20 M3B B rod. YcTaHOBNEHO nopae-
HWe XpyCTafuKa rnasa npu CYLLECTBYHOLLMX YPOBHSAX 0b1y4eHUs Y Bpaya KapAv03HA0BACKYNSApHOM xupypriu. lonydeHHble
pe3ynbTaTbl CBMAETENLCTBYIOT 0 HEOOXOAMMOCTU AaNbHEMLUMX A03UMETPUYECKUX M3MEPEHWU U 3MULEMMONIOrUYECKUX UC-
Cnef0BaHuiA, Ha 0CHOBAHWUW KOTOPbIX MOTYT BbITb pa3paboTaHbl peKoMeHaLMU MO pafuaLMOHHOM 3alLuMTe XpycTanuKa rnasa
M KOXM PYK MeVLMHCKOro NepcoHana, ocyLecTBAsoLero paboTy B nosie paccesHHOro, raMMa- U peHTTeHOBCKOr0 U3Myye-
HWS HU3KON UHTEHCUBHOCTM.

KnioueBble cnoBa: MCTOYHUKK MOHU3NPYOLWero nsny4yeHna; nepcoHan; Kapano3HAoBacKynApHaa XUpyprua; otaeneHue
pa}J,VIOVI3OTOI'IHOVI OWArHOCTUKKU; XPYCTaJIUK T1a3a; KOXa pPYK; pacCeAHHOe U3JlyyeHue HU3KON MHTEHCUBHOCTK; rof0Bas
JKBUBAJIEHTHaA [003a; TePMOJIIOMUHECLIEHTHAA NO03NUMETPUS,; I'IpOd)ECCMOHaJ'IbHOG noeeneHue.
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Problems of personnel irradiation
in modern medical technologies
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ABSTRACT

BACKGROUND: The widespread use of radiation sources in medical practice (cardio-endovascular surgery, endoscopy,
traumatology, urology, neurosurgery, dentistry, and radioisotope diagnostics departments) leads to irradiation of the lens
of the eye and the skin of the hands. The introduction of new recommendations by the IAEA to reduce the limit of the annual
equivalent dose to the lens (20 mSv) has led to an inaccurate dose assessment based on the effective dose.

AIM: To analyze approaches and assess equivalent doses of irradiation of the lens of the eye and skin of the hands of medical
personnel during various diagnostic studies under the influence of X-rays and radiopharmaceuticals studies and to compare
the results obtained with previously published data.

MATERIALS AND METHODS: Thermo-luminescent dosimetry was used. Dose assessment was performed by cardio-
endovascular surgery, endoscopy, isotope diagnostics, dentistry, and urology personnel.

RESULTS: The estimated annual equivalent doses to the lens of the eye for doctors of cardio-endovascular surgery departments,
in most cases, ranging 35-90 mSv, 6—19 mSv for the average medical staff (in some cases, the doctor [<225 mSv] and the
nurse [<180 mSv]) and 4.5-9 mSv for the staff of the department of radioisotope diagnostics. The annual calculated equivalent
doses to the skin of the hands for cardio-endovascular surgery personnel were 17-100 and 24—220 mSv for the staff working
with radiopharmaceuticals. It is shown that the use of an estimate of the average dose per operation by cardio-endovascular
surgery doctors, as a rule, inevitably leads to an excess of the equivalent dose to the lens of the eye after a certain number of
operations.

CONCLUSION: When a certain number of operations are exceeded (100-200), equivalent doses to the eye’s lens in cardio-
endovascular surgery doctors above 20 mSv per year can be formed. At current radiation levels, a lesion of the eye’s lens
was found in a cardio-endovascular surgery doctor. The results indicate the need for further dosimetric measurements and
epidemiological studies, based on which recommendations for radiation protection of the eye’s lens and the skin of the hands
of medical personnel working in low-intensity, scattered, gamma X-ray radiation can be developed.

Keywords: annual equivalent dose; cardio-endovascular surgery; eye lens; hand skin; low-intensity scattered radiation;
professional behavior; radiation sources; radioisotope diagnostics department; staff; thermo-luminescent dosimetry.
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BACKGROUND

Sources of ionizing radiation are widely used in the current
clinical practice. When they are used, sources of ionizing
radiation can affect medical personnel of cardioendovascular
surgery (CEVS), traumatology, urology, neurosurgery,
dentistry, general surgery, and intensive care departments.

In the departments of nuclear diagnostics, the highest
radiation exposure is on nurses who prepare and administer
radiopharmaceuticals and radiology technicians who examine
patients using gamma cameras and single-photon emission
computed tomography (CT) or positron emission tomography
combined with computed tomography (PET/CT). In these cases,
medical personnel are exposed directly and permanently to
low-intensity scattered gamma and X-ray radiation. Their
eyes and skin are affected by radiation scattered by the
patient’s body and reflected from external objects. Based
on the available data, the ratio of an equivalent lens dose to
the effective dose can be calculated in the photon radiation
energy range of 0.01-10 MeV. In the range of gamma radiation
energies of 0.06—10 MeV, the equivalent lens dose numerically
exceeds the effective dose by approximately 20%, whereas in
the range of <0.05 MeV, this increase ranges from several
times to several dozen times.

Therefore, the basic effective dose limit no longer ensures
compliance with the dose limit when the eye lens is irradiated.
While strong penetrating types of radiation make the main
contribution to the effective dose, weak penetrating radiation
(beta particles, photons with energies of <15 keV) provide the
maximum doses in the sensitive layer of the skin and eye
lens [1,2]. This issue attracted special attention after relevant
publications of the International Commission on Radiological
Protection and the International Atomic Energy Agency, which
supported recommendations to reduce the equivalent dose
limit for the lens from 150 to 20 mSv annually and optimize
the radiation protection of personnel, considering the “as low
as reasonably achievable” principle [3-9].

This study aimed to evaluate the equivalent radiation
doses for the eye lens and hand skin of medical personnel
in diagnostic examinations using X-ray radiation and gamma
radiation of radiopharmaceuticals and compare these results
with previously published data on radiation doses for the eye
lens and hand skin of medical personnel.

MATERIALS AND METHODS

We have assessed equivalent radiation doses for the
eye lens and hand skin of medical personnel exposed to
X-ray and gamma radiation of radiopharmaceuticals. A
thermoluminescent dosimetry (TLD) method was used to
estimate doses. Personal dose equivalent Hp(3) dosimeters
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with TLD-1011T (Research and Technology Center
“Praktika,” Russia) and TLD-100 (USA) detectors were used.
Measurement ranged from 30 pSv to 12 Sv for energies of
0.005-10 MeV. Dosimeters were exposed by attaching them
to the central part of the frontal surface of the hair cover of
the personnel. The calendar exposure time was 3—6 weeks;
however, the total number of dosimetry operations was
recorded for consideration when assessing and calculating
radiation doses.

Detector data were processed using a HARSHAW TLD
system 4000 thermoluminescent analyzer (Thermo Scientific
Ltd., MA, USA) at the Department of Radiochemistry of the
M. V. Lomonosov Moscow State University. After reading
the thermoluminescence curve and detector annealing,
detectors were individually calibrated in the air using a
19Cs gamma radiation source (Ey = 661 keV), type Ts2-5.
The main measurement error with a confidence probability
of 0.95 did not exceed 10%. To assess the contribution of
the background radiation, some dosimeters were exposed as
controls. In studies conducted in 2014-2021 in Moscow (four
CEVS departments of three city hospitals, one department
of urology, endoscopy, department of CEVS of the Federal
Medical-Biological Agency, medical center, PET center and
department of dentistry of a private medical center, and
department of nuclear diagnostics of the clinic at Russian
Medical Academy of Continuous Professional Education)
and Kazan (four departments of CEVS in four healthcare
organizations), 61 findings were obtained for the equivalent
lens dose, including 46 findings in CEVS personnel (22
physicians, 24 nurses), 2 in endoscopy personnel, 4 in
dentistry personnel, 1 in urology personnel, and 8 in nuclear
diagnostics personnel (***Tc and °F).

Clinical examination of personnel included ophthalmological
examination such as visometry (with and without correction),
refractometry, biomicroscopy of the bulbar conjunctiva and
vitreous body, Norn test, and B-scan of the eye.

The study assessed personal radiation doses not combined
into a single statistical set because of the characteristics
of the exposure conditions for each patient. Moreover, this
allowed us to establish a range of radiation dose levels and
factors potentially affecting the dose formation.

RESULTS

Several approaches are employed to investigate
equivalent lenses in medical personnel. The first approach
is to wear a thermoluminescent dosimeter (fixed in a
certain site on the head of the medical personnel) for a
predetermined time and measure the personal equivalent
lens dose Hp(3) after the wearing period ends. This approach
is described in MU 2.6.1.3747-22." Such investigations for

! Guidelines MU 2.6.1.3747-22 "Control of personal equivalent doses of external radiation for the lens of the eye in personnel) (approved by the Federal
Service for Surveillance on Consumer Rights Protection and Human Wellbeing on May 17, 2022). Available from: https://base.garant.ru/405781929/.
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measuring equivalent lens doses in the personnel of Moscow
healthcare institutions were conducted in 2014 for various
medical professions in the radiation monitoring laboratory
of the Department of Radiochemistry of M. V. Lomonosov
Moscow State University. The exposure time of TLD Hp(3)
was 1 month. The results are presented in Table 1.

The highest values were recorded in CEVS physicians.
However, if full responsibility for the use of personal dosimeters
is delegated to personnel, partial loss of information on some
dosimetry operations may occur, and this is a weakness of such
an approach. Another weakness is related to the unreliability
of information about the actual number of operations with
dosimeters. Therefore, the dose measurement for certain
periods with subsequent annual dose recalculation is not
suitable for radiation exposure assessment.

The second approach is to measure the accumulated
lens radiation dose for a certain number of operations with
individual dosimetry. This approach allowed estimating the
average dose for one conditional interventional examination.
Depending on the procedure type, interventional examinations
are classified into “diagnostic” and “therapeutic.” Diagnostic
interventional examinations are typically 20-30 min long
and have a total exposure time of approximately 3—7 min.
Therapeutic interventional examinations are much longer
(their duration depends on the complexity of the operation). In
one case, the operation time was 2.5 h, and the high voltage
time was 28 min.
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Our results are presented in Tables 2-4.

Doses per operation (manipulation) differ significantly both
in different technologies and within the same specialty. Special
attention is needed to the extremely high dose of CEVS nurse
exposure. Important factors appear to include the work methods
of the individual specialist (number of images, ratio of image/
scopy, etc.), particularly the distance from the main operating
surgeon and their assistant or nurse to the direct beam zone.
This factor can be defined as “professional behavior.” The
estimated annual doses in clinic A ranged from 35 to 90 mSv for
CEVS physicians, up to 180 mSv for a nurse, and up to 8 mSv
for a nurse in the nuclear diagnostics department.

The results of the lens dose assessment in clinic B
are presented in Table 3. The estimated annual equivalent
dose for the eye lens in clinic B was 60 mSv in physicians
and 6-18 mSv in nurses. For the professional behavior
parameter, due to the nature of work, the second nurse
(“nurse 2") usually stays longer and closer to the doctor’s
workplace (“operator”) than the first nurse (“nurse 1°).

In clinic C, some features of lens dose formation were
observed. The highest dose was recorded in a physician with
the least number of operations. The estimated annual doses
ranged from 53 to 225 mSv in physicians and approximately
19 mSv in nurses. The measurement results are presented
in Table 4.

Some factors were assessed, which could potentially
affect the dose formation: the number of “high-dose”

Table 1. Results of Hp(3) measurements and an approximate assessment of an annual equivalent dose for the eye lens (H) in various

medical personnel [10,11]

. Number of subjects, Hp(3), Annual H,
Profession
n mSv mSv
CpeNurses (work with radiopharmaceuticals, *“Tc) 2 0,37-0,40 4,4—4,8
Angiographer 6 0,31-2,20 3,7-26,4
Nurses (angiography) 5 0,15-0,42 1,8-5,0
Urologist 1 0,72 8,6
Dentist A 0,13-0,18 1,6-2,2

Table 2. Equivalent lens doses for physicians and nurses in cardioendovascular surgery, endoscopy, and nuclear diagnostics departments

of clinic A[12,13]

Acceptable Approximate
Number of
. Dose per . . Dose per number number
Profession operations with . ! .
exposure, mSv dosimetr operation, mSv of operations of operations
y annually annually
CEVS nurse 12,6 31 0,4 50 450
CEVS physician 1 1,28 13 0,1 200 350
CEVS physician 2 1,69 20 0,085 235 450
CEVS physician 3 1,05 5 0,2 100 450
Endoscopic physician 2,82 58 0,05 400 380
Endoscopic nurse 2,19 58 0,05 400 380
Nurse "Tc 0,7 134* 0,005 4000 1600

Note. * Patients.
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Acceptable Approximate
Number of
. Dose per . . Dose per number number
Profession operations with . . .
exposure, mSv dosimet operation, mSv of operations of operations
ry annually annually
Physician 57 b4 0,1 200 600
Nurse 1 1,5 68 0,02 1000 300
Nurse 2 2,4 41 0,06 340 300

Table 4. Equivalent lens doses for physicians and nurses in the cardioendovascular department of clinic C

Acceptable Approximate
Number of
. Dose per . . Dose per number number
Profession operations with . . .
exposure, mSv dosimet operation, mSv of operations of operations
ry annually annually
Physician 12 3,86 35 0,11 180 750
Physician 16 35 51 0,07 285 750
Physician 18 34 12 0,3 >70 750
Nurse 1,74 68 0,025 800 750

operations, ratio of operator-assistant functions, cumulative
dose during operations, and height of the operator (Table 5).
The table shows that none of the above factors has a direct
effect on dosimetry results. Obviously, the most important
exposure factors include not only the number of operations
but also their specificity and “professional behavior,” which
determine the distance from the workplace of the “operator”
to the tube. In this context, anthropometric characteristics
(e.g., height) can be relevant because they affect the location
of personnel relative to the direct beam zone.

Some attention should be also given to certain limitations
of available collective protective equipment and the lack of
personal eye protection in many organizations. Stationary
protective equipment is clearly insufficient because of a
narrow hanging screen and the absence or inappropriateness
of hanging transparent screens. The use of such equipment

Table 5. Factors potentially affecting radiation dose formation

could significantly reduce the requirements for the protective
properties of personal protective equipment (e.g., 0.15 mm
Pb for body protection and 0.1 mm Pb for eyes). Such an
approach could generally improve the working conditions for
medical personnel.

The equivalent lens doses for medical personnel in
various nuclear diagnostics departments were compared with
data on the personnel dose load in the diagnostic laboratory
of the PET center. A study [14] evaluated the equivalent lens
doses in medical personnel of the PET center working with
8F-based products, including workload assessment for
personnel working with '8F (Table 6).

The equivalent effective dose for nuclear diagnostics
personnel of the PET center ranged from 4.2 to 4.9 uSv/GBq
(4.2-4.9 pSv/patient) during injection/packing operations
and 6 pSv/GBq (2.3 pSv/patient) in a PET/CT technician,

Physician Rdatio of opergtion number and Cumulative dose, Ratio operator/assistant Height,
ose per patient >1 Gy/>2 Gy Gy cm
Physician 12 19/5 39 24/11 183
Physician 16 17/5 49 29/22 185
Physician 18 3N 9.4 12/0 170

Table 6. Lens radiation doses (H,,) and effective dose (E) in diagnostic laboratory personnel of the diagnostic laboratory of the PET center

depending on the radiopharmaceutical activity and number of patients. [14]

Specialist Operations A, GBq ofN ::t‘il:;rts Hleﬁ;(r;Sv ﬁ’p'a%‘)l
A Nurse, more administration than packing operations 109,2 283 0,63 0,53
B Packer, more packing than administration operations 124,5 324 0,67 0,52
C PET/CT technician, scan 135,2 354 0,8 0,81

Note. PET/CT, positron emission tomography/computed tomography.
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according to the equivalent lens dose of 5.4-5.8 uSv/GBq
(2.1-2.2 pSv/patient) and 5.9 pSv/GBq (2.3 pSv/patient),
respectively. The exposure level was directly dependent
on the total activity used (or the number of patients as
an “equivalent” of activity). The evaluation of the dose-
activity/dose—patient relationship makes it possible to
calculate the minimum number of required staff. For
packing/administration operations, the largest dose load is
associated with the “administration” operation, which is the
main dose-forming factor for this technology. Considering
the workload, the highest lens radiation dose was reported in
PET/CT technicians. This can be explained by his/her contact
with all activities, whereas the nurse and packer “share”
this activity. Values of Hp(10) and Hp(3) doses were nearly
close when working with radiopharmaceuticals. Preliminary
estimates of the annual equivalent lens doses for 11 months
(excluding holidays) are presented in Table 7.

The highest dose is reported in a CT technician. However,
he/she showed extremely cautious “working behavior”
(keeping the maximum distance and minimizing contact). The
staff workload was 26 patients per 14-h shift. With workload
intensification (excluding a rather lengthy registration
procedure), the dose load also increased proportionally.
In the absence of activity distribution between personnel
(a and b), the equivalent lens dose can be at least 15 mSv
annually. Data obtained are consistent with previous data
[15,16], in which the median and maximum values ranged
from 4 to 14 and from 6 to 23 mSv, respectively. The ratio of
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the patient number and staff number is an important factor
in determining the levels of exposure in nurses in nuclear
diagnostic departments using specific technologies.

In addition to the lens dose assessment, hand skin
exposure doses were assessed for the staff of the CEVS
and nuclear diagnostics departments. Results are presented
in Table 8. As shown in this table, equivalent doses in the
above studies do not exceed the limit of the equivalent dose
for the skin (500 mSv). These measurements characterize
a separate local skin site (usually the back of the middle
finger) and cannot fully characterize doses over the entire
hand (both the back and palmar surface). Authors are aware
of two cases of visible abnormal hand skin changes in CVES
physicians, including permanent local foci of dry dermatitis
in the palmar-outer edge of both hands and redness in
backhand surfaces after surgery.

For this paper, the authors investigated skin radiation
doses using hand phantoms for CVES surgeons. Obtained
data indicate the possibility of hand skin exposure at the level
of 1 Gy annually [13]. The estimated annual equivalent skin
doses for nuclear diagnostics personnel of the PET center for
11 working months are presented in Table 9 [15].

The largest contribution to the nurse skin dose load is
the administration of a radiopharmaceutical to a patient.
The distribution of the dose load between nurse 1 and the
“packer” (or nurse 2) deserves special attention. If nurse 1
performs all (100%) injections, the equivalent hand skin dose
can be approximately 450 mSv annually. The given data are

Table 7. Estimated annual equivalent lens doses in isotope laboratory personnel of the PET center. [12,14]

Personnel Function H, mSv annually

A Administration ~60%, packing 40% 6,9
B Packing ~60%, administration 40% 1.4
C PET/CT technician 8,8
Note. PET/CT: positron emission tomography/computed tomography.
Table 8. Estimated annual equivalent hand skin doses in cardioendovascular surgery. [12,14]

Personnel Hojin pt:'r];‘),(posure, Number of operations Numbearnt:‘u(;[l)& rations annual/Hesg;imate d
CEVS nurse 1,2 31 450 17
CEVS physician 1 0,7 13 350 19
CEVS physician 2 4,5 20 450 100
CEVS physician 3 1,1 5 450 100

Note. CEVS, cardioendovascular surgery.

Table 9. Estimated annual equivalent skin doses (Hp, 0.07) for fingers (middle finger) in isotope laboratory personnel of the PET center

Personnel Function Hp (0.07), mSv annually
Administration ~60%, packing 40% 220
b Packing ~60%, administration 40% 132
c PET/CT technician 24

Note. PET/CT: positron emission tomography/computed tomography.
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well comparable with work indicators [17] ranging from 3 to
512 mSv.

To clarify these data, equivalent skin doses were
assessed using hand phantoms of CVES personnel. Equivalent
doses for hand phantoms for one operation ranged from
0.5 to 2.5 mSv, with an average input dose of 500 mGy
per patient body phantom. Considering the total number
of operations per year for a particular surgeon (300-600
operations), equivalent doses for local hand skin sites may
exceed the established dose limit of 500 mSv. In the study
of DNA double-strand breaks in skin fibroblasts irradiated in
parallel with dosimeters, the number of yH2AX and 53BP1
foci at 30 min and up to 24 h after irradiation statistically
significantly (p <0.05) exceeded the control values by
>2 times, and even after 72 h, indicators did not decrease to
control values [13,18].

DISCUSSION

This problem has a long history of scientific discussion
[19-24]. Equivalent lens and skin doses were assessed in
interventional examinations per single operation. Lens doses
ranged from 0.05 to 0.4 mSv. Hand skin doses ranged from
0.3 to 1.1 mSv. Data scatter is up to approximately eight
times for the eye lens and up to four times for the hands.
In a previous study [19], the skin dose was equal to the lens
dose per operation. Equivalent lens doses per operation
in interventional procedures have ranged significantly
depending on the type of procedure and presence or absence
of personal or collective protective equipment [2]. Owing to
the significant uncertainty of available data, lens radiation
doses still require further evaluation. In a previous study
[25], an increased prevalence of cataracts was reported
in medical personnel exposed to ionizing radiation, with a
higher prevalence in CVES personnel.

In a 17-month study, three radiologists performed
pediatric and adult interventions. For 1 year, 276-
338 procedures were performed, and 20% of them were in
pediatrics. The annual doses for the left eye exceeded 20 mSv
and ranged from 21to 61 mSv. Despite eye protection by
special goggles, doses exceeded 6 mSv and ranged from
13 to 48 mSv for both eyes. No significant differences were
found in lens doses per procedure between pediatric and
adult interventions [26].

When studying the lens dose load in nine interventional
radiologists, the equivalent doses for the eye lens and neck
skin were evaluated for 6 months. The lens doses were
0.18 £ 0.11 mSv and 35.3 + 6.6 mSv per working day and
200 working days, respectively. In 5 (56%) CVES physicians,
the dose exceeded the annual limit (20 mSv). Studies have
concluded that full-time CVES physicians may suffer from
the deterministic effects of lens radiation, particularly on the
left side. A study also reported the possibility of estimating
lens radiation doses according to neck skin dosimetry data
[Diens = 0.0179 +(0.5971 x D, )] [27].

Vol. 4 (2) 2023

DAl https://doiorg/1017616/DD375327

Digital Diagnostics

Results of the study with 44 CVES physicians and
22 controls are presented. Of the total number of examined
participants, 26 CVES physicians and controls underwent
a special eye examination. Lens doses were measured by
thermoluminescent dosimetry. The average equivalent doses
in surgeons were 0.83 + 0.59 and 0.35 + 0.38 mSv per month
for the left and right eyes, respectively, and annual doses
were approximately 0.7-11 mSv. No significant differences
in the prevalence of nuclear or cortical lens opacities were
noted between groups. Four CVES physicians had early-stage
subcapsular sclerosis, although no statistical differences
were noted between groups. Based on these data, a study
concluded the possibility of significant lens doses in CVES
physicians and recommended using eye protection [28].

A study [29] enrolled 69 interventional cardiologists and
78 controls who were not professionally exposed to ionizing
radiation. Lens opacities were examined using a slit camera.
Cumulative lens doses were assessed retrospectively using a
questionnaire including occupational history and lens doses.
The average cumulative lens doses for the left and right eyes
were 224 S and 85 mSv, respectively. Nuclear opalescence and
opacification of the lens nucleus in the left eye were found in
47% of CVES physicians and 42% of controls, cortical opacities
were found in 25% and 29%, and posterior subcapsular
opacities were found in 7% and 6%, respectively. A statistically
significant increase was found in the risk of opacity in the
CVES group compared with the control group after adjusting
for age, sex, smoking status, and medical exposure. However,
no significant increase in cataract incidence was found when
compared with controls, including the lack of evidence on the
increased risk of opacity with increasing doses. The authors
cannot rule out the adverse effects of ionizing radiation
because of the relatively small sample size.

In a study assessing doses to the personnel of St. Petersburg
healthcare institutions, the following equivalent lens doses
were found for 3 months of exposure: for radiologists, 0.29-
2.9 mSv per month; CVES physicians and nurses, 0.44-1.49
mSy; radiologists, 0.1-8.54 mSv; surgeons, 0.89 mSy; surgical
nurses, 0.11-4.6 mSv. Levels of lens radiation were assessed
based on the estimated ratio of personal dose equivalents Hp(3)
and Hp(10). Based on the annual Hp(3) and Hp(10) values with
the approximation of the log-normal distribution, the probability
rates of exceeding 1, 6, and 20 mSv were 13%, 10%, and
<1%, respectively. Moreover, considering that interventional
radiology teams are the most exposed group in medicine, the
percentage of cases exceeding 20 mSv annually can be up to
10%, and lens damage can be stochastic (random) [30,31].
These results differ significantly from results obtained in the
European project Optimization of Radiation Protection Medical
Staff [32-34] assessing lens radiation doses in interventional
specialists from >30 European medical centers. In nearly 50%
of CVES physicians, the radiation lens dose exceeded 20 mSv
annually.

However, the chronic exposure effect on cataract
development was noted in a cohort of the Mayak Production
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Association specialists, where 15,000 people exposed
to gamma radiation at doses of <0.25 to >1 Gy, showed
a statistically significant linear association between the
incidence of senile cataracts and the total dose of external
gamma radiation. More studies have also shown the
increased risk of all types of cataracts, including posterior
cortical, nuclear, and subcapsular cataracts in chronically
exposed workers. Cataract risk was significantly higher in
women [35]. As a result of a radiation accident in Southern
Urals, population doses ranged up to 5 mSv in 793 people,
5-100 mSv in 517, and >100 mSv in 67. These data were
obtained for a long period after exposure. Studies have
shown a significant effect of radiation dose. Opacities in the
lens nucleus and posterior capsule developed [36].

Personnel are also chronically exposed to healthcare
technologies. According to Kazan data [37], equivalent lens
doses in 11 CVES physicians and 15 CVES nurses ranged
from <2 to 16.92 mSv for 3 months. In 7 of 21 physicians,
equivalent lens doses exceeded or were close to 20 mSv
annually. During a clinical examination, 5 of 7 physicians aged
30-70 years had hyperechoic lesions in the vitreous cavity
without age-related vascular changes. Some changes were
typical for the dry eye syndrome (complaints of eye discomfort,
scanty mucous discharge from the conjunctival cavity, eye
redness in the evening, eye floaters in the left eye, itching,
foreign body sensation, a fold of the conjunctiva outside the
limbus, and tear stream thinning) and a decrease in tear film
rupture time during the Norn test. In 4 of 5 participants, a
superficial injection of the bulbar conjunctiva was detected,
and 1 physician had conjunctiva pigmentation. In 2 physicians
(45 and 70 years old), an arcus senilis was detected, which
is described in the literature as a corneal change typical for
older people (according to the World Health Organization,
older people are those aged =60 years). A clinical examination
showed the following abnormal eye changes in one CVES
physician (34 years old, annual equivalent lens dose 18.7 mSv):
conjunctival damage, dry eye syndrome, damage (destruction)
of the vitreous body, and lens nucleus compaction. Changes
observed may be associated with exposure to sources of
ionizing radiation. The possibility of abnormal processes after
low-dose exposure, caused by oxidative stress and the release
of free radicals, was also reported [38,39].

Study Limitations

The study is limited by the study interval of one to several
months, collection of data on radiation exposure of healthcare
personnel, and limited number of participating organizations
for data collection.

CONCLUSION

In all cases, considering the number of operations
performed, the estimated annual equivalent doses for the eye
lens in CVES physicians exceeded the level of 20 mSv and
ranged from 35 to 90 mSv. Nurse doses ranged from 6 to
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19 mSv. In two cases, the estimated lens dose was >150 mSv
(nurse in clinic A: 185 mSv; “operator” of clinic C, 225 mSv).

The lens dose limit is achieved in CVES physicians when
performing >200 operations and sometimes <70 operations
and <50 operations in CVES nurses.

The distance from the workplace to the X-ray beam zone
is the leading factor of radiation dose formation in CVES. This
factor is partially associated with the professional behavior of
the personnel. Based on the available data, we can assume
the stochastic nature of eye damage in the studied dose range.
Exposure may be manifested by abnormalities at a younger
age than in non-exposed individuals, even in the absence of
statistical differences with comparison groups. The hand skin
doses of various personnel can come close to and even exceed
the normalized annual limit (500 mSv) by >2 times.

At present, in addition to monitoring the exposure levels
for individual organs and tissues in personnel using state-
of-art medical technologies, epidemiological studies are
needed, and practical recommendations must be developed
for personnel protection using personal and collective
protective equipment, with consideration of factors that affect
the radiation dose.
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MopaxxeHnue cepaua npu COVID-19:
BONPOCHI NaToreHesa U AUarHOCTUKK

N.A. ®unarosa', E.A. Mepiumna' 2, B.E. CuHuwpiH" 2

" MoCKOBCHMIA roCyAapCTBEHHbIN yHUBEPCUTET MMeHn M.B. JloMoHOCOBa, haKyNbTeT GyHAAMEHTaNbHON MeULMHLI,
MockBa, Poccuitckas Qepepauvs

2 MeAMUMHCKMIA Hay4HO-06pa30BaTesbHbIA LieHTp MOCKOBCKOrO rocyAapcTBeHHoro yHusepcuteta uMenn M.B. NoMoHocosa,
MockBa, Poccuitckas Qepepauvs

AHHOTALIMA

Tema KopoHaBMpYCHOW MHGDEKUMM [0 HACTOSILLEro BPeMeHU He TepseT CBOEM aKTyanbHOCTU B MeAuuMHCKOM cpefe. Cpe-
LM TeTepOreHHbIX KIMHUYECKUX NPOSIBNIEHUA 3TOro 3abosieBaHMsA BbIAENSAIOT NOpaXKeHWe CTPYKTYp CepAua, raBHbIM obpa-
30M BOCManMTeNLHOrO XapakTepa. [loMMMo M1OKapaKTa, NPY KOPOHaBUPYCHON UHEKLMM BO3MOEH LIENbIi CNEKTP OCTPbIX
UMW OTCPOYEHHBIX NOpayKEHUIA CepALa, B YaCTHOCTM OCTPbIM KOPOHAPHbIA CUHLAPOM, TPOMB03MboMYecKue cobbITUSA, cepaeu-
Hasl He[0CTaTOYHOCTb, HApYLLEHNUs pUTMa cepaua. M3BecTHo, YTo NpoOrHo3 Ans NaUMEHTOB C MOPAXEHMEM CepAua 3HauYMMO
yxynwaetcs. CBoeBpeMeHHbIe NOCTaHOBKA AMAarHo3a 1 Hayasno JieyeHus UrpatoT NpUHLMNUANBHO BaXKHYH posib AN1Sl NpefoT-
BPALLIEHNSA TSKENbIX OCI0MHEHUN.

B 0630pe npuBoaATCA COBPEMEHHbIE IMTEPATYPHbIE LaHHbIE O NaToreHe3e nopaxeHus cepaua npu COVID-19, obcyxpatotes
BOMPOCHI paLMOHabHOW AMArHOCTUKM AaHHOW NaTonoruv ¢ NMOMOLLbI0 COBPEMEHHBIX METOAMK (nabopaTopHbiX, hYHKLMO-
HaMnbHbIX, BU3YaIU3UPYIOLLMX), B TOM YMCIE MHBa3MBHBIX. [N1aBHYI0 posib Cpeay BU3Yanu3upyoLLmMX METOAOB UrpaeT MarHuT-
HO-pe30HaHcHas ToMorpadus cepALa ¢ KOHTpacTUpoBaHueM. B HacToslLee BpeMs NpM3HaHo, YTO AWMarHOCTUKA MUOKapaMTa,
accouMMpoBaHHOMO C KOPOHABUPYCHOM MHbEKUMEN, UMeeT pA, NPUHLMNUAMBHBIX OT/IMYMIA OT AWArHOCTUKM MUOKapauMTa apy-
roi npupogbl. KpoMe Toro, oTpaxeHbl OCHOBHbIE aCMEKTHI BOCMANMTENBHOMO MOPayKeHWUs cepALa, acCoLMMPOBAHHONO C BaK-
unHauuen npotus COVID-19, nocKonbKy Takoe OCNOXHEHUE BO3HMKAET Yallle, YEM NPUHATO cumuTaTh. HepeaKo OHO sBNseTcA
MOBOAOM NS 0TKa3a 0T BaKLMHALMK, YTO MOXKET MOBJIeYb 33 CODOM TSKENbIE MOCNEACTBUA KaK A1 OTAENBHOTO YEs0BEKa,
TaK W NONyNAUMK B LIENIOM.

Kniouesble cnosa: COVID-19; MuoKapauT, OCTpbii KOpOHApHbIA CUMHAPOM; HapylleHUs pUTMa Cepaua; MarHuTHoO-
pe3oHaHCHasa ToMorpadus; BaKLMHaLMS.
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COVID-19-related cardiac lesion:
The questions of pathogenesis and diagnostics

Daria A. Filatova', Elena A. Mershina' 2, Valentin E. Sinitsyn?

! Faculty of Fundamental Medicine of Lomonosov Moscow State University, Moscow, Russian Federation
2 Medical Research and Education Center of Lomonosov Moscow State University, Moscow, Russian Federation

ABSTRACT

Coronavirus infection s still a topic of interest in the medical community today. Among the heterogeneous clinical manifestations
of this disease, lesions of cardiac structures often occur. They are mainly inflammatory in nature and can be acute or delayed.
Aside from myocarditis, coronavirus infection can induce cardiac injuries, including acute coronary syndrome, thromboembolic
events, heart failure, and heart rhythm disturbances. It is well known that the prognosis for patients with cardiac lesions
significantly worsens; timely diagnosis and treatment initiation play an important role in preventing severe complications.
This review presents the most recent literature data on the pathogenesis of cardiac lesions in COVID-19 patients and discusses
the rational diagnosis of this pathology using modern techniques, such as laboratory, functional imaging (cardiac magnetic
resonance is the most important of these), and invasive ones. It is now established that diagnosing myocarditis caused by
coronavirus infection differs fundamentally from diagnosing other types of myocarditis. Furthermore, the main aspects of
inflammatory heart lesions associated with COVID-19 vaccination are discussed, as this complication occurs more frequently
than is commonly believed. It is often used as a rationale for refusing vaccination; however, this decision may severely affect
the individual and the population.

Keywords: acute coronary syndrome; COVID-19; heart rhythm disturbances; magnetic resonance imaging; myocarditis;
vaccination.
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INTRODUCTION

The coronavirus disease 2019 (COVID-19) caused by
the SARS-CoV-2 was first detected in December 2019 and
quickly spread worldwide. Its clinical manifestations include
all influenza symptoms, such as cough, fever, fatigue,
dyspnea, anosmia, ageusia, and pharyngodynia, which can
progress to acute respiratory distress syndrome and multiple
organ failure. Furthermore, acute injury to heart structures,
primarily the myocardium, is also possible. Many studies
have found that high troponin levels are associated with
higher mortality in patients with COVID-19. The timely and
accurate diagnosis of this condition is critical for patient
survival; however, it remains a challenge.

This review aimed to critically summarize available data
on COVID-19-associated myocarditis and investigate the
main aspects of its pathogenesis and differential diagnosis.

The PubMed database was searched for relevant
publications. The search terms were “COVID-19/SARS-CoV-2
and myocardit*” in the titles of publications (as indicated by
adding [ti]). Only full-text articles were selected, such as
meta-analyses, systematic reviews, and reviews; these
conditions were determined via the appropriate filters. The
literature on post-vaccine myocarditis was selected by
adding “and vaccin*” to the above search terms, and other
search parameters were the same as described above.

Following data collection, the initial sample for the
literature review included 126 publications, of which
67 discussed vaccinations against COVID-19.

COVID-19-RELATED CARDIAC LESION

COVID-19 is caused by the SARS-CoV-2, which was
discovered in late 2019 in the Chinese city of Wuhan and
quickly spread worldwide, causing a pandemic.

Possible symptoms of COVID-19 include fever, cough,
dyspnea, anosmia, ageusia, and pharyngodynia. The most
severe complications include acute respiratory distress
syndrome and multiple organ failure. Clinical manifestations
also include acute injury to the structures of the heart,
primarily the myocardium. Approximately 20% of hospitalized
patients have high specific troponins [1], which do not always
correlate with other signs of myocardial damage. A study of
troponin | levels in patients with COVID-19 on the first day of
hospitalization found elevations in 36% of cases. Even minor
myocardial damage is associated with a significant increase
in mortality [2]. However, many aspects of myocardial
damage in COVID-19 remain unclear.

Pathogenesis and clinical manifestations

A thorough understanding of the pathogenesis of cardiac
lesion is critical because it allows early initiation of treatment
and prevention of severe consequences, including death.

To date, little evidence shows that SARS-CoV-2 enters
cardiomyocytes and causes direct harm to them. Associated
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lymphocytic myocarditis is common in patients with
COVID-19, although its etiology is linked to a generalized
cytokine-mediated inflammatory response. In several studies
[3-5], myocardial biopsy revealed lymphocytic infiltration,
interstitial edema, and isolated foci of necrosis; however,
no intracellular viral material was found. Lindner et al. [3]
discovered the COVID-19 pathogen in the myocardium while
studying autopsy materials from patients with COVID-19
who did not have a clinical picture of fulminant myocarditis.
However, it was found primarily in interstitial cells and
macrophages that penetrated into the myocardium rather
than in cardiomyocytes. The presence of the virus was not
associated with increased mononuclear infiltration of the
myocardium, and no histological signs of myocarditis were
detected, i.e., no massive cellular infiltrates or necrosis
areas were reported [6]. Other authors have reported timilar
findings [7, 8]. According to Fox et al. [9], 10 autopsies of
African Americans who died from COVID-19 revealed single-
cell necrosis (without large areas of cardiomyocyte necrosis)
in the myocardium without overt lymphocytic myocarditis.
This suggested that viral particles were present in cardiac
macrophages caused by a viremic phase or migration of
infiltrated alveolar macrophages into extrapulmonary tissues.
Moreover, the possible cardiotoxicity of drug therapy cannot
be overlooked in the genesis of inflammatory myocardial
damage identified at autopsy in patients with COVID-19 [10].
Another potential mechanism for cardiac lesion is direct
virus entrance into the endothelial cells of the heart. The
endothelium is a para-, auto-, or endocrine tissue, and its
damage causes microvascular dysfunction and a shift in
vascular homeostasis toward vasoconstriction, resulting
in organ and tissue ischemia, inflammation, edema, and
thrombosis. SARS-CoV-2 enters endothelial cells through
angiotensin-converting enzyme 2 (ACE2) receptors, causing
active inflammation. Some authors describe SARS-CoV-
2-induced diffuse vasculitis: presumably, endothelitis can
cause multiple organ damage typical of COVID-19 caused
by microvascular dysfunction [11]; however, these data are
currently limited and require additional confirmation.
Another theory is that cardiac lesion is triggered
by an overactive immune system that releases various
inflammatory mediators, and this condition is commonly
described as “cytokine storm.” The activation of platelets,
neutrophils, and other components of the inflammatory
response results in micro- and macrovascular thrombosis,
which leads to vascular occlusion and cell death. Both arterial
and venous thrombosis is common in COVID-19 [12]. In an
observational study, patients with COVID-19 and ST segment
elevation myocardial infarction had higher troponin levels and
higher incidence of thrombosis than patients with COVID-19
but without infarction [13]. Acute coronary syndrome without
signs of coronary occlusion is also quite common. According
to Bangalore et al. [14], only 44% of 18 patients with COVID-19
and ST segment elevation on the ECG were diagnosed with
acute coronary thrombosis resulting in myocardial infarction,
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and non-coronary myocardial damage was observed in 56%
of cases. Diagnostic quandaries are fairly common in these
circumstances, particularly considering the nonspecific
symptoms of myocarditis, which include fatigue, dyspnea,
tachycardia, and chest tightness.

Inflammatory myocardial injuries seen in COVID-19
include fulminant myocarditis, which causes a rapid decrease
in the left ventricular contractility, most often secondary to
bilateral lung damage, and pericardial effusion leading to
cardiac tamponade. Cardiogenic shock affects roughly one-
third of patients, and the mortality rate is approximately 26%.
Isolated cases of fulminant myocarditis following vaccination
against COVID-19 have been reported; however, the disease
has a less severe course. A study reported that the risk
of fulminant myocarditis is influenced not by COVID-19 or
vaccination but by a predisposition [15].

Rhythm disturbance is one of the most serious clinical
manifestations of cardiac lesion. Although the true prevalence
of this condition is unknown, evidence shows that arrhythmia
results in a transfer to the intensive care unit in 44.4% of
cases [16]. Moreover, determining how many COVID-19
arrhythmias are caused by electrolyte imbalance or pre-
existing rhythm disturbance is difficult; moreover, arrhythmia
can develop in myocarditis [17]. In a study by Peretto et al.
[18], 78.7% of patients with confirmed myocarditis had some
forms of ventricular arrhythmia. Thus, the pathophysiology
of rhythm disturbance is affected by the stage of myocardial
damage, and the characteristics of arrhythmia in acute and
healed myocarditis vary.

Possible mechanisms of rhythm disturbance in COVID-19
are direct damage to cardiomyocytes with impaired
plasma membrane integrity and electrical conductivity,
pericardial infection and massive edema, ischemia due
to microvascular pathology caused by pericyte infection,
arrhythmias caused by myocardial fibrosis, and action of
pro-inflammatory cytokines [19, 20]. The latter mechanism
is based on inflammatory cytokines, including interleukin-6
(IL-6), displacing the desmosome protein plakoglobin from
the membrane of cardiomyocytes [21]. This can result in
arrhythmias because insufficient cell adhesion is hypothesized
to harm the membrane, resulting in cell death and eventual
fibrosis. One of the primary mechanisms of arrhythmogenic
cardiomyopathies is a decrease in the surface expression of
desmosome proteins is [22]. Evidence shows that patients
with COVID-19 have higher serum concentrations of IL-6
[23], and the level of IL-6 correlated with the severity of the
patient’s condition. Thus, COVID-19 is most likely to blame
for rhythm disturbances, particularly if a patient has a genetic
susceptibility. Notably, the first three scenarios can occur in
active myocarditis, whereas the last two can occur in chronic
or healed myocarditis.

COVID-19 predisposes a cohort of professional athletes to
myocarditis. In turn, myocarditis, contributes significantly to
the pathogenesis of sudden cardiac death in athletes. Physical
activity can trigger life-threatening cardiac arrhythmias and
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affect immune function: moderate-intensity exercise can
boost the immune system, whereas high-intensity exercise
sharply lowers the immune response [24]. The condition
of the muscle layer of the heart causes sudden death in
acute myocarditis: the affected myocardium is predisposes
a patient to ventricular arrhythmias; in chronic myocarditis,
myocardial fibrosis contributes to ventricular arrhythmias by
the formation of re-entry sites in adjacent areas. As a result,
current guidelines recommend limiting physical activity for
3-6 months after a diagnosis of myocarditis [25].

Studies have reported myocardial infarction after
COVID-19. Several possible mechanisms for this complication
have been proposed, including viral envelope glycoprotein
binding to porphyrin and the hemoglobin beta chain, which
produces hypoxia and, as a result, type 2 myocardial
infarction caused by an imbalance between myocardial
oxygen demand and supply. In addition, we hypothesized that
the prothrombotic condition associated with COVID-19 plays
a role in the pathogenesis of myocardial infarction, which
may contribute to the development of type 1 myocardial
infarction associated with atherosclerotic plaque instability
[26]. However, evidence shows that patients with COVID-19
have higher levels of thrombophilia than hospitalized patients
with severe pneumonia of another etiology, indicating the
likely role of other mechanisms [27].

COVID-19-related cardiac lesions often result in heart
failure. Possible causes include direct viral damage to the
myocardium, inflammatory damage, imbalance between
oxygen demand and supply, and increased atherothrombosis
caused by plaque instability. Prior cardiac disease is
a predictor of more severe clinical manifestations and
increased mortality in these patients [28].

Takotsubo syndrome, characterized by high troponin
and brain natriuretic hormone (NT-proBNP) levels, T wave
inversion, and ST segment elevation on the electrocardiogram,
as well as signs of ballooning of the middle and apical
segments of the myocardium according to imaging,
is a less common cardiac manifestation of COVID-19.
Psycho-emotional stress is the most prevalent cause of
takotsubo cardiomyopathy, which results in the release of
catecholamines, which is not uncommon in a pandemic [17].

The main mechanisms of structural heart damage and the
clinical manifestations they cause are summarized in Fig. 1.

Diagnosis of myocarditis,
including COVID-19-associated myocarditis

In clinical practice, diagnosing myocarditis can be
difficult. In 2013, the European Society of Cardiology Working
Group on Myocardial and Pericardial Diseases established
presumptive and definite criteria for myocarditis diagnosis.
Myocarditis is suspected based on the clinical presentation
(chest pain), electrocardiogram findings (ST segment
elevation), laboratory findings (e.g., high troponin), and
imaging findings such as echocardiography and magnetic
resonance imaging (MRI) [29]. The effectiveness of the
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Generalized inflammatory response, viremic phase, or migration of infiltrated alveolar
macrophages into extrapulmonary tissues

Virus entrance into endothelial cells of the heart, microvascular dysfunction, predominant
vasoconstriction, and thrombosis

Possible mechanisms

Direct damage to cardiomyocytes due to the virus entering via ACE2 receptors

T Cardiotoxicity of drug treatment

Structural heart damage

Post-inflammatory myocardial fibrosis

in COVID-19

Inflammatory damage (myocarditis including fulminant, and pericarditis)

v Acute myocardial infarction

Clinical manifestations

Cardiac rhythm disturbance

High markers of myocardial damage without clinical manifestations of heart failure

Inflammatory structural heart damage after vaccination against COVID-19

Fig. 1. Main mechanisms of structural damage in the heart of patients with COVID-19 and the clinical manifestations they cause.

latter technique is also emphasized in Russian guidelines
for myocarditis diagnosis [30].

MRI is a valuable tool for diagnosing myocarditis
according to the Lake Louise Criteria, originally published
in 2009, which at that time included the evaluation of signs
such as signal hyperintensity on T2-weighted imaging
(T2WI), short T1 inversion recovery, and delayed non-
coronary contrast uptake [31]. The use of the original Lake
Louise Criteria was limited because of the subjectivity of
the qualitative assessment of the above signs. Therefore,
in 2018, the criteria were revised and supplemented with
parametric mapping, allowing us to measure the regional
and global T1 and T2 relaxation times of the myocardium
and the extracellular volume (ECV). The 2018 Lake Louise
Criteria have higher sensitivity and specificity (88% and 96%,
respectively) [32]. On MRI, inflammatory structural heart
damage can be confirmed if at least one criterion is present
in each of the two categories: T2WI signs of myocardial
edema (myocardial hyperintensity or elevated T2) [33] and
T1WI signs of myocardial damage (non-ischemic pattern of
delayed contrast uptake or elevated T1 and/or ECV) [34]. If
only one marker is present, inflammatory myocardial damage
is still considered in the presence of relevant clinical and/or
laboratory signs; however, the specificity of MRI is lower in
this scenario. Systolic dysfunction (hypo- or akinesia areas)
and pericarditis (contrasted pericardial layers) are additional
(but not mandatory) signs. These criteria should only be used if
there’s a clinical suspicion of inflammatory cardiac lesion, not
as a screening strategy in asymptomatic cases. Furthermore,
MRI helps in identifying important factors associated with
myocarditis, such as signs of cardiomyopathies, which can
all worsen a patient’s prognosis [35].
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A crucial component of diagnosis is the need to rule
out coronary artery lesions, particularly when the clinical
picture does not rule out coronary heart disease [36].
However, even ruling out coronary artery disease does
not allow us to be certain that the clinical symptoms are
caused by myocarditis; in addition, various types of non-
coronary myocardial damage exist. Endomyocardial biopsy
is frequently required, which also helps in discovering the
causative factor of the damage. Despite this, biopsy is rarely
performed in patients who do not have heart failure and/or
imminent cardiac arrhythmias because of its invasiveness
and complications. According to current guidelines of the
American Heart Association, a biopsy is required in patients
with new-onset heart failure and hemodynamic instability
to rule out giant cell or eosinophilic infiltration, for which
there is a specific therapy; if untreated, the prognosis is
usually poor [37].

Histological findings of biopsy and autopsy of the heart
for myocarditis were summarized in the Dallas criteria
(Dallas, 1985) and defined as histological evidence of
inflammatory infiltrates in the myocardium associated with
non-ischemic degeneration or necrosis of cardiomyocytes
[38]. Myocarditis is classified as borderline when there is
lymphocytic infiltration but no necrosis. However, in viral
myocarditis, the Dallas criteria are not always effective:
on average, the criteria for myocarditis are lacking in 50%
of such cases with verified presence of a pathogen [39].
The Dallas criteria have recently been updated to include
immunohistochemistry findings that allow for the presence
of an aberrant inflammatory infiltration [36]. In addition, signs
of non-ischemic degeneration and necrosis of myocytes must
be observed.
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The presence of an inflammatory infiltrate in the
absence of cardiomyocyte necrosis is also possible in
the normal myocardium [40]. Myocarditis is primarily
determined by the nature of the inflammatory infiltrate
(accumulation of inflammatory cells around myocytes with
a predominance of lymphocytes over macrophages) and
presence of myocardial necrosis. Referring to the most
recent literature data, classifying myocarditis as infectious
(the presence of a laboratory-confirmed pathogen) or non-
infectious (the absence of such) is necessary. Because of the
existence of non-infectious myocarditis, whether myocardial
biopsy should be used to diagnose myocarditis has been
controversial. Currently, this method is not used to diagnose
myocarditis, particularly COVID-19-associated myocarditis;
instead, diagnosis is based on circumstantial evidence, such
as echocardiography or MRI abnormalities [41].

In general, the criteria for diagnosing myocarditis in
COVID-19 remain the same; however, the path to this diagnosis
may differ from that in other etiologies of myocarditis, which
is mostly due to the need to protect healthcare professionals
from infection.

Some laboratory parameters are suggestive of COVID-
19-associated myocarditis, lymphocytopenia is common
(up to 83% of patients), and as the disease progresses,
the role of inflammatory markers (D-dimer, ferritin, and
C-reactive protein) becomes more important [42]. High
troponin levels are suggestive of possible myocardial
damage and may indicate acute myocarditis. High troponin
levels, combined with high levels of inflammatory markers,
indicate a hyperinflammatory state and multiple organ
failure [43]. Furthermore, high NT-proBNP levels may
indicate hemodynamic overload [44].

Electrocardiographic markers of myocardial injury are not
pathognomonic for myocarditis: numerous patterns, ranging
from sinus tachycardia to ST elevation and T wave inversion,
were reported [44].

Echocardiography is the first-line imaging modality in
both stable and unstable cases with suspected myocarditis.
However, this method has limitations in detecting myocarditis:
for example, ventricular dysfunction can be caused by
various other ischemic and non-ischemic disorders and is
not a pathognomonic sign of myocarditis, and a normal left
ventricular ejection fraction does not rule out myocarditis [45].

In general, cardiac lesion is determined by an increase in
cardiac troponin levels, which occurs in 18%-28% of patients
with COVID-19 [28]. As previously stated, detecting myocarditis
in patients with COVID-19 is uncommon: for example, only
approximately 7.8% of such cases were identified in a major
review of 277 reports (22 studies) on the autopsy of the
myocardium of patients who died from COVID-19. However,
other histopathologies are associated with this disease: an
inflammatory infiltration without signs of myocarditis was
detected in 12.6% of cases, ischemia damage to individual
cardiomyocytes in 13.7%, and acute myocardial infarction in
4.7% [46]. The reported 60% incidence of myocarditis on MRI
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in COVID-19 survivors contrasts strongly with the relatively
low incidence of myocarditis at autopsy. For example, in
a study of 15 patients with characteristic symptoms who
recovered from COVID-19, signs of myocardial damage
(edema, fibrosis, and ventricular dysfunction) were observed
on MRI in 58% of cases [47]. Another study with a similar
design showed that 78% of convalescents had MR signs of
myocardial damage, whereas troponin levels were high in
75% of cases [48]. Even after recovery, the risk of cardiac
lesion and subsequent ventricular dysfunction remains.

Scientists are actively working to develop fundamentally
new methods for diagnosing myocarditis in cases where
cardiac MRI does not always detect myocarditis due to method
limitations, and myocardial biopsy is not recommended
because of the inability to detect the virus in cardiomyocytes.
These include detecting microRNA produced by T-helper type
17, which are active participants in acute myocardial damage
and development of myocarditis and dilated cardiomyopathy
in its aftermath. Researchers have already identified a new
microRNA as a marker of myocarditis in murine models
(with experimental autoimmune and viral myocarditis) and
its human homolog. This marker allows differentiating
myocarditis from myocardial infarction. Nonetheless,
more questions require answers: for example, the greater
variability in the level of this microRNA and whether this
reflects the severity of the patient’s condition; and whether
it will differentiate between conditions such as myocarditis
and dilated cardiomyopathy [49]. Further research in this area
will help in developing a method for non-invasive diagnosis
of myocarditis.

During earlier coronavirus epidemics, cases of
myocarditis were either not found (as with SARS) or were
isolated (as with MERS) [50, 51]1. The tropism of the COVID-19
pathogen to cardiomyocytes was generally because of the
limited expression of ACE2 receptors on the surface of these
cells. These and other findings suggest that endothelial
cell activation, cytokine storm, electrolyte imbalance, and
other potential immune mechanisms may directly cause
myocardial damage in COVID-19 [46]. Furthermore, in the
context of electrocardiographic abnormalities and positive
troponin tests in normal coronary arteries, takotsubo
syndrome should not be overlooked as a potential cause of
myocardial damage [52]. In addition, myocarditis should be
differentiated from other disorders such as sepsis-associated
cardiomyopathy and acute coronary syndrome (particularly in
fulminant myocarditis).

Myocarditis due to COVID-19 vaccination

Currently, no etiotropic therapy is available for COVID-19,
and vaccination is the primary method of combating
the pandemic; effective vaccines lower mortality rates
dramatically. To date, the following vaccines are the most
well-known worldwide: AstraZeneca/Oxford, Johnson and
Johnson, Moderna, Pfizer/BioNTech, Sinopharm, Sinovac,
and Sputnik V. Several vaccine principles have been
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proposed, including RNA- and DNA-based preparations
(i.e., an approach that uses genetically modified RNA or
DNA to create a protein that triggers an immune response,
and vector-based preparations (i.e., using a harmless
virus that cannot cause disease but serves as a platform
for the production of coronavirus proteins that trigger
an immune response), inactivated vaccines (a weakened
virus to trigger an immune response), and protein-based
vaccines (safe proteins or protein fragments that mimic
the COVID-19 pathogen to trigger an immune response).
AstraZeneca/Oxford, Johnson and Johnson, and Sputnik V
vaccines are based on DNA delivered via a non-replicating
recombinant adenovirus vector system. Moderna and Pfizer/
BioNTech vaccines are based on mRNA technology and lipid
nanoparticle delivery system [53-56]. Vector-based vaccines,
such as mRNA-based vaccines, boost SARS-CoV-2 S protein
production, which is the principal target for neutralizing
antibodies produced by natural infection or vaccination.

During the vaccination program, data on the side effects
of vaccines are published over time. In some cases, these
reactions are thought to cause increased platelet aggregation,
thrombosis, and inflammation. A possible mechanism is the
synthesis of freely circulating spike proteins that can interact
with ACE2 receptors by cells in the body that are targeted by
vaccines [57].

Myocarditis and pericarditis have been reported [58,
591 following COVID-19 vaccination (usually within 6 h to
4 days), predominantly in patients who received mRNA-
based vaccines (Pfizer and Moderna). In Israel, two large
retrospective studies have been conducted in patients who
received the Pfizer vaccine. One of these studies, with
>5.1 million participants (21 days after the first dose and
30 days after the second dose), discovered 136 cases of
myocarditis; 95% had mild symptoms, and one case was fatal
[60]. Such symptoms were observed to be common in young
men. Another study in Israel examined the medical records
of more than 2.5 million Pfizer vaccinated patients and
discovered that myocarditis occurs in 2.3 per 100,000 people.
However, in young people aged 16-29 years, the incidence
was 10 per 100,000 people [61]. In addition, those infected
with the COVID-19 pathogen have an 18.28 times higher
risk of myocarditis than those who are not infected, i.e., a
significantly higher risk of myocarditis than after vaccination
(on average 3.24 times higher than in unvaccinated patients)
[62]. Although the symptoms of myocarditis were observed
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“ MocKoBcKMit rocynapcTeeHHbIl yHuBepcuTeT uMenn M.B. NomoHocosa, Mocksa, Poceuiickas ®epepauns

5 Hay4Ho-NpaKTM4ECKMIA KIMHUYECKWIA LEHTP ANArHOCTUKN W TeNEMEeANLIMHCKUX TexHonoruid, Mocksa, Poccuiickas ®epepaumst

AHHOTALIMA

06o0cHoBaHue. OTCYTCTBME B OTEUECTBEHHOW MPAKTUKE YTBEPKAEHHBIX METOAMK pacyéTa U CMCTEMATU3UPOBAHHBIX AaHHbIX
B OTHOLLUEHMM [103 00/1y4eHUs NNOAA NpU PEHTTEHOPAAMONOrNYECKUX UCCIIEA0BAHUAX Y DepEMEHHBIX 3aTPYLHAET UX NPaKTU-
yecKoe npuMeHeHue. [laHHasa npobnema 0cobeHHO aKTyanbHa A1 KOMMbOTEPHOK TOMOrpadum Kak LUMPOKO pacnpoCcTpaHeH-
HOro BbICOKOMH(OPMATMBHOIO METOAA Ny4eBOI AMArHOCTUKM, acCOLMMPOBAHHOMO CO 3HAUYMUTESbHBIMU YPOBHAMM 0651y4eHMs
MaLMeHTOB.

Lenbo — cucteMatmampoBaTh CyLLecTBYIOLIME AaHHbIE O MOTMOWIEHHBIX [03aX B Miofe Npu NpOBELEHUM KOMIMbIOTEPHOI
TOMorpaguu.

Marepuans! u MeToabl. [IpoBeAeHbI NOUCK W aHaNW3 NyBNIMKaLMiA Ha PYCCKOM W aHINMIACKOM A3biKax. Mouck ocyLuecTensncs
B cucteMax PubMed/Medline, Google Scholar v eLibrary. B okoH4YaTenbHbIN aHanus BKAOYEHO 12 nybnmMKaumiA, B TOM uucne
8 uccnenoBaHW € MCMOMb30BaHUEM aHTPONOMOPGHbLIX (GaHTOMOB, 3 PETPOCNEKTUBHBLIX U 1 MPOCMEKTMBHOE KIIMHMYECKOE
uccnenoBaHue.

Pesynbtathl. Hanbonee BbiCOKME 3HayYeHWs MOTOLLEHHBIX 03 B N04E NONyYeHbl NpKU NPOBELEHUM KOMMBHTEPHBIX CKa-
HUPOBaHWi OpIOLLIHOIA NOMOCTM M Manoro Tasa, a TaKKe CKaHWPOBaHWM BCero Tena. Bo BKYEHHBIX B 0630p nybimnKaumsx
He 3adUKCMpPOBaHO NPEBbILLEHNS NPeAebHO A0MYCTUMOI 103bl 00/Ty4eHNs NNoAa.

3akntouenue. pu npoBeseHNM 0JHOKPATHBIX 0AHOGMA3HBIX KOMMBHTEPHBIX CKAHUPOBaHWNA Y BepeMeHHbIX NpeBbILLEHME [10-
nycTUMOro nopora normoLéxHoi Ao3bl 100 MIp B Nnoae ManoBeposTHO HE3aBMCMMO OT 30HbI CKAHUPOBAHWSA, YTO NO3BONSET
Ha3HayaTb UcCefoBaHMe MPU HaNMYMW KIMHUYECKUX NOKa3aHuin. OHaKo 3TOT NOpor MOXeT ObiTb NPEBbLILLEH MPWU MHOMO-
KpaTHbIX UM MHOrohasHbIX UCCefo0BaHUSAX METOAOM KOMMbOTEpPHOM ToMorpadum bpIoLLHOI NONOCTU M Manoro Tasa, a Tak-
JKe BCero Tena npu TpaBMe. B Takux cnyyasx MynbTUAMCLMNIMHAPHON KOMaHAO0M CMeLuanucToB no paguaumMoHHoi besonac-
HOCTU (BPaUM-pEHTTEHOMOMM U KIIMHUYECKWE CNELMAnUCTLI) fOMMHA ObITb NPOBEAEHA LOMNOSHUTENbHAsA OLEHKA PUCKOB.

KnioueBble cno.a: 6epEMEHHOCTb; pa,U,VIaLI,MOHHbIVI PUCK; O03a 06ﬂyLIEHVIH OpraHoB; AuMarHoCcTuyecKaa Bu3yanusauus;
PUCK Aanda nnoaa Bo BpeMA 6epEMEHHOCTM; 06J'Iy‘-IEHME; KOMMbKOTEPHaA TOMOFpad)MFI; MOrNOLLEHHBIE 103bl B NNOJE.
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Evaluation of fetal absorbed doses from computed
tomography examinations of pregnant patients:
A systematic review
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ABSTRACT

BACKGROUND: Currently, no systematic data are available on fetal radiation exposure as a result of radiographic studies
during pregnancy. Consequently, there are no approved methods of its calculation that can be used in clinical practice. It is
especially relevant for computed tomography scans as it is a widely used and highly informative method of diagnostic imaging
associated with high exposure levels.

AIM: to systematize currently available data on radiation dose absorbed by the fetus from computed tomography scans in
pregnant women.

MATERIALS AND METHODS: The search for publications in Russian and English was conducted in PubMed/Medline, Google
Scholar and eLibrary. The final analysis included 12 papers including 8 studies using human body phantoms, 3 retrospective
studies and one prospective clinical study.

RESULTS: Abdominal and pelvic computed tomography scans as well as whole-body scans were found to be associated with
the highest fetal radiation exposure. However, in none of the publications the fetal exposure limit was exceeded.
CONCLUSION: Clinically indicated non-contrast-enhanced computed tomography scans in pregnant women are not likely to be
associated with the fetal absorbed doses that exceed the limit of 100 mGy regardless of the scanned area. However, this limit
might be exceeded in case of performing multiple studies or if multiphase abdominal or pelvic computed tomography scans, or
whole-body computed tomography scans are performed in patients with multiple trauma. In these cases, a decision regarding
the need for these investigations should be made by a multi-disciplinary team (including radiation safety specialists, diagnostic
radiologists and clinicians) based on the results of additional risk assessment.

Keywords: computed tomography scans; pregnancy; radiation risk; organ dose; diagnostic imaging; fetal absorbed dose;
fetal risks pregnancy radiation.
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BACKGROUND

During pregnancy, the safety of diagnostic radiology is a
priority for radiologists and other specialists. Until the middle
of the 20th century, medical imaging methods using ionizing
radiation sources were widely used in obstetrics for diagnostic
and therapeutic purposes. However, later experimental and
epidemiological data on the effects of ionizing radiation on fetal
development were obtained. The International Commission
on Radiation Protection established limitations for the use of
ionizing radiation during pregnancy [1].

The negative effects of ionizing radiation are usually
classified into deterministic and stochastic effects.
Deterministic effects are associated with direct cell damage
or death resulting from radiation exposure above the threshold
level. The probability of these effects depends on the radiation
dose and gestational age of the fetus. The main fetal risks
include congenital malformations of the internal organs and
central nervous system (such as neurological disorders and
developmental delays). The severity of the deterministic effects
is proportional to the dose and frequency of examinations.

Fetal sensitivity to radiation depends on the gestational
age of the fetus. Organogenesis (pregnancy weeks 5-17 or
post-conception weeks 3-15) is the most dangerous period
for radiation exposure. In the second and third trimesters,
fetal resistance to radiation increases; however, in this
period, exposure to >500 mGy can still lead to adverse
effects, including growth retardation and malformations [2].

Currently, the no-effect threshold value of the fetal
absorbed dose is 100 mGy [3,4]. International professional
sacieties (International Commission on Radiation Protection,
U.S. National Council on Radiation Protection, American
College of Radiology, and American College of Obstetricians
and Gynecologists) consider the risk of spontaneous abortion
and serious malformations to be negligible in fetuses exposed
to radiation doses <50 mGy [3-6].

Stochastic effects are radiation-induced changes in cells
that can lead to malignant neoplasms. Stochastic effects do
not have a threshold, and data on the corresponding risk are
inconsistent [7]. According to the clinical practical guidelines
of the American College of Radiology, an absorbed fetal dose
of 20 mGy corresponds to a cancer risk of 1/125 in addition
to background incidence [6]. According to the International
Commission on Radiation Protection, the fetal cancer risk is
lower and is 1/500 at the fetal absorbed dose of 30 mGy.
In Russian research practice, the risk of radiation-induced
cancers and genetic fetal effects following medical radiation
exposure have not been examined [8].

Improvements in medical imaging techniques have led
to their widespread application and use in the differential
diagnosis of some life-threatening conditions, which requires
an assessment of their safety in pregnancy. A quantitative
evaluation of fetal radiation exposure level is the most
reliable assessment of the safety profile of medical imaging
techniques in pregnancy. Moreover, pathological conditions
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that most often require various imaging studies in pregnant
patients must be assessed, such as pulmonary embolism
(PE), aortic dissection, polytrauma, urolithiasis, acute
appendicitis, and lung damage in COVID-19 [9-12].

Fetal safety is the main parameter for imaging technique
selection in pregnant women [6]. To reduce potential risks
of negative effects, pregnant patients should be protected
from radiation using recommended means. Unfortunately,
in Russian practice, no such recommendations have bheen
established, and no Russian data on fetal exposure doses
when using certain medical imaging techniques are available
[8]. Thus, the authors conducted this systematic review to
summarize and analyze current data on fetal radiation
exposure levels when using computed tomography (CT), the
highest-dose imaging technique.

MATERIALS AND METHODS
Study design

The systematic review was based on PRISMA guidelines
(2009).

Literature search

Study materials included scientific publications searched
from PubMed/Medline, Google Scholar, and eLibrary
databases. Existing foreign and national guidelines for
imaging studies in pregnancy were also reviewed. The
following keywords were used: CT, pregnancy, radiation
risk, organ dose, diagnostic imaging, fetal risks pregnancy
radiation, computed tomography, and fetal absorbed doses.

Following the database search query, duplicate results
were excluded. The content of the selected studies, including
parameters such as the year of publication, study design,
purpose, methodology, and results were analyzed, and
publications on non-ionizing techniques of diagnostic
radiology were excluded. The systematic review excluded
studies that did not measure fetal and uterus absorbed doses
and studies measuring dose loads during radiation therapy
and fluoroscopy. Finally, the systematic review included
12 studies. The study design is presented in Fig. 1.

Estimated parameters

The systematic review evaluated selected publications
using the following parameters: doses absorbed by the fetus/
embryo, gestational age, pathological condition, anatomical
area of interest, method of absorbed dose estimation, and
number of studied cases using CT in pregnant women. The
systematic review included clinical and experimental studies
using anthropomorphic phantoms.

RESULTS

In total, 837 studies were found in PubMed/Medline,
Google Scholar, and eLibrary databases for the following
search queries: “CT radiation risk in pregnancy,” “fetal
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absorbed doses from diagnostic imaging,” “CT fetal
dosimetry,” and “assessment of fetal doses in CT" from 2007
to 2022. After a preliminary analysis and removal of duplicate
results, 12 studies in English and Russian were included
in the review, including 8 studies using anthropomorphic
phantoms, 3 retrospective studies, and 1 prospective clinical
study. Each study was evaluated by the study type and design,
measurement method, and calculation method of absorbed
doses. Information on studies is summarized in Tables 1-7.

Measurement and calculation of absorbed doses

Absorbed doses were measured using a thermoluminescent
dosimeter (TLD) or metal oxide semiconductor field-effect
transistor (MOSFET). In 2 of 8 studies, a virtual phantom
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technology was used, which involves mathematical modeling
of the absorbed doses.

Absorbed doses were estimated based on measurement
results or using special software for assessing absorbed
doses in radiosensitive organs and tissues (ImPACT MC, CT
EXPO, NCICT 3.0, and virtual dose CT).

In 2 of 4 clinical studies, absorbed doses were
calculated using the special calculation program ImPACT.
Two other studies did not provide information on calculation
methods.

The gestational age modeled in anthropomorphic
phantoms ranged from 5 to 40 weeks. In 5 of 8 studies, the
scan length was 32 cm, which corresponds to the length of a
standard phantom. In four studies, programs with decreased

Additional publications identified
by the manual search,
n=23

Publications after duplicate removal,

n=367

Excluded publications,
n=275

Excluded publications,
n=80

Excluded publications without evaluating
absorbed doses, publications evaluating
dose loads during radiation therapy, and
fluoroscopic studies

T
Publications identified
S by the database search,
® n=814
!'g
- v
N
T ¢—l
g Analysis of abstracts,
= n=367
2
v ]
N
T
Y
= Content analysis
= of publications,
=9 n=92
g
<C
_/
T
i
f =
o . .
@ Studies included
= in the systematic review,
[ =
- n=12
N

Fig. 1. Study design in the PRISMA scheme.
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scan length were also used, and three studies used programs
with increased scan length.

Comparative analysis

The fetal absorbed doses were compared in several
groups by anatomical scan regions including chest, abdomen,
pelvis, and whole body in trauma (Tables 5-7).

Considering the presented data of phantom studies,
two pairs of studies were combined (Vodovatova et al. [8]
and Gu et al. [13], and Kelaranta et al. [14] and Angel et
al. [15]) to determine general patterns in absorbed dose
change depending on the gestational age and scan region.
In these studies, the gestational age and scan regions were
comparable (chest in studies by Vodovatova and Gu, and
abdomen or pelvis in studies by Kelaranta and Angel), and
similar technical scan parameters (exposure, pitch factor,
and voltage) were reported. The comparable nature of the
above data made it possible to compare pooled data. The
results of the comparative analysis are presented in Fig. 2.
Chest scan showed a significantly lower fetal absorbed dose
than the abdominal scan. In addition, in chest CT, the fetal
absorbed dose tends to decrease slightly with increases in
gestational age. To confirm these findings, more powerful
studies are needed.

Finally, evidence suggests that the fetal absorbed
dose threshold of 100 mGy [3,5] indicated in regulatory
and methodological documents significantly exceeds the
observed levels of fetal exposure during phantom studies.
Moreover, exposure levels of 20 and 30 mGy [5,6], potentially
leading to stochastic effects, are not achieved in single-phase
CT on a once-only basis.

Table 1. Characteristics of studies using anthropomorphic phantoms
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In all clinical studies included in the systematic review
(except for the study by Goldberg-Stein et al. [16]), the
fetal absorbed doses also did not exceed the above range
of 20-100 mGy. In the study by Goldberg-Stein et al. [16],
scan parameters were overestimated (up to 140 kV and
815 mAs), which led to a high fetal absorbed dose. Moreover,
multiphase CT and multiple examinations were considered
(highlighted in the text of the publication).

This comparison allows radiologists to conduct one
single-phase CT in eligible pregnant women without undue
concerns. If repeated scans are necessary, additional risk
assessment shall be performed.

DISCUSSION

The main approaches to radiation safety in pregnant
women are similar to those in other populations. In
general, if ultrasound and magnetic resonance imaging
are impossible to use as diagnostic techniques, ionizing
radiation techniques should be used only in life-
threatening situations with minimized radiation doses
[17]. Life-threatening complications requiring diagnosis of
pathological conditions should exceed the potential negative
effect of diagnostic techniques. The choice of imaging
techniques should be regulated in clinical standards of
care with recommendations for their use in established or
suspected diseases.

For the safe use of ionizing diagnostic techniques, the
level of fetal absorbed doses must be monitored during the
examination, and duplicate studies should not be conducted
whenever appropriate [18].

Source

Method for measuring doses

| Estimated absorbed doses

Angel et al. 2008 [15]

Not reported

ImPACT; MC; CT Expo

Begano et al. 2020 [33] TLD VirtualDose CT

Doshi et al. 2008 [36] TLD According to TLD measurements
Kelaranta et al. 2017 [14] MOSFET ImPACT MC

Vodovatov et al. 2021 [8] Not reported NCICT3.0

Gilet et al. 2011 [37] TLD According to TLD measurements
Gu et al. 2009 [13] MOSFET According to legygrxmeasurements
Jaffe et al. 2008 [26] MOSFET According to MOSFET measurements

Note. MOSFET, metal oxide semiconductor field-effect transistor; TLD, thermoluminescent dosimeter.

Table 2. Characteristics of clinical studies

Paper

Type of study

Estimated absorbed doses

Lazarus et al. 2009 [29]
Goldberg-Stein et al. 2011 [16]
Litmanovich et al. 2009 [32]
Lazarus et al. 2007 [30]

Retrospective clinical study
Retrospective clinical study
Prospective clinical study
Retrospective clinical study

Not reported
ImPACT
ImPACT

Not reported

DAl https://doiorg/1017816/DD472150
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Table 3. Protocols of CT for anthropomorphic phantoms
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. Voltage, Exposure, Pitch Gestational Scan length,
Source CT machine model KV mAS factor age, weeks cm
Angel et al. -
2008 [15] LightSpeed 16, GE 120 100-300 1,375 5-36 46,2
Definition Flash
Begano et al. . 32 cm, standard program;
CT (Siemens 120 85 1,5 28-38
2020 [33] Healthineers,Germany) 22 cm, short program
Siemens
Sensation
Doshi et al. 16 Siemens 32 c¢m, standard program;
2008 [36] Somatom 100-130 125-250 1,25 35-40 27 cm, short program
Emotion / Marconi
MX8000
LightSpeed 4
Gilet et al. LightSpeed 16 . _
2011 [37] LightSpeed 64 VCT, 120 100-500 1,375-1,5 5,10, 18, 32 32
GE Healthcare
Gu et al. LightSpeed 16 22 cm, ches;
2013 [13] GE-MDCT 80-140 100 1,375 15,2031 36 cm, abdomen
. 27 c¢m, chest;
Kelaranta et LightSpeed 64-MDCT 400 159 100300 1,375 12,20, 28, 38 32 cm, abdomen;
al. 2017 [14] GE 94 cm. trauma
Ingenuity 128, Philips
Somatom Definition AS, 8 10.12. 15
Vodovatov Siemens oL af A
et al. 2021 [8] Somatom Scope, 100-130 60-142 1,048-15 20, 2555'30, 35, 33
Siemens
Emotion 16, Siemens
Jaffe et al. GE LightSpeed
2008 [26] 16-MDCT 140 300-380 0,9-1,75 5 32
Table 4. Protocols of CT for pregnant women
. Voltage, Exposure, Pitch Gestational Scan region
Source CT machine model kv mAs factor age, weeks (anatomical landmarks)
Either single-detector
row scanner
(CTI GE Healthcare,
Lazarus et al. Waukesha, WI), 4 MDCT
2007 [30] Lightspeed; GE 140 - - 5-40 Abdomen
Healthcare) 16-MDCT
Somatom; Siemens,
Malvern
Lazarus et al. ) ) ) ) ) CHr?:sdt
2009 [29] Abdomen and pelvis
. . Chest
Litmanovich . .
64-MDCT LightSpeed Aortic arch
F;zé}l' 2009 VCT 100 200 0,984 5-3 to the diaphragmatic cupula
19.846 + 2.98 cm
LightSpeed Plus,
Goldberg- LightSpeed 16 Pro,
Stein et al. LightSpeed Qx/I, High- 120-140 180-716 0,9-15 5-36 Abdomen and pelvis
2011 [16] Speed RP,HighSpeed

CT/GE Healthcare)

DAl https://doiorg/1017816/DD472150
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Table 5. Systematized data on the assessment of fetal absorbed doses in chest CT
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Volume CT dose

. DLP, Gestational age, | Fetal absorbed dose, | Uterus absorbed
Source index (CTDI vol), G K G d G
mGy mGyxcm weeks mean, mGy ose, mean, mGy
In phantom studies
12 0,03 0,04
476,63— 20 0,08 0,09
Kelaranta et al. 2017 [14] 1,34-1,97 582,22 28 0.14 0,29
38 0,22 1,13
Doshi et al. 2008 [36] - - 35-40 0,23 -
Begano et al. 2020 [33] 1,5-4,0 44-137 28-38 0,02-0,12 -
Gilet et al. 2011 [37] - - 5-32 0,33-0,77 -
15 0,13 0,17
Gu et al. 2013 [13] 8,1-14,7 - 20 0,21 0,33
31 0,26 0,37
8 0,09 0,09
10 0,10 0,10
15 0,08 0,07
20 0,13 0,09
Vodovatov et al. 2021 [8] 5,6-9,3 185-306 95 012 011
30 0,16 0,15
35 0,39 0,33
38 0,52 0,64
In clinical studies
Litmanovich et al. 2009 [32] 5,21 105,65 5-38 0,02 -
Lazarus et al. 2009 [29] ; ; 1st, 2nd, and 3rd 022 ;

trimesters

Note. CTDI, computed tomography dose index; DLP, dose—length product.

Table 6. Systematized data on the assessment of fetal absorbed doses in abdominal and pelvic CT

Volume CT dose

. DLP, Gestational age, | Fetal absorbed dose, | Uterus absorbed
Source index (CTDI vol), G K G d G
mGy mGyxcm weeks mean, mGy ose, mean, mGy
In phantom studies

12 4,7 5.1

20 5,5 5.8
Kelaranta et al. 2017 [14] 2,63-3,91 102,34-151,86 28 48 49

38 48 5,1

5 _

12 14,2

15 11,2 18
Angel et al. 2008 [15] - - 20 8,5 '

25 12,3

30 9,7

35 10,4
Gu et al. 2013 [13] - - 15 6,9 -
Gilet et al. 2011 [37] - - 5,10, 18, 32 15-20,5 -

In clinical studies
Lazarus et al. 2009 [29] ; 1st, 2nd, and 3rd 17,1 ;
trimesters

Lazarus et al. 2007 [30] - - 5-40 16 -
Goldberg-Stein et al. 2011 ) ) 5-36 248 )

[16]

Note. CTDI, computed tomography dose index; DLP, dose—length product.

DAl https://doiorg/1017816/DD472150
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Table 7. Systematized data on the assessment of fetal absorbed doses in CT for trauma in phantom studies

S CTDI, DLP, Gestational age, | Fetal absorbed dose, | Uterus absorbed
ource
mGy mGyxcm weeks mean, mGy dose, mean, mGy
12 10,6 11,3
20 11,2 12,6
Kelaranta et al. 2017 [14] 4,74-5,79 45,18-66,52 28 101 103
38 9,9 10,7
Jaffe et al. 2008 [26] 6,55-26,02 - 5 18,0 -
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Fig. 2. Summary results of fetal dosimetry in chest CT (led by Vodovatov [8] and Gu [13]) and abdominal CT (led by Kelaranta [14] and
Angel [15]) with LOESS regression line modeling and 95% confidence interval.

CT is the most conclusive ionizing technique of
diagnostic radiology. CT has an undeniable advantage such
as short examination time combined with high informative
value, making CT an optimal method for diagnosing life-
threatening conditions that require immediate treatment
[19,20]. Depending on the indication and diagnostic goals,
CT may be performed either as a native or a contrast-
enhanced examination. Native examinations can be used in
pregnant women to diagnose inflammatory lung diseases,
urolithiasis, various traumatic injuries, etc. [21,22]. Contrast-
enhanced examination is necessary for differential diagnosis
of neoplasms, inflammatory changes, and CT angiography
for diagnosing thrombosis and vascular wall damage and
assessing blood supply to certain structures [19,23]. In
pregnant patients, only one of these options must be selected.
If contrast-enhanced CT is necessary, a native examination
must be excluded to reduce the procedure time and radiation
dose.

In diagnostic imaging of pregnant patients, the fetal
absorbed dose must be assessed [24]. Owing to the
limited capabilities of cohort studies on this issue, physical
(anthropomorphic) or digital phantoms are currently widely
used [25]. However, phantom studies using human body

DAl https://doiorg/1017816/DD472150

simulators have some limitations. They are mainly related to
differences in phantom sizes and real patients. If real body
parameters exceed the parameters of the phantom used, the
absorbed dose will be overestimated, and vice versa, the
dose may be underestimated if the patient's dimensions are
smaller than the dimensions of the phantom [25]. However,
phantom studies are reasonable for use as experimental
guidance because they provide more information on absorbed
doses to be calculated for each week of pregnancy, in
contrast to cohort studies, which provide calculation results
as averaged doses. In addition, fetal absorbed doses in
cohort and phantom studies were not significantly different
(Tables 5-7).

Radiation doses directly depend on the scan region.
When the fetus is outside the radiation field (CT region), it
is exposed to scattered radiation. Therefore, the farther the
scan region is located from the fetus, the lower the absorbed
dose and the likelihood of negative effects [14].

The literature review showed that fetal absorbed doses
directly correlated with the anatomical scan region. As
shown in Tables 5-7, the maximum fetal absorbed doses are
observed during CT of the whole body, abdomen, and pelvis.
The lowest fetal absorbed doses are observed in chest CT.
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The estimated absorbed doses for phantoms are comparable
with those obtained in cohort studies.

None of the foreign studies included in the review
reported a fetal absorbed dose threshold exceeding 100 mGy.
In Russia, no studies were conducted to evaluate indications
for CT and the number of absorbed doses in pregnant women
and fetuses during abdominal and pelvic CT.

In early gestation, the fetal absorbed dose assessment
is difficult because of the small size of the embryo. Some
studies [8,26,27] have shown insignificant differences in
doses absorbed by the uterus and fetus. Therefore, the
uterus absorbed dose can be used as an equivalent of the
fetal absorbed dose [28]. Experimental studies have shown a
relationship between the absorbed dose and gestational age.

Since the reviewed cohort studies presented data as
average fetal absorbed doses for different gestational ages,
determining the correlation between the gestational age and
the level of absorbed dose is impossible for these studies
[29-31].

In addition to the gestational age and anatomical scan
regions, the absorbed dose depends on technical parameters
such as the length of the scan region, algorithm for automatic
modulation of the current strength, if any, pitch factor, and
voltage.

The radiation dose can be decreased by changing the
parameters of the scanning protocol and reducing the
length of the scan region. In the study by Litmanovich et al.
[32], 26 pregnant women with suspected PE underwent CT
angiography of the pulmonary artery with decreased voltage
and current and decreased scan length compared with the
standard protocol. The effective dose was significantly
lower than that in the control group (1.8 and 9.8 mSy,
respectively) without a decrease in the diagnostic quality of
the examination.

The decreased length of the scan region has also shown
its effectiveness in phantom studies [33]. The authors
reported a significant decrease in the mean fetal absorbed
dose compared with doses for the standard scan length
(0.03 and 0.1 mSv, respectively). However, some risks are
associated with excluding part of anatomical structures from
the scan region, and this should be considered when reducing
the scan length.

Some studies have also considered the need to use
screens (personal protective equipment) when conducting
radiological examinations during pregnancy [33,34]. The
reviewed publications did not use additional protective
measures when examining organs located at some distance
from the uterus, since the fetus is mainly exposed to scattered
radiation rather than direct radiation. In this case, shielding
does not reduce fetal exposure to scattered radiation but
provides psychological protection. When compared with
shielding, the decreased scan length is the most effective
means of reducing fetal absorbed doses [34-36]. In addition,
when the shielding material is introduced into the scan region,
the image optimization system of the CT scanner is forced to
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dramatically increase the radiation power of the tube, which
ultimately increased the exposure dose to pregnant women
and their fetuses [37].

CONCLUSION

Diagnostic radiology in pregnancy should be performed
in accordance with radiological safety principles because of
the likelihood of negative effects, and completely avoiding
diagnostic techniques using ionizing radiation is a mistake.

Examinations using ionizing radiation may be necessary
for various life-threatening conditions, and they are also
preferred in the diagnosis of some diseases. Note that the
risk of complications, arising from delayed diagnosis, many
times exceeds the risk of negative effects from exposure to
ionizing radiation.

These studies confirm that doses absorbed by the fetus
during CT do not reach the threshold values. In chest CT,
the doses absorbed by the fetus are insignificant and cannot
lead to deterministic effects. More significant fetal radiation
exposure occurs during abdominal and pelvic CT and whole-
body scans; however, even in these studies, exceeding the
permissible exposure threshold is unlikely if a single-phase
examination is performed only once. Moreover, multiple
abdominal or whole-body CT or multiphase CT with an
intravenous contrast enhancement may lead to exceeding
the permissible threshold for the absorbed dose of ionizing
radiation. This information should be considered when
referring a pregnant woman to CT in these areas. Other
undesirable effects on fetal development when using contrast
enhancement must be also considered.
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TexHonorus pacnosHaBaHUA peyu
B Jly4eBOM AMarHoCTUKe

H.I. Kynpssues', K.A. Bapnacosa?, A.H. Xopyas'

! HayuHO-NpaKTUYECKNiA KIMHUYECKUA LIEHTP AMarHOCTUKM W TeNleMeINLIMHCKIX TexHonoruii, Mockea, Poccuitckas Mepepauma
2 YparbCKuii rocyAapCTBeHHbIA MedULMHCKuIA yHuBepeuTeT, Exatepunbypr, Poceuiickas ®epepauns

AHHOTALMA

YcTpoicTBa, cnocobHble pacnosHaBaTb peyb, ABNSAIOTCA NEPCNeKTUBHLIM MHCTPYMEHTOM ANA CUCTEMbl 3A4paBOOXpaHEHMA.
TexHomorus pacrno3HaBaHuUa peyn UMEeT O0BOSbHO LUTMHHYI0 UCTOPUIO NPUMEHEHMA B 3aMafHbIX CUCTEMAX 3[1paBOOXPaHeHus
(c 1970-x rofoB), 0/HAKO LIMPOKOE pacnpocTpaHeHWe OHa Nonyydmna Anib B Havane XXI BeKa, 3aMeHWB Me AULMHCKUX TpaHC-
KpUNLMOHKCTOB. [lns 0TeUeCTBEHHOIO 3[1paBOOXPAHEHMA laHHast TEXHONOIMA OTHOCUTENLHO HoBasl. E€ akTUBHas paspaboTka
Ha4anacb ymwb B Hadane 2010-x rogos, a NOBCEMECTHOE BHeApeHMe B 3[paBooxpaHeHne — B KoHue 2010-x ropos. Ta-
Kasi 3aJepIKKa CBA3aHa C 0COOEHHOCTAMM PYCCKOT0 A3bIKA M OFPAHNYEHNEM BbIYMCIIMTESbHBIX MOLLHOCTEN, MPUCYTCTBYHOLLMX
B Hauane XX| BeKa.

B HacTosLLee BpeMsl KOMMEKChI YCTPOICTB M NPOrpaMMHOro 00ecrneyeHms s pacno3HaBaHWs peyn UCMosb3yTCA B rofo-
COBOM 3an0JIHEHUN MEeAWLMHCKOW [OKYMEHTALMW 1 NO3BOASIOT COKPaTUTL BpEMS MOLrOTOBKM MPOTOKOJI0B PEHTrEHOM0rNYe-
CKUX MCCNeL0BaHWI NpU CPaBHEHWM C TPALMULMOHHLIM (KNaBUaTYpHLIM) BBOAOM TEKCTA.

B nutepatypHoM 0630pe oTpaxeHa KpaTKas UCTOpUSA pasBUTUS U MPUMEHEHUS TEXHOOTMM Pacno3HaBaHWA Peym B JTy4eBOW
AvarHoctuke. OTpaxeHbl KIoYeBble HaydHble UCCNef0BaHMA, MOATBEPXAALMe 3PHEKTUBHOCTL €€ UCMO/b30BaHNA B 3a-
nafHbIX cUCTEMax 3ApaBooXpaHeHus. [IpoaeMOHCTPUPOBAH 0TEYECTBEHHLIN OMbIT MPUMEHEHNA TEXHONOMMW pacno3HaBaHMs
peun M oueHeHa e€ apdeKTMBHOCTL. OnucaHbl NepcneKTMBbI AaNbHEMILEr0 pPa3BUTUA LAHHOW TEXHONOMMM B POCCUMCKOM
30paBO0XpaHeHUM.

KnioueBble cnoBa: HaqubIVI 0630p; TEXHOJIOrMA pacno3HaBaHUA peyu; rosiocoBoil BBOJ; JiyyeBaA [AWArHOCTUKa;
PeHTreHonoruna; 3anojiHeHne MeANLMHCKON OOKYMEeHTaluun.
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Speech recognition technology in radiology
Nikita D. Kudryavtsev', Kristina A. Bardasova?, Anna N. Khoruzhaya'

! Moscow Center for Diagnostics and Telemedicine, Moscow, Russian Federation
2 Ural State Medical University, Ekaterinburg, Russian Federation

ABSTRACT

Speech recognition devices are promising tools for the healthcare system. Speech recognition technology has had a relatively
long history of use in Western healthcare systems since the 1970s. However, it became widely used at the beginning of the 21!
century, replacing medical transcriptionists. This technology is relatively new in home healthcare. Its active development began
only in the early 2010s, and its implementation in healthcare started in late 2010. This delay is due to the idiosyncrasies of the
Russian language and the limited computational power present at the beginning of the 21 century.

Currently, complexes of devices and software for speech recognition are used in the voice filling of medical records and can
reduce the time for preparing reports for radiological examinations compared with traditional (keyboard) text input.

The literature review provides a brief history of speech recognition technology development and application in radiography.
Key scientific studies showing its efficacy in Western healthcare systems are reflected. Voice recognition technology in the
home is demonstrated, and its effectiveness is evaluated. The prospects for further development of this technology in Russian
healthcare are described.

Keywords: medical records; radiation diagnostics; radiology; speech recognition software; voice input.
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INTRODUCTION

At present, voice control has become a standard feature
for many home smart devices. This was made possible by
the development of speech recognition technology (SRT),
which can be used in systems analyzing and transforming the
user's speech into digital data. Furthermore, to controlling
smart devices, SRT has become very popular in telephone
communications. Currently, when calling many government
and commercial organizations, the user is met by an
automatic responding machine that recognizes the caller's
voice request and refers them to a selected specialist. In
2019, in Moscow, a project was launched to notify citizens
of an appointment with a doctor and remind them of regular
check-up using a voice assistant. During a call, the citizen
could make an appointment with a medical specialist, cancel,
or reschedule the visit, and the system also asked the patient
about complaints.’

In healthcare, SRT systems are actively used in the
voice filling of medical records. This is because healthcare
professionals spend most of their working time preparing
medical documentation [1-4]. This factor negatively affects
the quality of medical care, particularly considering the limited
duration of appointments for each patient. Opportunities for
using this technology, for example, in diagnostic radiology,
are associated with decreased time spent filling out protocols
for diagnostic examinations and increased time analyzing
diagnostic images and medical records and communicating
with patients. Thus, voice input systems have become the
most popular tool in imaging departments because their
workflows are the most convenient for the implementation
of such technology. Current systematic reviews [5-7] have
shown that SRT systems are effective in these conditions,
and good implementability is explained by large volumes of
textual information that radiologists are required to record
in protocols.

EVOLUTION OF SPEECH RECOGNITION
TECHNOLOGY IN RADIOLOGY

Early years

Medical use of SRTs was first attempted in the 1970s
and 1980s. In 1975, a prototype SRT system was described.
It could analyze an extremely limited amount of medical
vocabulary and terminology [8]. The technology was first
tested in diagnostic radiology in 1981 [9]. Beth Israel
Hospital started to use it for preparing protocols for X-ray
examinations. Initially, local specialists used the coded
language information processing (CLIP) system, which is
a hierarchical standardized language of medical terms
developed by M. Simon and BW Leeming [10]. This language
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contained specially encoded medical terms. For example,
value A was used for the anatomical region, Aé for the
lower limb, and Aé1 for the thigh. Values B, Bé, B61, B611,
and B612 encoded bones, bones of the lower limbs, femur,
lesser trochanter, and grosser trochanter, respectively. By
keyboarding various code combinations, a radiologist can
prepare a protocol of any complexity and volume [11].

A main disadvantage of those SRT systems is a limited
vocabulary (approximately 200 unique medical terms)
because of the small random-access memory (RAM). This
factor did not allow making a full description of diagnostic
examinations. The combined use of STLs with the CLIP
system was one of the solutions for the limited RAM.

In 1981, keyboard and voice inputs were compared
[9]. The speed and quality of protocol preparation were
evaluated for 60 imaging examinations. Consequently, the
length of the protocol did not depend on the filling method,
which indirectly confirmed the similar complexity of the
examinations described. The period of filling out the protocol
using voice input was four times longer than the period of the
keyboard input. Voice-filled protocols contained an average
of 12 recognition errors; whereas protocols prepared using
the keyboard had none. This study also described some
other limitations of the technology. The first systems could
not completely suppress external noise; thus, the quality of
medical speech recognition was low, which contributed to
errors. The increased period of filling out a medical document
was related to the system’s ability to recognize only
separately spoken words. A specialist had to pause between
words and between codes if the CLIP system was used. This
voice-filling method was uncomfortable and unnatural for
human communication. Moreover, the voice input system
required 3-6 h of preconfiguration and adaptation to the
specific speech of the user (specialist).

All these limitations prevented those SRT systems from
wider use in healthcare. Thus, medical transcriptionists
were highly sought at that time. Nevertheless, all these
attempts formed a basis for considering “weak points” of
the technology at subsequent stages of development.

The increasing availability of imaging examinations,
emergence of computed and magnetic resonance
tomographs, and transition from analog to digital media
have increased the workload of radiologists and duration of
protocol preparation. In the mid-80s, in Western countries,
audio transcription centers were opened to solve this
problem and optimize human resources. A radiologist taped
descriptions of findings identified during the interpretation of
diagnostic images using audio recorders. Audio recordings
were transferred to the audio transcription center, where
medical transcriptionists transcribed the audio recordings
and prepared the research protocols in text. The prepared
protocols were checked and endorsed by the radiologist.

! Official website of the Moscow Mayor [Web]. The voice assistant will collect patient complaints by phone before a clinic appointment. Available from:

https://www.mos.ru/news/item/89302073/.
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In some cases, they were returned to the transcriptionists for
error correction [12]. Dictaphone centers were widely used in
foreign healthcare institutions until the 2010s [5, 13].

Some authors compared the efficiency of preparing
imaging protocols using medical transcriptionists and
SRT. They concluded that the main advantage of a medical
transcriptionist is the ability to notice grammatical errors
and consider contextual information about the patient. These
advantages allow them to correctly understand and adjust
audio recordings, even if the quality is poor [14]. However,
given the scarcity of medical transcriptionists, printed
protocols were often returned to the radiologist only 16 h
after dictation [15]. Depending on the capacities of audio
transcription centers, transcription of audio recordings took
6-24h.

Later, medical transcriptionists were no longer needed
because of further developments in SRT systems [14].
Despite the lower recognition accuracy of SRTs than medical
transcriptionists, SRTs can reduce the monthly economic costs
of the radiology department by 81% and significantly reduce
the time for preparing examination protocols [5, 13, 16].

In the Russian healthcare system, attempts have also
been made to introduce voice recorder centers,% however,
no open-access studies have evaluated their effectiveness.
Owing to the lack of such centers in the modern Russian
healthcare system, their use was considered inappropriate.

1990s: A new round of innovation

At the end of the 20" century, the amount of memory
and vocabulary in SRT systems had increased (up to 19,000
radiology terms). The pre-setting time was reduced to several
minutes, and the recognition accuracy was increased. In 1995,
the first natural language transcription programs were
introduced in the USA, allowing the detection of continuous
English speech. Currently, radiologists could dictate at a
comfortable conversational pace, without pausing between
words. At this stage, these programs were less accurate
than systems with separate input [17]. Further technological
advances and increased speech recognition accuracy allowed
the creation of continuous voice input systems instead of
separate input systems.

215" Century

In Western countries, automated SRTs started to be widely
introduced and used in radiology departments in the early
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2000s. Foreign studies have compared the speed of voice and
keyboard filling of English-language medical records, volume
of a medical document prepared, and satisfaction level of
specialists. Data showed that technology leads to an increase
in document filling speed by 26% and an increase in the
volume of protocols. Voice input also allowed optimizing the
workflow by reducing the time preparing medical records and
improving the quality of protocol content. Specialists showed
increased satisfaction from working with such documents
[16, 18]. The frequency of errors also decreased, and most
errors were related to punctuation [7]. The above factors
led to a decrease in the total time for protocol preparation
from 16 to 5 h [15]. Studies evaluating the time spent on
protocol preparation have revealed that the average number
of characters per minute and number and frequency of
errors reflect the positive evolution of SRTs and their wider
implementation in radiology departments. The percentage of
protocols completed within 1 h increased from 26% to 58%.
Protocol content became more structured [19].

Costs have also decreased over time. Thus, 5 of 7 cost-
evaluating systematic reviews [5] have reported a decrease
in costs, and two have reported an increase in costs. Similar
results have been obtained in endocrinology and psychiatry,
where SRT systems have improved the productivity and
efficiency of HCPs [20]. The use of these systems in surgery
helped reduce the time for protocol preparation from 4 to 3 days.
The number of protocols prepared within 1 day increased from
22% to 37% [21]. From 2019 to the 2020s, foreign studies have
concluded that SRTs save HCP time, increases HCP efficiency,
and allows them to document more important details when
filling out medical papers [22-24]. However, the main barrier
to voice input system implementation can be considered a
human factor, which is related to HCP resistance to change
and fear of new technologies [25].

In 2016, a Microsoft research study showed that SRT
systems have an accuracy of 94% and corresponded to the
human level [26]. At present, this technology is widely used
in medical practice in English-speaking countries, and the
implementation level of voice input in radiology departments
has reached 85%.3 Currently, the market share of such
programs in healthcare is approximately 25% globally.*
Nuance Communications, IBM, and Philips are leaders in
speech recognition software development.®

In approximately 45 years, speech recognition has become
widespread in healthcare in English-speaking countries.

Z Official site of State Budgetary Healthcare Institution “Infectious Clinical Hospital No. 1 of Moscow Health Department” [Internet]. History of the

Hospital, Available from: https://ikb1.ru/about/.
speech-recognition-in-radiology-state-of-the-market/.

try-analysis/voice-recognition-market.

Reaction Data [Web]. Speech Rec in Radiology-State of the Market. 2019 [cited 2019 Dec 23]. Available from: https://www.reactiondata.com/report/
Grand View Research [Web]. Voice And Speech Recognition Market Size Report, 2030. Available from: https://www.grandviewresearch.com/indus-

Nuance Communications. Healthcare Clinical Documentation Al Solutions & Services for the NHS (https://www.nuance.com/en-gb/healthcare.html);

Philips. Healthcare--Philips (https://www.dictation.philips.com/gb/industries/industry/healthcare-professionals/); IBM. Watson Speech to Text

(https://www.ibm.com/cloud/watson-speech-to-text).
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preprocessing
of osteochondrosis

and extracting characteristics.
Spectrogram generation

Sound analysis and prediction
of the most likely letters
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ACOUSTIC MODEL
1 “npuspaku ocTeoxoHaposa”
Audio (ghosts of osteochondrosis) P=0.99
2 “npusHakv octeonoposa”
. (signs of osteoporosis) P=0.97
Signs 3. “Npu3HaKu ocTeoXoHApo3a”
(signs of osteochondrosis) P=0.99
Dividing speech into fragments 4. “npuspaku Tybepkynesa”
(ghosts of tuberculosis) P=0.91
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LANGUAGE MODEL

1 “npuspaku ocTeonoposa”

(ghosts of osteoporosis) Plm=0.7
2 “npusHakv octeonoposa”

(signs of osteoporosis) Plm=0.95 .
3 “Npu3HaKu ocTeoxoHApo3a” Signs

(signs of osteochondrosis) ~ Plm=0.99 of osteochondrosis
4 “npuspaku Tybepkynesa”

(ghosts of tuberculosis) Plm=0.7

Selection of the most probable words
based on comparison
with a vocabulary

Fig. 1. A simplified scheme of the operation of a classical speech recognition system. An algorithm for recognizing the “signs of

osteochondrosis” phrase is presented.

It covered all healthcare levels, from primary care and
emergency care to tertiary care clinics. State-of-art medical
SRT systems for English-speaking users have an accuracy
of up to 99%, can be adapted to different accents, and do not
require machine training with the specialist's voice profile.’

HOW DOES A STATE-OF-THE-ART
SPEECH RECOGNITION SYSTEM WORK?

As mentioned earlier, SRT involves translating human
speech into text using a computer. Modern voice input
systems use artificial intelligence (Al) algorithms that can
significantly improve the quality and speed of user speech
recognition [27]. The recognition process consists of several
stages, with their characteristics (Fig. 1):

1. Receiving an audio signal. Sound recording is the first
stage of speech recognition. It can be performed using
the built-in microphone in any audio recording device,
such as a smartphone. Then, the sound wave is converted
into a digital format so that it can be processed by a
computer.

2. Audio preprocessing. The received audio data are
preprocessed to eliminate external background noise and
make the user’s speech clearer. This improves the quality
of speech recognition.

3. Splitting into fragments. The audio file is then split into
small fragments of 10-25 ms. This is necessary to
optimize audio data analysis. Each fragment is analyzed
by the SRT system separately.

4. Extraction of speech characteristics. At this stage, speech
parameters are calculated, including frequency, duration,
and amplitude of sounds. They are used to identify
phonemes that make up spoken words.

5. Comparison with recognition models. Phonemes are
matched using acoustic models that are trained on
many speech samples. These models can use various
techniques including Hidden Markov models, neural

networks, and other machine-learning algorithms

[28-30].

6. Composition of words and text. The language model com-
bines phonemes into words and phrases and then into
full text. This text may require additional processing to
correct spelling errors and other inaccuracies.

1. Inserting the generated text. This is the final stage. The
generated text is inserted into the medical document.
Considering that speech recognition systems have not yet
reached 100% accuracy, in some cases, the radiologist
should manually adjust the recognized text.

To enable the system to recognize sounds regardless
of sex, age, and intonation of the dictator and convert them
into letters with greater accuracy, acoustic and language
models use Al modules. Developers train neural networks
on a dataset. The dataset includes various audio recordings
and text examples. After receiving a voice signal, the neural
network searches for a match in the database. The neural
network continues its learning during the use and creates
new combinations of “sound-letter” pairs, which makes it
more likely to reproduce the intended text without spelling
errors. During the learning process, the computer recognizes
the most important features of the pronunciation of phonemes
and records the received data as a user profile [31].’

Recently, the so-called end-to-end approaches to
building SRT systems have become widespread. End-to-end
approaches in SRT are methods of automatic processing of
all speech signals, without performing separate processing
steps such as feature extraction and speech recognition model
generation [32]. Deep learning is one of the most popular
end-to-end approaches. In this case, the neural network is
trained directly on raw audio data without preprocessing [32].
Recurrent neural networks or convolutional neural networks
are other examples of end-to-end approaches for speech
recognition. In this case, the neural network is trained on the
input signal and output text using the supervised learning
technique [32].

¢ Nuance Communications [Internet]. Dragon Medical One--#1 Clinical Documentation Companion. Available from: https://www.nuance.com/health-

care/provider-solutions/speech-recognition/dragon-medical-one.html.

7 Cloud.mts.ru [Internet]. Speech recognition technology and its role for business. Available from: https://cloud.mts.ru/cloud-thinking/blog/

tekhnologiya-raspoznavaniya-rechi/.
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End-to-end approaches can provide higher recognition
accuracy because the neural network is trained using all
speech information. However, these approaches can be more
difficult to implement and require more training data [33].

RUSSIAN EXPERIENCE
IN THE USE OF SPEECH RECOGNITION
TECHNOLOGY IN RADIOLOGY

The first speech recognition systems for the Russian
language appeared in the mid-2000s [34, 35]; however, the
use of a general colloquial vocabulary did not allow the use
of such systems in medical practice. The development of
voice input systems that allows transcribing Russian speech
with medical terms took several years [36]. The active
development of SRTs was started only in the later 2010s.
Such a delay was associated with difficulties in recognizing
Russian speech.

The Russian language has a more complex structure
of word formation than English because it is a synthetic
language with many word forms. To recognize words, a
larger vocabulary must be used; however, this slows down
system performance [37]. For example, modern SRT systems
for English-speaking users use a dictionary containing up to
300,000 words and terms, and for the Russian language,
the vocabulary can contain more than 5 million words,
word forms, and phrases [33, 38, 39]. In addition, most
forms of the same word differ only in endings, which are
often vaguely pronounced by users. This leads to an error
in recognizing the entire phrase and the need to correct the
final document. The Russian language has more options for
sentence arrangement, whereas the English language uses
strict grammatical constructions. This makes it difficult to
create language models of the SRT system and reduces work
accuracy.

In Russia, the Speech Technology Center Group (STC) is
the leading developer of voice input systems for healthcare.?
The first study of the effectiveness of SRTs in radiology
departments was conducted in 2020 in seven city clinics of
the Moscow Department of Health using the early version of
Voice2Med voice input system (STC Group) with a recognition
accuracy of 93%. The study compared the speed of completing
medical records using keyboard input and an SRT system.
Radiologists filled out protocols of computed and magnetic
resonance imaging examinations. The time study showed
that the average period of describing one examination using
keyboard input was 10 min 15 s, and for an SRT system,
it was 8 min 2 s. At the current stage of development, the
accuracy of recognition of medical terms in Russian has
reached 98%. This became possible thanks to preparing a
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Fig. 2. Workplace of a radiologist at the Moscow Reference Center
for Radiation Diagnostics, equipped with a speech recognition
system. The process of filling medical records.

vocabulary of medical terms, based on 2.5 million imaging
protocols, and analyzing feedback from radiologists’ (Fig. 2).

In 2022, a survey of radiologists showed that 62.8% of
the respondents noted an increase in their efficiency when
using an SRT system. Most specialists who use voice input
routinely rate the quality of recognition of radiological terms
as good or excellent. Respondents note that when extraneous
speech was recognized, the endings of words were
recognized incorrectly. Moreover, the quality of recognition
can be negatively affected by external background noise
(working diagnostic equipment and communication of
medical personnel with a patient or with colleagues) and
low-quality sound recording devices. Important factors
in new technology loyalty were the age of HCPs and their
interest in innovation. Young professionals are more open
to technology, and professionals aged 30-40 years are also
more likely to use voice input systems in their work. Surveys
showed a positive trend in the attitude of radiologists to SRTs
within 2 years from the launch [40].

OPPORTUNITIES
FOR THE DEVELOPMENT OF SPEECH
RECOGNITION TECHNOLOGY

Improvements in recognition accuracy will further reduce
the preparation time of electronic medical records. One of the
main tasks facing SRT system developers is to ensure high
accuracy of speech analysis in difficult acoustic conditions,
when the recording contains numerous noise or voices. As
already mentioned, owing to some special characteristics
of the Russian language, recognizing word endings become
one of the most difficult tasks. Therefore, for Russian SRT

8 Speech Technology Center Group [Internet]. Speech synthesis and recognition, recording and analysis, face and voice identification. Available from:

http://www.speechpro.ru/.

? Speech Technology Center Group [Internet]. Voice2Med: Program for voice filling of medical records. Available from: https://www.speechpro.ru/

product/programmy-dlya-raspoznavaniya-rechi-v-tekst/voice2med.
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systems, a language model that can predict and match words
in sentences with high accuracy is needed.

The integration of voice input programs with medical
information systems will allow remote filling of structured
electronic medical records. As the system is developing, it
cannot only recognize HCP phrases but also understand in
which section of the medical record the recognized text should
be placed. These functions will allow ultrasound diagnostic
specialists, pathologists, endoscopists, and surgeons to fill
out medical records directly during the medical intervention,
not later, and this will significantly affect the quality of
documents and the speed of their preparation.

SRT also has great potential in standardizing and unifying
the vocabulary used in preparing medical records, including
radiological protocols. Currently, no single list of terms
has described the same pathological condition in radiology
[41]. Even two radiologists working in the same department
may use different synonyms to describe the same finding
when preparing protocols. Some papers noted that the use
of structured and standardized protocols with unified terms
simplifies the perception of the necessary information by
both other radiologists and other specialists [42—44].

To date, some researchers have attempted to develop a
thesaurus to standardize the description of abnormal changes
detected in computed tomography. A thesaurus contains
120 Russian radiological terms and examples of their
description [45]. However, the development of a thesaurus
is a complex task requiring consistent terminology agreed by
numerous specialists and the radiology community.

CONCLUSION

The literature review provides a brief historical background
on the development of SRTs in radiology departments, describes
their evolution in detail, and evaluates the advantages and
disadvantages of SRT based on literature data. Special attention
is paid to the use of SRTs in Russian radiology departments.
Some studies have demonstrated a significant improvement
in the accuracy of recognition of Russian medical terms.
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The role of dual-energy computed tomography
in the diagnosis of gout and other crystalline
arthropathies: A review

Maria V. Onoyko, Elena A. Mershina, Olga A. Georginova, Maria L. Plotnikova,
Aleksandra V. Panyukova, Valentin E. Sinitsyn

Lomonosov Moscow State University, Moscow, Russian Federation

ABSTRACT

The importance of dual-energy computed tomography in the diagnosis of gout, the principles of dual-energy computed
tomography, the accuracy of the methodology, and the types of artifacts are discussed in this study. The possible dependence
of the presence of deposits of sodium monourate on other clinical data and the role of dual-energy computed tomography in
the differential diagnosis of other crystalline arthropathies are considered.

The dual-energy computed tomography has several advantages, including noninvasiveness, speed of execution, and a
significant reduction in the risk of iatrogenic consequences compared with diagnostic arthrocentesis, which is the gold standard
in diagnosing gout. Dual-energy computed tomography can accomplish gout detection, treatment, and differential diagnosis.

Keywords: calcium pyrophosphate, crystal arthropathies, diagnostic imaging, dual-energy computed tomography, gout
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INTRODUCTION

Gout is a systemic rheumatological disease in which
monosodium urate crystals accumulate in the articular, bone,
cartilage, or soft tissues following an elevation in uric acid
levels in the blood serum (hyperuricemia). Gouty arthritis and
gouty nephropathy or urate nephrolithiasis might develop,
depending on the lesion type.

GOUT: A SYSTEMIC
TOPHACEOUS DISEASE

Over the last decade, accumulated data have made
hyperuricemia more than just a marker of gout and urolithiasis.
Hyperuricemia plays a role in the onset and progression of
various metabolic and hemodynamic diseases, including
metabolic syndrome, chronic heart failure, hypertension,
atherosclerosis, early infarction and stroke, and diabetes
mellitus.

The American College of Rheumatology (ACR) and
European Alliance of Associations for Rheumatology
(EULAR) (2015) classification criteria include clinical,
laboratory, and instrumental data to diagnose gout [1]. The
sensitivity and specificity of these criteria are 92% and 89%,
respectively [1].

These criteria can be used if the patient has an “input sign”:
at least one episode of pain and edema in a peripheral joint
or joint capsule. The presence of monosodium urate crystals
in the synovial fluid or tophaceous tissue (macroscopic
conglomerates of monosodium urate surrounded by
granulomatous inflammation) by polarized light microscopy is
a sufficient criterion for diagnosing gout, making this method
the gold standard. In the absence of a sufficient criterion,
clinical (typical clinical symptoms of gout, tophi detection,
and temporal pattern of an attack), laboratory (serum uric
acid level and synovial fluid analysis), and instrumental
(ultrasonography of the affected joint and dual-energy
computed tomography [CT]) diagnosis methods must be used.
Each criterion is assigned a certain number of points, based on
its degree of specificity. The ACR/EULAR-2015 classification
criteria evaluate the visual determination of signs of urate
deposits during dual-energy CT (DECT) as 4 points, and 8 of
23 points are sufficient to confirm gout. Thus, DECT plays a
substantial role in confirming the diagnosis.

Joint puncture with synovial fluid aspiration is an invasive
and painful method associated with various limitations
and complications, necessitating the search for alternative
diagnostic methods to make an accurate diagnosis [2, 3]. DECT,
a non-invasive procedure for distinguishing urate deposits from
surrounding tissues with excellent sensitivity and specificity, is
one of the alternative diagnostic methods [4].

Hyperuricemia and monosodium urate crystals

Gout is a systemic tophaceous disease defined by
monosodium urate crystal deposition in various tissues,
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which causes inflammation in patients with hyperuricemia
caused by environmental and/or hereditary factors [5].

Regardless of hereditary predisposition, gout must be
viewed as a staged disease [6], with hyperuricemia as the
starting point. In hyperuricemia, the uric acid levels in the
blood serum increase to >420 pmol/L or 6 mg/dL, resulting
in the formation of monosodium urate crystals [7].

According to clinical, laboratory, and instrumental
findings, gout has four distinct stages that do not necessarily
transition from one to the next: (a) hyperuricemia with no
symptoms or history of gout and no urate crystal deposits,
(b) asymptomatic hyperuricemia with signs of urate crystal
deposits, (c) hyperuricemia with a current or previous episode
of gouty arthritis, and (d) hyperuricemia with tophi, chronic
arthritis, or erosive arthritis [5].

The disease progresses in the absence of effective urate-
lowering therapy. Initially, conglomerates of monosodium
urate crystals form, which are detected in specific tissues
and are dependent on environmental factors. Monosodium
urate is soluble at 7 mg/dL (416 pmol/L) in normal saline
at 37°C. As the monosodium urate concentration in synovial
fluid increases, it subsequently deposits on the cartilage
surface, with further destruction and penetration of
monosodium urate crystals into the subchondral bone [8],
which eventually leads to active bone remodeling. Long-term
monosodium urate crystal saturation of synovial fluid results
in the formation of macroscopic monosodium urate deposits
surrounded by granulomatous inflammation (tophi) [9]. They
are most commonly present in proteoglycan-rich tissues
(joint capsule, tubular bones, tendons, and skin); however,
they can be (infrequently) also found in parenchymal organ
tissues. The tissue reaction to monosodium urate deposition
is chronic inflammation, involving both innate and adaptive
immunity [10].

In chronic gout, the frequency, duration, and severity of
attacks increase, tophi form, severe deforming arthropathy
develops, and concomitant diseases progress.

According to recent epidemiological studies, the
prevalence of hyperuricemia in adults is gradually increasing.
High uric acid levels are found in 0.68-3.9% of cases in Europe
and the United States, which range from 6.4% to 21.04%
in some parts of China [11]. In Russia, this value is 16.8%
[7]; however, hyperuricemia might remain asymptomatic
for a long time in 5%-8% of the population. Hyperuricemia
increases the risk of chronic kidney disease, obesity, type 2
diabetes, cardiovascular risk, and death [12, 13].

Gout diagnosis methods

Gout is diagnosed by at least one episode of joint arthritis
(one metatarsophalangeal joint, ankle joint, or midfoot) or
joint capsule inflammation. The second sufficient criterion for
diagnosing is the determination of uric acid levels in the blood
serum, synovial fluid analysis of the affected joint, or tofus
aspiration for the detection of monosodium urate crystals by
polarized light microscopy [14]. Joint puncture for diagnostic
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purposes can be performed in both the acute and attack-free
periods. However, processing and long-term storage of the
synovial fluid and urate-lowering therapy in some cases can
affect the reliability and sensitivity of detecting monosodium
urate [15]. Serum uric acid levels fluctuate in all patients
with gout. However, in 30% of patients with hyperuricemia,
serum uric acid elevation is not detected even during an
acute gout attack [16]; thus, the diagnosis of gout should
not be based solely on serum uric acid levels. In patients
with an atypical clinical course of inflammatory arthropathy,
various imaging methods must be used for diagnosing gout,
including radiography, ultrasound diagnosis, and DECT. This
is critical for differential diagnosis, including when synovial
fluid analysis by polarized light microscopy is impossible.

Typical radiographic signs of gout are punched-out bone
erosions with sclerotic contours and overhanging borders,
also known as “rat bite” or “gull wing” erosions (Fig. 1).

Articular tophi, which resemble inhomogeneous soft
tissue indurations, can be seen in chronic gout. X-ray changes
are seen several years after gout onset and may be useful
in confirming the diagnosis later in the disease progression
[16, 17].

DUAL-ENERGY COMPUTED
TOMOGRAPHY: AN ALTERNATIVE
METHOD OF INSTRUMENTAL
DIAGNOSIS OF GOUT

Ultrasound examination of the joints and DECT, which
detects urate deposits, tophi, and bone degradation, are
alternative instrumental methods of gout diagnosis.

On ultrasound examination of the joints, urate deposits
can be detected on the surface of the articular cartilage as

Fig. 1. Bone erosions in a patient with gout (radiography findings
of the Medical Research and Education Center of the Lomonosov
Moscow State University).
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a hyperechoic intermittent band, independent of the viewing
angle (double contour effect), or in synovial fluid as floating
hyperechoic heterogeneous foci that look like a “snowstorm,”
and hyperechoic aggregates visualized in the joint space or
along the tendons [18].

DECT is also useful in differentiating between gout and
septic arthritis or between monosodium urate accumulation
and calcium pyrophosphate deposition (pseudogout and
chondrocalcinosis) [19, 20]. DECT allows investigating the
numerous anatomical locations in great detail, finding deposits
of monosodium urate crystals noninvasively [21-23].

How dual-energy computed tomography works?

DECT, a modern and promising research method, involves
the spectral differentiation of materials by scanning a specific
body part with two different types of X-rays with varying
energies. Signal absorption coefficients identify substances
under these conditions, allowing them to be distinguished
by their chemical composition. At low X-ray tube voltages
(20-50 kV), X-ray energy is totally absorbed by the substance
(with prevailing photoelectric effect), whereas at high
voltages (50-150 kV), Compton scattering prevails, resulting
in signal attenuation [24, 25]. The role of the photoelectric
and Compton effects for each compound is determined by
the substance’s electron density and atomic number [24, 26]:
the higher the atomic number and lower the electron density
(e.g., iodine, calcium, barium, and xenon), the greater the
effect of photoelectric absorption, whereas elements with
a low atomic number and higher electron density (carbon,
nitrogen, hydrogen, and oxygen) depend more on the Compton
effect [24]. For example, in iodine, calcium, and barium, the
K-edge phenomenon is observed, characterized by photon
absorption and photoelectron ejection from the K-shell. DECT
is based on this phenomenon. Because some elements have
well-defined K-edges, the difference between the absorption
coefficients of the tested substances at different energies
increases, allowing them to be distinguished.

DECT has several configurations: with two perpendicular
sources and detectors, with a single source-detector system
with quick voltage switching, or with a single X-ray source
and a multilayer sandwich detector [26]. Data are processed
using three- or two-material decomposition analysis. Two-
material decomposition analysis in the diagnosis of gout
is performed by uric acid and calcium. Soft tissues are
the “reference point” for the algorithm to make judgment
concerning the presence of calcium or monosodium urate
in the area under study. Thus, a material density (MD) map
can be created, on which each component is color coded.
In the Siemens DECT systems, cortical bones, cancellous
bones, and monosodium urate crystals are coded blue,
pink, and green, respectively. Color scales used by other
manufacturers’ processing algorithms may differ.

In addition to the qualitative assessment, a quantitative
assessment of the chemical of interest is possible. The dual-
energy gout software automatically determines the total
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volume of monosodium urate deposits in the field of view
(FOV) [23]. Artifacts are included in the total volume; therefore,
understanding their types and potential location is critical.
Green areas corresponding to artifacts can be removed using
the cropping tool. After this, the total volume of monosodium
urate deposits will be automatically recalculated.

Three-dimensional reconstruction (volume-rendering
technique image) with color coding is possible, as are other
reconstruction algorithms employed in research (Fig. 2).

The key advantage of DECT over other diagnosis methods
is its ability to determine the chemical composition by
scanning at two energy levels and quantifying the chemical of
interest. The non-invasiveness, speed of study, and absence
of iatrogenic complications in DECT are all evident benefits.

An incorrect belief is that the radiation exposure during
dual-energy scanning is double that received during single-
energy scanning. However, numerous studies have found that
the radiation exposure and image quality in DECT and single-
energy CT are comparable [27-29]. This is accomplished not
only through the device’s technical features but also through
the use of methods that reduce radiation dose, such as the
ability to independently set the current strength, iterative
reconstruction and other modern algorithms, use of virtual
non-contrast images, FOV size limitation to the area of
interest [30, 31].

DECT allows for the reconstruction of virtual monochromatic
images, which are the result of theoretical scanning with
monochromatic radiation. This application aids in increasing
contrast and decreasing the number of artifacts from metal
structures [32].

The disadvantages include a small FOV for dual-energy
images, which is a circle with a diameter of only 33-35 cm
for different generations of tomographs, possibility of false-
positive and false-negative results, and cross-scattering
(when photons emitted by one source hit a detector designed
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for photons emitted by another source) [33, 34]. These
technical flaws can result in data loss (Fig. 3a).

Diagnostic accuracy of dual-energy computed
tomography

According to Baer et al. [35], DECT has 100% sensitivity
in the tophi form of gout and 64% in the absence of tophi.
According to the meta-analysis by Ogdie et al. [20], DECT
has sensitivity and specificity of 87% and 84%, respectively,
which exceed the same parameters for ultrasonography.
Bongartz et al. [36] found reported sensitivity and specificity
rates of 90% and 83%, respectively. According to Huppertz
et al. [37], DECT is less sensitive than ultrasound (100% vs.
84.6%) because of lower resolution.

These data suggest that DECT has good diagnostic
accuracy. Varying scan areas, which may be crucial in
determining the accuracy of the method, and varying disease
durations in some studies are likely to explain the discrepancy
in findings between study groups [38].

However, the presence of false-positive and false-
negative results is unavoidable in every study method. Objects
mimicking monosodium urate crystals can be seen in the nail
bed and skin calluses (Fig. 3b). This false-positive result is
caused by the similarity of the dual-energy index of keratin to
that of monosodium urate, which results in similar color coding
[391. Interestingly, these artifacts are more commonly found in
the feet than in the hands [39, 40]. Generally, the skin above
the knee and elbow joints does not produce such artifacts.

Metal structures and dense areas of cortical bone
produce artifacts of increased radiation hardness, which
might be misinterpreted as monosodium urate deposits
[40]. When using polychromatic radiation, radiation hardness
(beam hardening) increases, causing faster absorption of
low-energy photons and slower absorption of high-energy
photons, resulting in an increase in the total energy of X-ray

Fig. 2. Three-dimensional reconstruction, blended and color-coded image (right ankle joint and small foot joints): blue, pink, and green
represent cortical bone, cancellous bone, and monosodium urate crystals, respectively (dual-energy computed tomography findings of the
Medical Research and Education Center of the Lomonosov Moscow State University).

DAl https://doiorg/1017816/DD322758



https://doi.org/10.17816/DD

REVIEWS

Vol. 4 (2) 2023

Digital Diagnostics

2]

4]

Fig. 3. Artifacts in dual-energy computed tomography: a) data loss owing to incorrect positioning of the patient, b) nail bed artifact,
c) increased radiation hardness artifact from a wedding ring, and d) multiple small dotted artifacts (dual-energy computed tomography
findings of the Medical Research and Education Center of the Lomonosov Moscow State University).

radiation. Because of beam hardening, the attenuation of
the radiation decreases and the intensity at the detectors
increases, resulting in a deviation from the optimum
absorption profile. Thus, the artifact appears in the image as
depressions and dark bands between dense objects (Fig. 3c).

At low signal-to-noise ratios, small dotted green
inclusions appear, mimicking monosodium urate crystals
(Fig. 3d). However, if small dotted green inclusions are
observed along any anatomical structure, such as the
Achilles tendon, a case of true monosodium urate deposition
must be considered [39].

A false-negative result is obtained when the monosodium
urate microcrystals are <2 mm in diameter, when visualizing
tophi with a monosodium urate concentration that is too low,
and when the technical parameters are incorrectly set. However,
in most cases, artifacts are quite typical and easily identified
by an experienced radiologist. Artifacts can be removed using
various image reconstruction algorithms, such as a kernel, and
correctly setting image parameters on the workstation, such
as “air distance,” “resolution,” “minimum [HU],” and “ratio” (for
Syngo.via VB20A_HF06 class Dual-Energy Gout).

A kernel (reconstruction filter) is a mathematical
algorithm that is used to reconstruct CT images [41].

The “air distance” parameter (the distance in voxels
between monosodium urate crystals and the air and bone)
allows the reduction of artifacts in the nailbed and skin. This
operation removes all green elements within the specified
distance from the skin surface, except for those that are
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simultaneously near bone structures at a distance not
exceeding the specified value.

The “ratio” parameter is the dual-energy ratio, which is
the ratio of low-energy MD to high-energy MD in Hounsfield
units (HU). When using the two-material decomposition
method, this value is critical for separating calcium from
urate. An increase in the “ratioc” parameter increases the
sensitivity of DECT to monosodium urate crystals because of
a decrease in specificity [39].

The “minimum [HU]" parameter determines the HU
threshold in mixed images, which are virtually equal to
images obtained at 120 kV [42]. Objects with densities less
than the specified value will not have their dual-energy index
calculated; however, they will be assigned “0" HU on MD
maps and hence will not be color-coded [39].

The “resolution” parameter specifies the minimum
amount of green pixels that the application will identify as
monosodium urate deposition. If the number of such pixels
in the given area is less than the specified value, they will
not be displayed.

An extra tin filter can be used to shut off low-energy
photons, lowering radiation exposure and enhancing image
quality.

Comparison of clinical data and dual-energy
computed tomography findings

Lee et al. [43] focused on parameters that are more
likely to predict the presence of monosodium urate deposits
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on DECT. These parameters include uric acid levels in the
blood serum, renal failure, and disease duration. Thus, the
diagnostic value of DECT is limited in patients with new-
onset gouty arthritis, and the likelihood of a positive DECT
result is increased in patients who have chronic gout. Jia et
al. [44] found that the sensitivity of DECT increases as the
disease progresses. DECT had a sensitivity of 35.7% at the
first visit for gout, 61.5% in patients with gout <2 years, and
92.9% in patients with gout >3 years. Other data suggest that
monosodium urate deposits are found on DECT in 15%-24%
of patients with asymptomatic hyperuricemia and 32.8% of
patients with the first episode of gouty arthritis. This can
be explained by the lack of monosodium urate volume and
concentration for visualization in patients on their first attack
of gouty arthritis [45]. Thus, DECT may be more effective
for case follow-up than for primary diagnosis, whereas
ultrasound examination may be useful for the first gout
attack.

Chronic kidney disease and gout are comorbid conditions.
A decrease in renal excretory function contributes to urate
retention in the body, which increases the risk of monosodium
urate crystal deposition in the joints and other tissues. On
the contrary, Shang et al. [46] did not find a significant link
between the presence of renal failure and the volume of
monosodium urate deposits on DECT.

That a high serum uric acid concentration correlates
with positive DECT findings is not always true. Hypouricemic
therapy reduces uric acid levels in the blood serum, which
leads to the breakdown of monosodium urate deposits.
During a specific period, monosodium urate crystals have not
yet dissolved at a specific time, at a sufficiently low uric acid
level. Thus, using DECT to monitor urate deposit absorption
allows the evaluation of treatment efficacy, and visible
changes contribute to better compliance. Furthermore, not
all patients with the same high level of uric acid in the blood
have detectable monosodium urate deposits; thus, additional
factors, such as genetic predisposition and age, influence the
positive result of DECT [47].

Bayat et al. [23] developed a semiquantitative system
for assessing monosodium urate crystal deposition (DECT
urate scoring system) for the most affected area (feet).
The analyzed area is divided into four parts, namely, first
metatarsophalangeal joint, other joints of the foot, ankles,
and tendons in the feet and ankles, which are assigned points
and then summed up, depending on the number and nature
of deposits. The results can be used to confirm the presence
of gout and monitor the success of hypouricemic therapy.
When compared with the automatic calculation of the volume
of monosodium urate deposits, this technique saves time and
makes it easier to work in difficult-to-measure locations.
However, this scoring system only applies to foot lesions.

The semiquantitative method (DECT urate scoring system)
was used by Shang et al. [46], and no correlation was found
between the score and concentration of uric acid in the
blood serum. However, the relationship between the amount
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of monosodium urate in tissues and a long disease period,
presence of erosions, and presence of tophi was confirmed.
The study timing could be a factor in the disparity between
DECT findings and uric acid levels. Specifically, uric acid
excretion in the urine increases during a gout attack [48].

However, studies have shown a link between uric acid
levels in the blood serum and the presence of monosodium
urate deposits on DECT. For example, Dalbeth et al. [49]
report that urate deposits were discovered in 90.0% of
patients with blood uric acid levels 360 mM and palpable
tophi; however, monosodium urate deposits were only seen
in 46.9% of patients with non-palpable tophi and lower
laboratory findings. All study participants received allopurinol
at a dose of =300 mg. In addition, patients with blood uric acid
levels =360 mM and palpable tophi had a higher volume of
monosodium urate crystals and a higher number of erosions
than patients in the other group.

Dual-energy computed tomography

in the differential diagnosis of microcrystalline
arthropathies associated with calcium salt
deposition

In addition to gouty arthritis, microcrystalline
arthropathies include arthritis caused by the deposition of
calcium pyrophosphate and calcium hydroxyapatite crystals.

Calcium pyrophosphate crystal deposition disease is
characterized by the accumulation of crystals, primarily
calcium pyrophosphate, in the fibrous and hyaline
cartilage. Risk factors include age, joint injury, hereditary
predisposition, and diseases such as hemochromatosis,
primary hyperparathyroidism, hypophosphatasia, and
hypomagnesemia [50].

Calcium pyrophosphate crystal deposition disease
frequently mimics other conditions, making diagnosis
challenging for specialists. It can also be combined with
other forms of inflammatory arthritis. For example, patients
with gout or rheumatoid arthritis are more likely to develop
calcium pyrophosphate crystal deposition disease [51]. Given
the foregoing, the search for an appropriate differential
diagnosis method becomes necessary.

Clinically, acute crystalline arthritis associated with
calcium pyrophosphate deposition is similar to acute gouty
arthritis, with the sole difference being the disease duration.
Acute arthritis associated with calcium pyrophosphate
deposition can persist for weeks or even months [52, 53].

Chronic crystalline arthritis associated with calcium
pyrophosphate deposition frequently progresses as
degenerative osteoarthritis with mechanical joint pain
and intermittent clinical outbreaks of acute arthritis
associated with calcium pyrophosphate deposition [52]. The
interphalangeal, second and third metacarpophalangeal, and
knee joints are the most commonly affected [52-54].

Calcium pyrophosphate crystals may deposit along
the cruciform ligament of the atlas, which is manifested
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as the crowned dens syndrome. The clinical presentation
is nonspecific, consisting of severe neck pain, fever, neck
muscle stiffness, and occipital headache [55]. In this case,
the differential diagnosis includes meningitis, giant cell
arteritis, rheumatoid arthritis, and others.

Calcium pyrophosphate deposition-associated crystalline
arthritis can occasionally manifest as polyarthritis and
thus mimic rheumatoid arthritis. Clinically, the distinction
is that joint damage caused by calcium pyrophosphate
crystals proceeds sequentially and less symmetrically than
in rheumatoid arthritis [53]. Nonetheless, relying on this
clinical parameter is problematic. Calcium pyrophosphate
deposition-associated crystalline arthritis might mimic not
just rheumatological diseases but also neurological diseases,
cancers, and other conditions. The development of novel
instrumental methods is critical for accurate and timely
differential diagnosis.

The informative value of blood parameters is minimal
for the diagnosis of arthritis associated with calcium
pyrophosphate deposits. Polarized light microscopy of the
synovial fluid and instrumental methods such as X-ray
imaging, ultrasonography, and CT make a larger contribution.

To date, X-ray imaging is the most commonly used
method in routine practice for diagnosing calcium
pyrophosphate crystal deposition disease, whereas polarized
light microscopy of the synovial fluid is the gold standard,
according to the European League Against Rheumatism
(EULAR) recommendations. As previously stated, this
method has limitations and disadvantages that often cannot
be corrected.

In X-ray imaging, the presence of chondrocalcinosis,
which most commonly affects menisci, triangular cartilage in
the triangular fibrocartilage complex, and pubic symphysis,
is the primary symptom of calcium pyrophosphate crystal
deposition disease. Chondrocalcinosis is visualized as
linear zones of compaction parallel to the cortical bone
surface, spicular inclusions along the cartilaginous
structure, or cloud-like overlays along the contour of the
synovial membrane [56]. This method has undeniable
advantages, including noninvasiveness, absence of
iatrogenic complications, rapidity with which it can be
implemented, and low cost. Moreover, radiography is
neither a very sensitive nor a completely specific method
for diagnosing calcium pyrophosphate crystal deposition
disease because a similar presentation can be seen with
calcium hydroxyapatite deposition in the cartilage [50].
According to Lee et al. [57], the specificity and sensitivity
of this method were 96.9% and 44.2%, respectively.

Distinguishing osteoarthritis associated with calcium
pyrophosphate deposition from degenerative osteoarthritis
using X-ray examination is difficult because the signs of
differential diagnosis used are not absolute. These include the
presence of more pronounced osteophytes and subchondral
cysts, bone tissue degradation, lesion localization, and
inflammation [50, 53, 54, 58]. Thus, the involvement of the
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shoulder, hand, and metacarpophalangeal joints is less
common in degenerative osteoarthritis than in calcium
pyrophosphate deposition-associated osteoarthritis [53].
Larger subchondral cysts and severe bone destruction
are more common in calcium pyrophosphate deposition-
associated osteoarthritis [54]. It is also worth paying attention
to the calcified tendon of the quadriceps muscle and the
Achilles tendon in the presence of chondrocalcinosis, which
most likely implies calcium pyrophosphate crystal deposition
disease.

Ultrasonography is becoming more popular because of
its low cost, portability of equipment, and ease of usage.
Frediani et al. [59] described three types of ultrasound
findings in patients with calcium pyrophosphate crystal
deposition disease. One of them is the presence of
hyperechoic linear bands parallel to the cartilage surface,
and this is more common with calcium pyrophosphate
deposition in the hyaline cartilage. Another sign is more
typical for calcium pyrophosphate deposition in the
fibrocartilage. It is the formation of dotted hyperechoic
inclusions along the cartilage tissue. In the joint cavity,
the hyperechoic suspension containing mobile aggregates
of round and/or oval calcium pyrophosphate crystals was
seen the least. According to Lee et al. [57], the specificity
and sensitivity of ultrasonography were 77.1% and 74.4%,
respectively. Crucially, distinguishing between the ultrasound
signs of gout and calcium pyrophosphate crystal deposition
disease may be difficult when using this method, particularly
for physicians who are not ultrasound specialists. One of
the method's drawbacks is the operator-dependent results.
Furthermore, with pronounced osteophytes in the advanced
stages of osteoarthritis, difficulties may be caused by an
acoustic shadow from the bone tissue [60].

CT is primarily used in cases of axial skeleton localization
in the crowned dens syndrome, injury to the intervertebral
discs, etc. [61]. Calcifications of the transverse, alar,
apical, and cruciate ligaments are clearly visualized in the
atlantoaxial joint, and calcification of the yellow ligament as
nodular foci was also reported [62].

The role of DECT in the diagnosis of calcium pyrophosphate
crystal deposition disease is unclear. Calcium-containing
deposits will be colored blue on color-coded images obtained
with DECT in the dual-energy gout class, allowing them to be
distinguished from monosodium urate-containing deposits.
The cortical bone is color-coded similarly to calcium
pyrophosphate and hydroxyapatite deposits because of its
high calcium concentration (Fig. 4).

According to Kravchenko et al. [63], the sensitivity and
specificity of DECT for the detection of calcium pyrophosphate
crystals were 55% and 92%, respectively (with a mean
disease duration of 1 month, using established imaging
techniques for gout) [63]. Tanikawa et al. [60] reported that
DECT had a sensitivity and specificity of 77.8% and 93.8%,
respectively, for the detection of calcium pyrophosphate
crystals in the menisci ex vivo.
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Fig. 4. Color-coded dual-energy coronal and sagittal images (left
knee joint). Calcification of the medial meniscus (dual-energy
computed tomography findings of the Medical Research and
Education Center of the Lomonosov Moscow State University).

Currently, no specific protocol has been made for
calcium pyrophosphate crystal deposition disease,
making it impossible to calculate the volume of calcium
pyrophosphate deposits and, in some cases, distinguish
them from bone tissue. Tedeschi et al. [64] modified the
image reconstruction parameters for gout by increasing
the “iodine ratio” parameter, resulting in an increase in the
method’s sensitivity for calcium pyrophosphate crystals up
to 90%-100%. Moreover, the possibility of distinguishing
monosodium urate crystals from calcium pyrophosphate
crystals disappeared.

An advantage of DECT is its ability to distinguish deposits
of calcium hydroxyapatite from calcium pyrophosphate.
Although calcium hydroxyapatite deposits are commonly
found along the tendons, this characteristic is not absolute for
the differential diagnosis. Calcium salts are radiographically
defined as chondrocalcinosis, which also makes determining
the chemical composition of the deposits difficult. Density
values in multislice CT cannot be used as an unambiguous
recommendation.

With DECT, a spectral analysis of calcium hydroxyapatite
and calcium pyrophosphate deposits can be performed using
the values of the dual-energy index and effective atomic
number (Zeff), which are the result of the mathematical
processing of DECT findings. These parameters help in
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JlyyeBblie MeToAbl B AUArHOCTUKE NEepPBUYHOM
U peuUAMBHOMN 3/10Ka4eCTBEHHOU CTPYMbl AMYHUKOB:
KIMHUYECKUH cnyyvai

H.B. HyaHos, C.B. UBawwuHa, C.[1. AkceHoBa

Poccuiickuit HayuHbI LIeHTp peHTreHopaauonorumi, Mocksa, Poceuitckas ®epepauus

AHHOTALINA

MpeacTaBneHo pefKoe KMHUKO-AMArHOCTMYEcKoe HabmogeHne NepBUYHON U PELIMAMBHON 3/10Ka4eCTBEHHOW CTPYMbl Y-
HWKOB.

3n0KayecTBeHHas CTpyMa MpaBoro AMYHWKA BbiSIBNIEHA Yepe3 2 rofa Mocnie XMpypruyeckoro fiedeHus nepeuyHoi obpo-
KauyecTBEHHOM CTPYMbl JIEBOr0 iMUHKKA. CrycTs NOAroAa y NauMeHTKM BbISBNEH peLMaMB 3aboseBaHus, BU3yanm3npyeMbii
UCKINHUMTENIBHO MO JAHHBIM PafMOM30TOMHbIX METOAOB MCCnefoBaHuA. Busyanusauus peumamBHbIX 04aroB no bprowwuHe
Ha YNbTPa3BYKOBOM MCCie0BaHuM bblna 0TMeYeHa Ha YeTBEPTOM roAy NpPOTUBOOMYXONEBOr0 feveHus. Mo AaHHbIM ynbTpa-
3BYKOBOI0 MCC/ef,0BaHus, M0 BPIOLLIMHE Maioro Tasa Ha BCEM MPOTSAXKEHUM BU3YaNM3WUpOBanuCh MHOXECTBEHHbIE CONMAHbIE
OnyXosieBble 0Yaru U30-rMNo3X0reHHONM CTPYKTYPbI C HANIMYMEM JIOKYCOB HU3KO- M YMEPEHHO CKOPOCTHOTO KPOBOTOKA Aae
B MeJIKUX Oyarax: CKOpocTb KpoBoToKa (peak systolic velocity, PS) bbina B ananasoHe ot 2 Ao 9 cM/ceK, MaKcUMarbHbIi
MHIEKC cocyamcToro conpoTunenus (resistivity index, RI max) — 0,53. Ha npoTsxeHun 4 neT naumeHTKe NpoBoAMnach
paguoitoaTepanus "' aktuHocTbio 6,0 TBK. CocTosHME NaLMEHTKN Ha OHe MPOBOANMONO JIeYEHNA YA0BETBOPUTENBHOE.

KnioueBble cnoBa: ynbTpasByKOBOe MCCNefoBaHMe; TpEXMepHas aHruorpadms; ynbTpasByKoBas ToMorpagus;
3HEepreTMYecKoe AONMNIepoBCKOe KapTupoBaHue; MPT; peunaums; 3n0KayecTBEeHHasA CTpyMa SUYHWMKA; NepuUTOHeasbHbIi
CTPYMO3.
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Radiation methods in the diagnosis
of primary and recurrent malignant ovarian struma:
A case report

Nikolai V. Nudnov, Svetlana V. Ivashina, Svetlana P. Aksenova

Russian Scientific Center of Roentgenoradiology, Moscow, Russian Federation

ABSTRACT

We provide a rare clinical and diagnostic observation of primary and recurring malignant ovarian struma.

Malignant struma of the right ovary was detected 2 years after surgical treatment of primary benign struma of the left ovary.
Six months later, the patient was diagnosed with a disease relapse, visualized exclusively according to radioisotope research
methods. In the fourth year of anticancer treatment, ultrasonography revealed recurring foci along the peritoneum. According
to the ultrasound data on the pelvic peritoneum and the projection of the removed right ovary, multiple solid nodes with high
blood flow were visualized. Peak systolic velocity ranged from 2 to 9 cm/s in minor lesions from 4 to 12 mm, with an RI max of
0.53. For 4 years, the patient underwent radioiodine therapy with '*'l with an activity of 6.0 GBg; the patient’s condition during
the treatment was satisfactory.

Keywords: 3D angiography; magnetic resonance imaging; malignant struma ovarii; peritoneal strumosis; power Doppler
mapping; relapse; ultrasound; ultrasound tomography.
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INTRODUCTION

Malignant struma ovarii is a rare disease referred as
monodermal teratomas and somatic-type tumors (WHO
Classification of Tumours, 2020) [1].

Major contributions to the knowledge about this condition
were made in the late 19th century. Richard Béttlin was the
first to describe thyroid tissue in the ovary in 1889, whereas
struma ovarii was first characterized by Clemens von Kalden
in 1895. The term “struma ovarii colloides” came into
common use thanks to Julius Robert von Meyer. At about
the same time, Ludwig Pick supposed that thyroid elements
in “ovarian goiter” may be transformed. Over time, the whole
range of thyroid disorders was characterized for struma
ovarii, including nodular goiter, toxic goiter, auto-immune
thyroiditis, adenoma, and carcinoma [2, 3].

Moreover, 90%-95% of struma ovarii cases are benign,
and carcinoma is very rare in its setting. Available clinical and
diagnostic data on struma ovarii is primarily descriptive [3—11].

The timely diagnosis of struma ovarii plays a key role
in patients of reproductive age who plan to preserve fertility
because the extent of surgical treatment varies based on the
histological subtype of this condition. Although laparoscopic
oophorectomy or ovarian resection may be considered for benign
struma ovarii, malignant struma ovarii may require the removal
of the uterus and its appendages and resection of the greater
omentum [8]. A study showed that the average time from the
initial diagnosis of struma ovarii (both benign and malignant) to
advanced malignancy ranged from 2 to 9 years [2].

Considering that ovarian goiter is a neoplasm rather than
hypertrophy of the ovarian stroma, as it is the case in the
thyroid gland, its dissemination and metastatic potential
to other organs support the point made in the latest 2020
World Health Organization Classification of Female Genital
Tumors: “Peritoneal implants well-differentiated thyroid
tissue in a patient with a histologically benign struma ovarii,
known as “peritoneal strumosis,” is currently considered to
be a metastasis of a well-differentiated follicular carcinoma
originating in the struma ovarii” [1, 12]. The 5-year survival
rate of patients treated with radioactive iodine (iodine-131,
131]) was higher than that of untreated patients (94.9 vs.
64.8%) [4, 10].

Medical database (PubMed and Medline) search identified
studies of ultrasound (US) or magnetic resonance imaging
(MRI) patterns of malignant struma ovarii and recurrent
peritoneal strumosis; however, descriptions of the disease
and its perfusion features are still unclear, which was the
reason for publishing this study.

CASE REPORT

Patient

This study presents the features of a case of T3cNOMO
primary recurrent malignant struma ovarii in patient R. aged
25 years.
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One month after childbirth, the patient underwent a left
oophorectomy for a benign struma of the left ovary and right
ovarian resection for a dermoid cyst of the right ovary. She
was event-free for 2 years. In 2015, diagnostic laparoscopy
and biopsy of peritoneal lesions were performed for ascites
and ovarian enlargement in another medical institution.
The Federal State Budgetary Institution “Russian Research
Center for Radiology” of the Ministry of Health of Russia
(RRCR) reviewed the tissue specimen slides and revealed
poorly differentiated malignant struma ovarii. In blood tests
performed in 2015, thyroglobulin level was 35.156 (normal,
0-50) ng/mL; anti-thyroglobulin antibodies, 0.52 U/mL;
thyroid-stimulating hormone, 0.76 ng/mL (normal, <0.2);
thyroxine, 0.69 pmol/L; CA-125, 1,339.5 U/mL; human
chorionic gonadotropin, 1.2 mlU/mL; and alpha fetoprotein,
2.25 IU/mL.

Investigations

After diagnostic laparoscopy and biopsy of lesions
in the pelvic peritoneum performed in another medical
institution, complex ultrasonography was performed at the
RRCR. An inhomogeneous isohypoechoic mass with areas
of an anechoic structure of irregular and rounded shape was
found in the projection of the right appendages. Pronounced
pathological blood flow in the solid component of the mass,
ascites, and carcinomatosis of the peritoneum of the small
pelvis were also found. Figure 1 shows a 3D angiogram of
the primary malignant struma ovarii on the right ovary.

eSaote Pro machine US was used; the transvaginal
transducer and volume transvaginal transducer were used.
Ultrasonography was performed in a standard 2D mode,
and high-tech US methods were then used: power Doppler
mapping, US computed tomography (CT), and 3D angiography.

Figure 2 shows uneven thickening of the pelvic peritoneum
covering the anterior wall of the uterus. The structure of the
blastomatously altered peritoneum of the small pelvis is
isohypoechoic, with ill-defined edges on the interface with
the body of the uterus.

The intensity of the blood flow in the tumor lesion in the
retrouterine pouch is remarkable, as well as its smoothness
in the thickened (up to 5-7 mm) peritoneum of the small
pelvis (Fig. 3).

In addition to US, a multiparametric MRI of the pelvic
organs was performed using a high-field tomograph with a
magnetic field strength of 1.5 Tesla. The MRI examination
was in line with the guidelines of the European Society of
Urogenital Radiology (ESUR Guidelines, 2019) and included
several modes: T2-weighted imaging (T2-WI), T1-weighted
imaging (T1-WI), diffusion-weighted imaging (DWI; b = 800,
b = 1,400), and T1 with dynamic contrast enhancement [13].

The MRI of the malignant struma ovarii demonstrated
a space-occupying predominantly solid mass of the right
ovary with uneven poorly defined bumpy edges, areas of
multiple cystic inclusions ranging in size from 0.7 to 3 cm
with a heterogeneously increased MR signal in T1-WI,
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Fig. 1. 3D angiography of a poorly differentiated malignant struma ovarii on the right (arrows).

Fig. 2. Dopplerography in the energy mode. Malignant struma ovarii. Carcinomatosis of the pelvic peritoneum anterior to the uterus (arrow).

The visualized tumor lesion is 6 mm thick.

heterogeneous (from hyper- to hypo-) MR signal in T2-
WI, which was consistent with colloid nodules with high-
protein contents of different viscosities. Solid areas of the
tumor were characterized by different rates of diffusion
restriction, from 0.7 to 1.4 mm?/s x 1073, Multiple nodular
masses along the peritoneum of the small pelvis and
diffuse thickening of the peritoneum were also detected.
The paramagnetic accumulation in the tumor node along
the peritoneum and nodes of the peritoneum was sharply
increased in T1-WI, with suppression of the signal from

DO https://doiorg/10.17816/BD322846

the adipose tissue (Fig. 4). Meanwhile, sagittal post-
contrast images clearly show the absence of paramagnetic
accumulation in the colloid nodules of the malignant struma
of the right ovary (Fig. 4f).

Three months after the extirpation of the uterus with the
right appendages, omentectomy, and thyroidectomy, the US
showed 5-10 mL of free fluid in the small pelvis. Based on
the comprehensive US findings, the free fluid persisted for
4 years despite ongoing radioiodine therapy ("*'I; 6.0 GBg; a
total of 11 cycles); however, no lesions were detected. The
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Fig. 3. 3D angiography of the malignant struma lesion along the peritoneum in the retrouterine space (arrow).

first recurrent lesion of the primary tumor along the pelvic US demonstrated that the recurrent lesion of malignant
peritoneum, visualized by US, appeared 4 years after the  struma ovarii along the pelvic peritoneum, identified in the
start of the combination therapy. presence of ascites, had an iso-hypoechoic structure with

]

Fig. 4. Pelvic magnetic resonance images of patient R. with malignant struma of the right ovary: (a) T2-FS-WI in the axial plane; (b) T1-WI
in the axial plane; (c) diffusion-weighted imaging (b = 1,000); (d) apparent diffusion coefficient map; (e) T1-FS-WI + contrast in the axial
plane; (f) T1-FS-WI + contrast in the sagittal plane. The solid arrow indicates colloid nodules in the malignant struma of the right ovary.
The dotted arrow shows lesions along the pelvic peritoneum with increased paramagnetic accumulation and restricted diffusion similar
to the solid component of the primary tumor.

DO https://doiorg/10.17816/BD322846
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fuzzy contours and small size (4—12 mm). The peritoneum
of the small pelvis outside the lesion was <4 mm thick;
however, 3D angiography and US-CT revealed that even
small blastomatous lesions were well vascularized. Blood
flow was also present in the 4-5 mm thick structure of the
pelvic peritoneum (Figs. 5-7).

To identify specific US signs of malignant struma
ovarii, recurrent tumor lesions along the peritoneum of
the malignant struma in one patient were compared with
recurrent lesions of serous ovarian adenocarcinoma in

Vol. 4 (2) 2023
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12 patients. When comparing the tumor lesions in the
retrouterine space, a more pronounced neoangiogenesis
was noted in the tumor lesion of the malignant struma
ovarii, where the peak systolic velocity (PS) was recorded in
small lesions (4—12 mm) and ranged from 2 to 9 cm/s. The
maximum vascular resistivity index (RI max) was 0.53. No
blood flow was noted in recurrent lesions along the pelvic
peritoneum of the serous adenocarcinoma up to 9 mm, and
in lesions up to 15-20 mm, PS varied from 2 to 4 cm/s or
was <2 cm/s (Figs. 5 and 8).

Fig. 5. Dopplerography in the energy mode. The arrows show recurrent lesions of the malignant struma ovarii.

Fig. 6. US-CT of the recurrent lesions of the malignant struma ovarii.

DO https://doiorg/10.17816/BD322846
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Fig. 7. 3D angiography of the recurrent lesions of the malignant struma ovarii in the pelvic peritoneum in the presence of ascites.

Fig. 8. Dopplerography (energy mode) of the tumor lesion along the peritoneum in the retrouterine space in a patient with stage IIIC

Serous ovarian cancer.

Thus, this case demonstrated that the combined MRI
findings of the thyroid tissue (colloid nodules), restricted
diffusion areas, and increased paramagnetic accumulation in
its solid component may indicate a malignant struma ovarii.
Recurrent lesions of malignant struma, even small ones (up
to 4-5 mm), are well vascularized. Malignant struma of the
right ovary was detected 2 years after surgical treatment of
primary benign struma of the left ovary.

The somatic condition of the patient was not aggravated
by ascites and persistent recurrent tumor lesions in the small
pelvis.

DISCUSSION

In this study, we analyzed US and MRI signs of primary
recurrent malignant struma ovarii. Our data are generally

DO https://doiorg/10.17816/BD322846

consistent with those of individual case reports of this
neoplasm in the literature. US visualizes a malignant struma
ovarii as a multicystic tumor with irregular septa and
heterogeneous echogenic solid components. Complex US
(power Doppler mapping, US-CT, and 3D angiography) show
pronounced neoangiogenesis in both primary malignant
struma ovarii and its small recurrent lesions. Its characteristic
feature is the so-called struma pearls, i.e., well-defined
rounded solid areas, which are consistent with the colloid-
rich thyroid tissue [8, 14-17].

In the presented case, the tumor did not show typical
MRI signs for a malignant struma ovarii; however, the
MRI pattern allows suspicion of the inclusions of colloid
nodules in the thyroid tissue of the solid component of the
ovarian tumor. Varying degrees of restricted diffusion were
observed in the solid tumor component and lesions along
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the pelvic peritoneum. Extremely pronounced paramagnetic
accumulation in the solid component of the tumor visualized
in the post-contrast series and the absence of accumulation
in the colloid nodules were pathognomonic. In the study by Gil
et al. [14], MR images revealed struma ovarii as multicystic
tumors with solid components, often with high T1-WI signal
intensity, whereas cysts had different T2-WI signal intensities
depending on fluid viscosity. Tamura et al. [17] analyzed
18 cases of struma ovarii, and their MRI study revealed
a solid contrast-accumulating area that corresponded
to a malignant variant of the tumor only in 54% of cases;
meanwhile, restricted diffusion was established only in 11%
of cases.

In the present study, restricted diffusion was
heterogeneous but indicated malignant features, given the
perfusion parameters in the tumor. Data similar to ours were
reported by Yamauchi et al. [7]: the solid component in the
malignant struma ovarii was characterized by the increased
MR signal in diffusion-weighted imaging and a reduced signal
in apparent diffusion coefficient maps. Thus, when compared
with a pathomorphological study, the areas of the papillary
carcinoma in struma ovarii corresponded to the area of true
diffusion restriction in MRI.

Herein, we compared recurrent lesions of malignant
struma and serous ovarian cancer. The recurrent lesions of
malignant struma were similar in structure to serous ovarian
cancer and had an isohypoechoic structure; however, US
angiography and US-CT did not record blood flow in 4-5 mm
lesions of the serous ovarian cancer. In this case, we did not
register blood flow in the 4-mm lesion of serous ovarian
cancer in the pelvic peritoneum. Moreover, Ranade et al. [19]
reported peritoneal strumosis (struma peritonei) by US in a
patient 6 years after surgical treatment of stroma ovarii, and
the lesion had a mixed structure with calcifications.

Brogsitter et al. [20] reported a case of peritoneal
strumosis and highlighted the role of histological examination
of conditions similar to those of ovarian carcinoma. Many
aspects of peritoneal strumosis remain unexplored; however,
the authors suggest a connection with either rupture of mature
ovarian teratoma or ovarian resection for mature ovarian
teratoma. In addition, the authors noted a “slow” course of
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Manbdopmauus AbepHeTU: KNMHUYECKUN Clyyait

A.B. Naniokosa', B.E. Cunmupiv', E.A. Mepiumna', H.A. PyubéBa?

! MocKOBCKMiA rocyaapCTBEHHbIN yHUBepcuTeT MMeHn M.B. NloMoHocosa, MeanuUMHCKII HayyHO-06pa30BaTeNbHbIN LIEHTP,
Mocksa, Poccuiickas Pepepaums

2 HaumoHanbHblit MeMLIMHCKUA UCCNe[10BaTeNbCKIMIA LIeHTP TPAHCMAIAHTONOMM W UCKYCCTBEHHBIX OpraHoB
“MeHu akazeMuka B.W. LLlymakoBa, MockBa, Poccuiickas ®epepaums

AHHOTALIUA

Bpo<AéHHblE NMOPTOKaBaNbHbIE LWIYHTHI — PeAKUe COCYAMCTbIE aHOManuM, CBA3aHHbIE C YaCTUYHBLIM WM MOJHBIM OTBE-
AEHWeM MOpTabHOW KPOBU B CUCTEMHBIN KPOBOTOK. BpoXAEHHbIE BHEMEYEHOUHbIE MOPTOKaBasbHbIE LUYHTHI Ha3blBaAKTCA
ManbhopMaumeid AbepHeTn. BBuay HWU3KOW YacTOThI BCTPEYAEMOCTM M pa3HO06pasus KIMHUYECKUX MPOSBIEHMIA BbISBIEHNE
AaHHOI NaTonorm NpeLcTaBifeT AMarHoCTUYeCKyto npobnemy.

B cTaTbe onucaH KMHUYecKuiA ciyyan Manbdopmaumm AbepHetu Tuna Ib y 15-neTHero nauueHTa ¢ AnUTeNbHbIM aHaMHE30M
MOBLILLEHHOTO apTepUaNbHOMO AaBNEHMS, PELMAVNBUPYIOLLMMUA HOCOBLIMU KPOBOTEUEHUSIMM, DOSbIO B FPYAM, TOJIOBOKpYE-
HWeM, OJbILLIKOM, HU3KOW TONEPAHTHOCTBI0 K (QU3NYECKOH Harpy3Ke, 3N130[aMM KpoBM B CTyNe, Bomblo B anuractpanbHoi
obnacTu, TOLLHOTOM U 3yA0oM. B pesynbTate NpoBeAEHHOTO KOMMIEKCHOTO 06CNeA0BaHUS Y NaumMeHTa bbina AnarHocTMpoBaHa
aHOManus pas3BuTUA NOPTaNIbHON CUCTEMBI: PACLUMPEHHBI KOHAYMT BOPOTHOM BeHbI, BafalLwmii HENOCPeACTBEHHO B HUX-
HI0I0 Moyto BeHy. BbiIBNEHbI TakKe MHOXECTBEHHbIE Y3/1bl B TAPEHXVIME MeYeHu, pacluMpeHre KaMep cepaua, runeptpodus
MWOKapAa U NEroYHas runepTeH3mns. YUnTbiBas BbIPaXKEHHOCTb CUMMTOMOB, Pa3Mepbl M TUM LLYHTA, MEXAUCLMMIMHAPHBIM
KOHCU/IMYMOM PEKOMEH/0BaHa TPAHCMNAHTALMA NEYEHM.

B cratbe paccMatpuBaloTcs anropuTMbl AMArHOCTUKW U Apyrie BO3MOXKHbIE BapuaHTbl JleueHUs aHOManuii pasBuTia nop-
TanbHOM CUCTEMBI.

KnioueBble cnoBa: KIMHUYECKUIA CNyYaid; cocyaucTble ManbGopMaumnm; BPOXKAEHHbIE BHENEYEHOYHbIE MOPTOCUCTEMHBIE
LWYHTBI; ManbgopMaumsa AbepHeTu; KT-aHruorpadus.
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Abernethy malformation: A case report
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ABSTRACT

Congenital portosystemic shunts are rare congenital vascular anomalies associated with partial or complete portal blood
diversion into the systemic circulation. Congenital extrahepatic portosystemic shunts, termed Abernethy malformation, are
a diagnostic challenge owing to its low incidence and clinical presentations. We report a case of Abernethy malformation
type |b in a 15-year-old male with a history of chronic epigastric pain and nausea, high arterial blood pressure, recurrent
nose bleeds, chest pain, dizziness, dyspnea, low exercise tolerance, hematochezia, and itching. Imaging studies revealed a
dilated portal vein conduit flowing into the inferior vena cava, bypassing the porta hepatis. Other findings included multiple
liver nodules, heart chamber dilatation, myocardial hypertrophy, and pulmonary hypertension. Because of the severity of the
patient’s symptoms and shunt anatomy, liver transplantation was recommended after multidisciplinary panel consultations.
Further, diagnostic algorithms and other treatment options are discussed.

Keywords: Case report; vascular malformations; congenital extrahepatic portosystemic shunt; Abernethy malformation;
computed tomography angiography.
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INTRODUCTION

Congenital portosystemic shunts (CPSS) are rare congenital
anomalies associated with partial or complete portal blood
diversion into the systemic circulation. The estimated CPSS
incidence is 1:30,000 births and 1:50,000 for those that persist
beyond early life [7]. The classification of CPSS is complex
because of the significant variability of vascular anatomy. All
CPSSs are divided into intra- and extrahepatic shunts with
partial or complete portal blood deprivation [27]. Congenital
extrahepatic portosystemic shunts (CEPSS) are termed
Abernethy malformation, first documented in 1793 by John
Abernethy [1]. However, reported CEPSS cases are limited.

DESCRIPTION OF THE CASE

A 15-year-old male was admitted to the hospital for
evaluation of chronic epigastric pain and nausea. He also
had episodes of high arterial blood pressure (reaching
160/90 mmHg), recurrent nose bleeds, episodes of chest
pain, dizziness, shortness of breath, low exercise tolerance,
hematochezia, and long history of itching. His medical history
was limited: 12 years prior to admission, portal hypertension
was diagnosed (no medical records provided).

Liver function tests showed a mild increase in alanine
aminotransferase (59.8 U/L (normal range, 13-50 IU/L))
and increased aspartate aminotransferase (67.1 U/L (15—
46 1U/L)), gamma-glutamyl transferase (91 U/L (2-42 U/L)),
alkaline phosphatase (316 U/L (52-171 U/L)), total bilirubin
(39.2 pmol/L (3.4-17.1 pmol/L)), and direct bilirubin
(12.5 pmol/L (0-5 pmol/L)); albumin was slightly decreased
(40.2 g/L (41-55 g/L)). Routine blood tests and coagulation
studies were normal. Further, his serum BUN, and creatinine
were within reference ranges.

Transthoracic echocardiogram revealed heart chamber
dilatation, myocardial hypertrophy (left ventricular wall
thickness, 1.6 cm), and systolic pulmonary hypertension
(pulmonary artery systolic pressure [PASP], 40 mmHg). Aortic
ectasia (diameter at the level of the fibrous ring, 3.4 cm;

SV

Fig. 1. Contrast-enhanced CT, portal phase, axial view. Dilated
splenic vein (SV).
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sinuses of Valsalva, 5.1 cm; and ascending aorta, 4.0 cm)
was observed. No left ventricular outflow tract stenosis or
ventricular wall hypokinesia were found; left ventricular
function was preserved.

Abdominal ultrasound (US) showed an enlarged liver with
multiple nodules, changes in parenchymal structure, and signs
of fibrosis. No prominent portal venous trunk or branches at
the porta hepatis were noted. The hepatic vascular pattern was
deformed with stenosis of the hepatic veins. Further findings
were portal hypertension and moderate spleen enlargement.

To evaluate liver nodules, alpha-fetoprotein (AFP) tumor
marker test was ordered. The AFP concentration was normal
(1.72 IU/ml). Additional imaging studies were performed to
confirm the diagnosis and to clarify the vascular anatomy.

Contrast-enhanced abdominal computed tomography
(CT) with multiplanar reconstruction revealed that the splenic
(12 mm in diameter (Figure 1)) and superior mesenteric
veins fused together, forming a portal vein conduit dilated to
28 mm in diameter (Figures 2 and 3), flowing directly into
the inferior vena cava (IVC), bypassing the porta hepatis
(Figure 4). Moreover, moderate liver and spleen enlargement
and weak heterogeneous contrast enhancement of the liver
parenchyma were noted. The findings were consistent with
Abernethy malformation type Ib.

CT pulmonary angiogram showed no abnormal vascular
shunts, but confirmed pulmonary trunk dilatation (diameter,
40 mm) (Figure 5), heart chamber dilatation, and myocardial
hypertrophy (Figure 6).

Owing to the low effectiveness of conservative treatment,
severity of symptoms, and shunt anatomy, liver transplantation
was recommended after multidisciplinary panel consultations.
Currently, the patient is waiting for surgical intervention.

DISCUSSION

Mechanisms

The etiology and development of congenital and acquired
portosystemic shunts differ significantly. CEPSSs occur
because of abnormal formation or involution of the fetal

SMV

Fig. 2. Contrast-enhanced CT, portal phase, coronal view. Splenic
(SV) and superior mesenteric (SMV) veins fused together, forming
a portal vein conduit (white arrow).
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Fig. 3. Contrast-enhanced CT, portal phase, axial view. Portal vein
conduit (white arrow).

Fig. 5. CT pulmonary angiography, axial view. Pulmonary trunk
dilatation.

vasculature; acquired shunts are secondary to liver diseases
[27]. In the literature, there are two dominant theories of
CEPSS formation: congenital malformations and anomalies
of the ductus venosus.

The development of the portal system is complex and
occurs between weeks 4 and 10 of embryonic life. The
systemic venous system results from the embryonic anterior
and posterior cardinal veins. The portal venous system forms
from the vitelline veins, which carry blood from the yolk sac
to the sinus venosus [13]. If portal system development is
disrupted, CEPSS occurs. This variant is closely associated
with combined congenital pathologies. According to the study
of Bernard et al., congenital heart disease was the most
frequently observed concomitant pathology (in 45/265 cases);
other recorded malformations included abnormalities of
the kidneys, bile ducts (including biliary atresia), digestive
system, bones, and brain [7].

Another discussed mechanism is the absence of the
functioning fetal ductus venosus due to anatomical defects
or occlusion. In a normal fetus, the ductus venosus shunts
blood from the umbilical vein to the IVC, bypassing the liver.
Naturally, functional closure occurs within the first minutes
of birth and structural closure during the first weeks of life
in most full-term neonates [8]. The umbilical vein and ductus
venosus anatomically close during the first months of life
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Fig. 4. Contrast-enhanced CT, portal phase, coronal view. Portal
vein conduit flowing directly into the IVC (white arrow), enlarged
liver with heterogeneous parenchymal enhancement.

Fig. 6. CT pulmonary angiography, axial view. Myocardial hypertrophy.

and become the ligamentum teres and ligamentum venosum,
respectively [13]. Pathologies of the ductus venosus in the
fetus can stimulate the formation of abnormal vessels. These
abnormal vessels may persist and develop into abnormal
shunts, resulting in hypoplasia of the portal venous system.
The absence of the ductus venosus has been reported in
some cases of CEPSS [5,12].

Classification

A widely used classification of CEPSS is the classification
system introduced by Morgan and Superina in 1994
(Table 1) [23]. According to this classification, Abernethy
malformation is divided into two types depending on the
patency of the intrahepatic portal system. Type 1 is defined
as a complete portosystemic shunt, whereas type 2 is
described as partial blood shunting to systemic veins with
a certain degree of portal system development (Figure 7).
Different treatment options are available depending on the
CEPSS type [35].

Clinical manifestations and complications

Clinical presentations are variable and depend on the
ratio of blood flow through the shunt. Manifestations vary
from accidental findings in asymptomatic adult patients
[26,32] to complex congenital malformations [36], severe
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Table 1. Classification System for portasystemic anomalies by Morgen and Superina [23].

Liver not perfused with portal blood — total shunt

Type | la: SMV and splenic vein do not joint to form confluence

Ib: SMV and splenic vein join to form confluence

The liver perfused with portal blood — partial shunt (e.g., portal-hepatic venous anastomoses)
Type |l Ila: congenital

IIb: acquired

Note. SMV — superior mesenteric vein.

IvC
PV
SV
IZ' SMV
IvC
SV
SMV

IvC
SV
II' SMV
IvC
PV
N
SMV

4]

Shunt

Fig. 7. Normal portal vein anatomy and shunt classification. IVC — inferior vena cava; PV — portal vein; SV — splenic vein; SMV —
superior mesenteric vein; @ — normal PV anatomy; b — CEPSS type la; ¢ — CEPSS type Ib; and d — CEPSS type II.

hypoxemia [31], encephalopathy [21, 22], or liver tumors [33].
Most patients present with nonspecific symptoms, such as
acute hepatic decompensation or cirrhosis. According to
Lin et al., data of 703 patients with CEPSS extracted from
451 articles revealed that majority of the reported patients
with Abernethy malformation were children or young adults
<18 years old [20]. Severe congenital pathologies with a
higher degree of blood shunting are usually diagnosed at a
younger age, whereas patients with partial blood shunting
can remain asymptomatic till adulthood.

In the early neonatal period, galactosemia, diagnosed
during routine screening, can be the first sign of CEPSS.
Galactose is metabolized in the liver by the GALT enzyme
to glucose. However, in children with CEPSS, galactose
bypasses the liver, resulting in increased levels in
the systemic circulation [14, 29]. According to several
researchers, hypergalactosemia is present in up to 70%
of newborns with CPSS [7]. Other potential symptoms in
the early neonatal period are growth restriction, neonatal
cholestasis, and hepatic encephalopathy [28].

DAl https://doiorg/10.17816/DD269714

In patients with milder pathology, CEPSS can go
unnoticed until adulthood. The presentation may be due to
symptoms related to hepatic encephalopathy, liver masses,
or pulmonary hypertension.

Subclinical hepatic encephalopathy is observed in up
to 30% of patients with CEPSS [11]. Portal blood shunting
causes increased ammonium levels in the systemic blood
flow. Blood ammonia produced in the gastrointestinal tract
bypasses the liver and flows directly into the IVC. Astrocytes
metabolize ammonium to glutamine, which has toxic effects
on the brain [21]. Hyperammonemia may present without
encephalopathy, particularly at younger ages. Clinical
encephalopathy is more common in older patients, probably
due to lower compensatory abilities [22]. Diagnosis in such
cases can be difficult because of the low specificity of
symptoms [2,3,21]. Elevated serum ammonia concentration
without evidence of liver cirrhosis should prompt further
investigations for extrahepatic shunts.

Patients with CPSS are prone to developing multiple liver
tumors. The literature on histological changes in the liver
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parenchyma in patients with CPSS is limited. De Vito et al.
described a case series of 22 patients with CPSS, including
19 patients with CEPSS, who were diagnosed and managed
in their institution for 15 years [10]. According to their results,
the most characteristic histological findings in peripheral
liver parenchyma included the presence of portal prominent
thin-walled channels, arterial-biliary dyads, increased
arterial profiles in the portal tracts and lobule, and frequent
lack of the physiological periportal-vacuolated hepatocytes
in children.

The pathophysiology of hepatic tumor in patients with
CEPSS remains unclear. One of the mechanisms is attributed
to reduced liver regeneration abilities. Low portal blood flow
leads to a decrease in the delivery of insulin and glucagon to
hepatocytes, making them more vulnerable to damage and
neoplasm development [17]. Moreover, increased hepatic
arterial blood flow can be associated with parenchymal cell
de-differentiation [33].

Nodular liver lesions are common findings in different
types of Abernethy malformation. In most cases, liver
nodules are benign, and include focal nodular hyperplasia,
hepatic adenomas, and regenerative nodules. Most patients
are asymptomatic, although some patients present with an
abdominal mass. In our case, liver nodules were accidentally
found during abdominal US.

However, not all liver masses are benign. Type |
Abernethy malformation is associated with hepatoblastoma
and hepatocellular carcinoma (HCC) [9,16]. Hepatoblastoma
is a rare tumor seen in children with CEPSS. These tumors
have an unfavorable prognosis. Majority of the described
cases were lethal [9,17]. Hepatocellular carcinomas more
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often develop in adults, although Benedict et al. published
a case of a 12-month-old male with histologically and
immunohistochemically confirmed HCC [6]. Diagnosis
can be complicated as some of the reported lesions have
controversial radiological features and can be mistaken
for benign masses [32]; biopsy is usually required. Liver
transplant is a treatment option [25].

In some CEPSS cases, patients present with signs of
pulmonary hypertension: shortness of breath and dyspnea [19,
24]. Severe pulmonary hypertension can lead to cardiogenic
syncope due to decreased preload and low cerebral perfusion
[20]. In our case, pulmonary hypertension was diagnosed.

Hepatopulmonary syndrome occurs in patients with liver
disease accompanied by portal hypertension. Vasoactive
mediators from the intestine bypass the hepatic circulation
through the portosystemic shunt, flowing directly to the
pulmonary vascular bed, causing imbalance between
vasodilation and vasoconstriction substances, inducing
pulmonary hypertension [35]. The correction of hepatic
vascular anomalies is curative.

Diagnosis and treatment

There are currently no published guidelines for the
diagnosis and treatment of CEPSS. Based on the results of
the multicenter international study that included 66 patients,
Baiges et al. have proposed a management algorithm for
patients with CEPSS (Figure 8) [4].

In our case, Abernethy malformation was suspected in
the abdominal US. Generally, US signs of CEPSS include
portal trunk absence or hypoplasia, solid focal lesions in
the liver parenchyma, deficiencies of the intrahepatic portal

Abernethy Malformation suspicion

CT or MRI for confirmation

Consider prophylactic

shunt closure

Evaluation of CEPS
complications

Hepatic
Encephalopathy

Pulmonary
complications

Liver nodules

Baseline brain MRI
and Swan-Ganz

Anually Sa0, screening

Ammonia levels annually
Covert HE every 2 years
Reevaluation after shunt closure

Baseline ecocardiography, gasometry

US screening every 6 months
MRI if adenoma/HCC suspected

Reevaluation if desaturation/ dyspnea

Fig. 8. A congenital extrahepatic portosystemic shunt management algorithm proposed by Baiges et al. [4]. CEPS — congenital extrahepatic
portosystemic; CT — computed tomography; HCC — hepatocellular carcinoma; HE — hepatic encephalopathy; MRl — magnetic resonance

imaging; US — ultrasound.
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vessels and flow signals, and hepatic artery hypertrophy
[30]. Anomalies identified by the US should be further
confirmed with other imaging modalities, such as CT, or
MR angiography. Contrast-enhanced CT provides essential
information about shunt size, orientation, and type, which
helps in choosing the most suitable treatment approach
for each patient. Further, it allows to visualize and
evaluate concomitant anomalies, including liver masses.
MR angiography is a reliable and noninvasive modality for
visualizing hepatic vascular anatomy. It is radiation-free and
has better soft tissue contrast than CT. Moreover, diffusion-
weighted sequences and hepatocyte-specific contrast agents
can provide additional valuable information for the evaluation
of nodular liver lesions and decision-making.

The therapeutic approach depends on the shunt type
and size, severity of symptoms, coexisting anomalies, and
related complications. Asymptomatic patients could be
medically followed. Given the complication development
risks, Kwapisz et al. recommended routine clinical
assessments, regular blood work, including liver enzyme
and liver function tests, and annual liver imaging for
patients with CEPSS [16].

Experience in the treatment of patients with Abernethy
malformation remains limited. Based on the reported cases,
current treatment options include interventional or surgical
shunt closure and liver transplantation. Type | long-term
treatment options are limited to the liver transplant with
supportive therapy while waiting for surgery. Patients with
Type Il CEPSS have more therapeutic options depending
on the developed complications and associated anomalies.
It is possible to ligate or close the portosystemic shunt
using interventional angiography (with coils or plugs)
[34]. However, interventional closure may cause recurrent
hyperammonemia, as has been reported [18].

It may be beneficial to perform the balloon shunt
occlusion test to assess the intrahepatic portal system (IHPS)
in patients with both types of CEPSS [18]. This test allows to
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CONCLUSION

Abernethy malformation is a rare pathology associated
with severe complications and poor outcomes. Owing to the
low incidence, unspecific symptoms, involvement of different
organ systems, and variable presentations, diagnosis of
CEPSS is a challenge. Imaging plays a critical role in the
diagnosis and treatment planning. Early identification and
individualized treatment approaches are crucial in preventing
complications. Long-term follow-up and monitoring for
malignancy are required.
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AHHOTALIMA

[ins coBpeMeHHBIX YYEHbIX CTAHOBATCA BCE Dosee BaXHbIMU KOMMETEHLMM B 00/1aCTU CTAaTUCTUHECKOW 00paboTKM AaHHbIX.
OueBMIHBIMW NpenMyLLIECTBaMM OTKPLITOrO NporpaMMHoro obecrneyeHus (open-source software) ans cratucTyeckoro aHa-
N13a ABNSIOTCSA JOCTYMHOCTb M MHOTOGYHKUMOHANBHOCTL. Hanbonee WMpoKMMM BO3MOXHOCTSMM cpeay becnnatHbix peLue-
HWW 0BN1afaloT A3bIK NPOrpaMMUPOBaHUS U COOTBETCTBYHOLLIEE NPOrpaMMHOe 0becneyeHune R, AOCTynHOe B BULE MUHUMANK-
CTMYHOO KOHCOJIbHOTO MHTEpdelica MK NOSTHOLEHHOI cpefbl pa3pabotku RStudio/Posit.

MpeanaraeM BalleMy BHUMaHUIO NPaKTUYECKOE PYKOBOACTBO MO CPABHEHMIO ABYX IPYMM C NOMOLLbI0 MHCTPYMEHTOB fi3biKa R
Ha NpuMepe conocTaBneHUs IPHEKTUBHO J03bl, NOYYEHHOW NPY NPOBEAEHWM CTaHLAPTHON KOMMbLIOTEPHOM W HU3KOLL03HOM
KoMnbtoTepHoi ToMorpadum npu COVID-19, B KoTopoM KpaTKo 0600LLeHbl TeopeTuyecKue noaxoabl K 0bpaboTke MeanUMH-
CKUX [aHHbIX, @ TaKXKe PEKOMEHAALMM MO KOPPEKTHOWM (opMyMPOBKe 3aAay UCCef0BaHWA U BbIBopa ONTMMAasbHbIX METO-
A0B CTaTUCTUYECKOr0 aHann3a.

OcHoBHas 3ajja4a NPaKTMYECKOro PYKOBOACTBA — MO3HAKOMUTb unTaTens ¢ uHTepdencom Posit 1 6a30BbIM hyHKLMOHANOM
A3blka R Ha MpaKTMYecKoM NpuMepe peLLeHns peanbHOW MedUUMHCKOW 3ajauu. [lpeficTaBneHHbI MaTepuan MoXeT bbiTb
noseseH Ha Ha4yaslbHOM 3Tarne 0CBOEHUS CTaTUCTMYECKOr0 aHaik3a C MOMOLLb0 MHCTPYMEHTOB A3biKa R.

Knwouesble cnoea: R; RStudio; Posit; ctaTuctudeckuii aHanms; MeauUMHCKUE AaHHbIE; MPAKTUYECKOE PYKOBOACTEBO.
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Hypothesis testing using R
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ABSTRACT

Competencies in statistical data processing are becoming increasingly important for modern scientists. The apparent
advantages of open-source software for statistical analysis are its accessibility and adaptability. The programming language
and the corresponding software R, available as a minimalistic console interface or a complete development environment
RStudio/Posit, have the widest possibilities among free solutions.

We present a practical guide for comparing two groups using the software R. This study compares the effective doses of
standard computed tomography with low-dose computed tomography for COVID-19 patients. The practical guide summarizes
theoretical approaches to medical data processing and recommendations for correctly formulating research tasks and selecting
optimal statistical analysis methods.

The main goal of the practical guide is to introduce the reader to the Posit interface and the basic functionality of the R language
by using a practical example of treating a real medical problem. The presented material can be useful as an introduction to
statistical analysis using the programming language R.

Keywords: medical data, Posit, R, RStudio, statistical analysis, tutorial
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INTRODUCTION

For modern researchers, statistical data processing has
become an increasingly important competency. In 1983,
understanding two-thirds of the 760 scientific papers in the
esteemed New England Journal of Medicine only required
basic knowledge of descriptive statistics (such as percentage,
mean, and standard deviation) and one method of statistical
hypothesis testing (Student’s t-test) [1]. However, over time,
the scientific community has identified some limitations
of this approach for data analysis. In 2014, the Journal of
American Medical Association announced a special series
describing the methods of statistical analysis for clinicians.'
Currently, open access review papers are available not
only on the basic aspects of data analysis [2], but also on
the choice of an appropriate data processing method [3].
Moreover, a detailed Statistical Analysis Method in the
Biomedical Research checklist was published in 2019 [4].
However, the practical use of data analysis methods remains
a sophisticated problem if programs for its automation are
not actively developed.

Because there are many paid statistical analysis programs
and commercial services for end-to-end data processing,
open-source software has some obvious advantages, such
as accessibility and versatility [5]. The most powerful free
solution is the programming language and associated
software R [6], which is available as a minimalist console
interface [7] or as a full-fledged development environment
RStudio/Posit [8].

The aim of this paper is to present some basic operations
in R based on a real-life problem as follows: comparing the
effective dose received by patients during standard computed
tomography (CT) and low-dose computed tomography (LDCT)
for COVID-19. The relevance of this task is based on the need
to monitor radiation exposure [9], considering the increased
number of imaging studies [10] resulting in the importance of
developing [11] and clinical testing [12, 13] LDCT protocols.

Statistical analysis should include some fundamental
steps.

Setting a task and generating a null hypothesis
for the analysis

The null hypothesis is the starting point in the statistical
analysis. When comparing two groups, the null hypothesis
(H,) is generated as “no statistically significant differences.”
In our case, the effective patient doses were compared
when performing two types of CT scans (full and low
dose) for COVID-19. Therefore, the H; for this task would
state that “radiation exposure levels for CT and LDCT are
comparable.”

Vol. 4 (2) 2023
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In addition, it is necessary to consider the “alternative
hypothesis” (H,), which presents an antagonistic hypothesis
for Hy. These are meant to be mutually exclusive. In our
case, the alternative hypothesis would state that “there is a
statistically significant difference between effective radiation
doses when using CT and LDCT in patients with COVID-19.”

In statistics, testing of the null hypothesis yields the
p-value, which represents the probability of incorrectly
rejecting H,. This parameter can be interpreted as follows:
“If we repeat the experiment many times and reject the
null hypothesis, we will make a mistake in the p-value
cases of 100%.” For example, a p-value of 0.03 implies
that we incorrectly reject H, in favor of H, in 3% of cases.
A predetermined threshold helps to determine whether
this value is high or low. According to Ronald Fischer, the
threshold p-value is commonly set to 0.05 [14]. In our case,
using a threshold value of 0.05, with a p-value of 0.03, we
can confidently conclude that the compared samples are
different.

Raw data analysis

The choice of the statistical analysis method for raw data
processing depends on the type and distribution. Data can be
quantitative and qualitative.? Quantitative data characterize
the magnitude of an event or the number of objects, e.g.,
the radiation exposure in millisieverts (mSv) during a chest
CT. Qualitative or categorical data describe the association
between the studied event and a particular group, e.g.,
patient gender or KT0-4 category.

In data analysis, it is essential to test not only the main
null hypothesis, but also one more H,, which should be “data
are normally distributed.” Normal distribution is one of the
most important statistical phenomena, because it often
characterizes naturally occurring parameters, including
height, weight, shoe size, and many other population
characteristics. The normal distribution is described by two
parameters: the mean value and standard deviation. This
assumption is the basis for statistical hypothesis testing
methods.

There is no single solution for each distribution test case
for normality. X. Romdo et al. [15] compared 33 methods
and suggested optimal solutions depending on the data type.
The choice of method also depends on the size of the study
sample [16]. The Kolmogorov-Smirnov and Shapiro-Wilk
tests are the most important [17].

Null hypothesis testing for the study

For the correct choice of statistical analysis method,
we should consider not only the data type in compared
samples but also the number of compared groups and the

! JAMA guide to statistics and methods [Electronic resource]. Available from: https://jamanetwork.com/collections/44042/jama-guide-to-statistics-

and-methods.

2 Medical statistics [electronic resource]. General issues of statistics. Available from: https://medstatistic.ru/statistics/statistics3.html.
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presence of the association between them, e.g., whether
CT and LDCT data were obtained from the same or different
patients. More than 50 different statistical tests have already
been developed, and there are special online resources for
choosing the optimal method.?

In our case, samples were paired because CT and LDCT
data were obtained sequentially from the same patients. It
is recommended to use a paired Student’s t-test for normal
distribution and a Wilcoxon test for non-normal distribution.

CASE STUDY

Statistical analysis was performed using R software
package (version 4.2.2, https://cloud.r-project.org/) and Posit
interface (version 353, https://posit.co/download/rstudio-
desktop/, ex-RStudio).

1. The basic Posit interface can be divided into the console,

environment, and files (Fig. 1).

Data were imported using the File-Import Dataset. In our
case, we imported an Excel spreadsheet containing data on
the effective doses of CT and LDCT.

After import, the program interface changes; a “data”
variable is displayed in the environment block (Fig. 2). A new
area also appeared in the upper left quadrant. This is a data-
view block with the loaded table displayed. The comparison
columns in the table are named as “Effective Dose (CT)" and
“Effective Dose (LDCT).” Latin was used in the column names
to avoid problems with encoding and incorrect display of
characters in Posit.

Console
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For convenience, we created a separate variable for each
of these columns by performing the commands shown in
Fig. 3.

A “$” operator (see Fig. 3) displays a drop-down menu
of imported table columns to facilitate command entry. After
creating the variables, they are displayed in the upper right
quadrant of the interface as “values” (Fig. 4).

2. The distribution of the loaded data was checked for
normality using the Shapiro-Wilk test by the shapiro.test
command (Fig. 5).

The resulting p-values for both variables were significantly
less than the established threshold p-value of 0.05, so the
distribution of the effective dose data for both CT and LDCT
was non-normal. Therefore, the null hypothesis of this study
was tested using the Wilcoxon test.

3. For null hypothesis testing of paired quantitative samples
with non-normal data distribution, the wilcox.test
command was used (Figs. 6, 7).

The resulting p-value was significantly less than the
selected threshold p-value of 0.05; therefore, H, could be
rejected in favor of H,. This means that for CT and LDCT,
the radiation exposure levels were statistically significantly
different.

CONCLUSION

The main aim of this paper is to present the Posit
interface and basic functions of the R language using a real-
life medical case.

Environment

Files

Fig. 1. The Posit interface shows areas of the console, environment, and files.

3 Statistics online--checks assumptions, interprets results (https://www.statskingdom.com/); Medical statistics. Choice of statistical analysis method

(https://medstatistic.ru/calculators/calcchoice.html).
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Data set view Environment

Console Files

Fig. 2. The Posit interface after importing the file. In the upper-left quadrant of the screen, a window with loaded columns of the data set.
In the upper-right quadrant, the number of columns (variables) and rows (obs., observations).

Generated variable Imported table
Variable
assignment operator Column name

Variable selection operator

Fig. 3. Generating a separate variable for the effective dose of computed tomography with the functions of each command element is
indicated.

Variables

Commands for variable
assignment

Fig. 4. The Posit window after importing the file and assigning values to the variables. In the upper-right quadrant, new variables with
preview of the first five values in each. In the lower-left quadrant, a console interface for commands.
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Data distribution testing using
the Shapiro-Wilk test for CT

p-value

Data distribution testing using the
Shapiro-Wilk test for LDCT

p-value

Fig. 5. Area with Posit console interface. Testing for normal data distribution using the Shapiro-Wilk test.

Static test

Variable 1

Variable 2

Relationship between
samples

Fig. 6. Using a Wilcoxon with functions of each command element indicated.

p-value

Testing the null hypothesis
of the study using the Wilcoxon test

Fig. 7. Testing the null hypothesis of the study using the Wilcoxon test.

This paper summarizes theoretical approaches to medical
data processing as well as recommendations for generating
correct research tasks and selecting optimal methods for
statistical analysis.

The presented material can be useful in the early stages
of exploring statistical analysis methods using R language
tools.
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