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MeToponorua TecTMpoBaHUS U MOHMTOPUHTra
nporpaMMHOro obéecneyeHuss Ha 0OCHOBE TeXHOJIOTMiA
MCKYCCTBEHHOr0 MHTEJIEKTa AN MeAULMHCKOM
AUArHOCTUKH

t0.A. Bacunbes, A.B. Bnagaumupckui, 0.B. OMensHckas, K.M. ApsaMacos,
C.0. Yetepukos, [1.A. PymaHues, M.A. 3eneHoBa

Haquo-npaKTw-lecxwﬁ KJIMHUYECKMIA LIeHTP ANArHoCTUKK U TeneMe AULIMHCKUX TexHonoruiA, MockBa, Poccuiickan GJe,uepau,Mﬂ

AHHOTALIMA

06ocHoBaHMe. MupoBas cyMMa MHBECTULMIA B KOMMaHWM Mo pa3paboTke nporpaMMHOro obecneyeHns Ha OCHOBE TEXHO-
JIOTUA UCKYCCTBEHHOIO MHTENNEKTA ANA MeAMUMHCKON AMarHocTMKM coctaBuna 80 mnH gonnapos B 2016 ropy, 152 MiH
pornnapos — B 2017 u, oxupaeMo, NpofomxaeT pactu. AKTMBHas LeATeNbHOCTb KOMMNaHW-NPOM3BOAUTENIEN NPOrpaMM-
Horo obecneyeHus [OMKHA COOTBETCTBOBATh CYLUECTBYIOLIMM KITMHUYECKUM, BMO3TUYECKUM, NPaBOBLIM M METOAO0M0MMYe-
CKWM OCHOBaM W cTaHAapTaM. KaK Ha HaLMoHanbHOM, TaK U Ha MeXyHapo4HOM YPOBHE He CYLLeCTBYeT eAMHbIX CTaHAApTOB
W NPOTOKOMIOB NPOBEAEHUSA UCMIBITAHUA U MOHUTOPUHIA NPOrPaMMHOr0 00eCneyeHns Ha OCHOBE TEXHONIOMMIA UCKYCCTBEHHOMO
WHTEeNNeKTa AN MeAULIMHCKOW ANarHOCTUKM.

Lieno — pa3pabotatb yHMBepCanbHYI0 METOLONOMMI0 TECTUPOBAHUS U MOHUTOPUHIa NPOrpaMMHOro obecneyeHus Ha ocHO-
BE TEXHOJIOMMI UCKYCCTBEHHOTO MHTEJINIEKTA AN MEAMLUMHCKON AWMarHOCTUKM, HampaBieHHYK Ha MOBLILLEHME ero KayecTsa
W BHeJpEHME B NpaKTUYeCKOe 34paBoOXpPaHeHMe.

Martepuanbl U MeToabl. B xode aHanuTUueckoro 3tana Obin NpoBeaéH 0630p NuTepaTypbl Mo 6asaM AaHHblx PubMed
u eLIBRARY. lNpaktuueckuii atan Briouan anpobauyio pa3paboTaHHO METOAONOMMM B paMKax JKCNepUMeHTa No UCMofb30-
BaHWI0 MHHOBALMOHHBIX TEXHONOMW B 061aCTU KOMMBIOTEPHOTO 3peHUs AN aHanu3a MeaWLMHCKUX M306paxeHunin u aanb-
HeliLero NpUMeHeHUs B CUCTeMe 3[paBooXpaHeHus ropofa Mocksbl.

Pesynbtathl. PaspaboTtaHa MeTogon0rus TECTMPOBAHMS U MOHUTOPKUHIA NPOrPaMMHOro obecneyeHns Ha OCHOBE TEXHOJIOMUA
MCKYCCTBEHHOIO WHTEN/EKTA ANA MeAULMHCKOW MArHOCTMKM, HanpaBneHHas Ha NoBbILIEHME Ka4yecTBa AaHHOr0 Nporpamm-
Horo obecneyeHns U ero BHeLIPeHWe B NPaKTUYECKOe 3[paBooXpaHeHWe. MeToao0rus COCTOMT M3 7 3TamnoB: caMoTecTUpo-
BaHWe, (YHKUMOHANbHOE TECTUPOBaHME, KAaNMOPOBOYHOE TECTUPOBAHME, TEXHONOTUUECKUI A MOHUTOPUHT, KITMHUYECKUA MOHM-
TOpUHT, 0bpaTHas cBA3b U fopaboTKa.

3akuioyeHmne. OTnnuMTENbHBIMU 0COBEHHOCTAIMU METOAONIOMMN SABMIAIOTCA LIMKIMYHOCTD 3TanoB TECTUPOBaHMWS, MOHUTOPUH-
ra u gopaboTku nporpaMMHoro obecrieyeHus, NpUBOAALLIME K MOCTOSHHOMY MOBBILIEHUIO €r0 KauecTBa, Hanuume noapob-
HbIX TpeboBaHuii K pe3ynbTataM ero paboTel, y4acTue Bpayen B ero oueHke. MeTofonorus no3soauT pa3paboTumkam mpo-
rpaMMHOro obecneyeHns [OCTUYb BbICOKMX pe3ynbTaToB M NPOAEMOHCTPUPOBATL AOCTUKEHUS B Pa3fINiHbIX HaNpaBeHUsX,
a nosib30BaTeNsM — CAeNaTb 0CO3HaHHBIN U YBEPEHHbIA BbIOOP CPpeAmn NporpamMM, NpoLeSLIMX HE3aBUCUMYIO U BCECTOPOH-
HIOI0 MPOBEPKY KauecTga.

KnioueBsble cnoBa: nporpamMMmHoe obecneyeHue; MCKYCCTBEHHbIﬁ WHTENNEKT; PEHTreHo10rua; AMarHoctn4yeckasa Bu3yanu3auus;
MeT00/10r1aA; KOHTPOJIb KayecTBa.
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Methodology for testing and monitoring artificial
intelligence-based software for medical diagnostics

Yuriy A. Vasilev, Anton V. Vladzymyrskyy, Olga V. Omelyanskaya, Kirill M. Arzamasov,
Sergey F. Chetverikov, Denis A. Rumyantsev, Maria A. Zelenova

Moscow Center for Diagnostics and Telemedicine, Moscow, Russian Federation

ABSTRACT

BACKGROUND: The global amount of investment in companies developing artificial intelligence (Al)-based software technologies
for medical diagnostics reached $80 million in 2016, rose to $152 million in 2017, and is expected to continue growing. While
software manufacturing companies should comply with existing clinical, bioethical, legal, and methodological frameworks and
standards, there is a lack of uniform national and international standards and protocols for testing and monitoring Al-based
software.

AIM: This objective of this study is to develop a universal methodology for testing and monitoring Al-based software for medical
diagnostics, with the aim of improving its quality and implementing its integration into practical healthcare.

MATERIALS AND METHODS: The research process involved an analytical phase in which a literature review was conducted
on the PubMed and eLibrary databases. The practical stage included the approbation of the developed methodology within the
framework of an experiment focused on the use of innovative technologies in the field of computer vision to analyze medical
images and further application in the health care system of the city of Moscow.

RESULTS: A methodology for testing and monitoring Al-based software for medical diagnostics has been developed, aimed
at improving its quality and introducing it into practical healthcare. The methodology consists of seven stages: self-testing,
functional testing, calibration testing, technological monitoring, clinical monitoring, feedback, and refinement.

CONCLUSION: Distinctive features of the methodology include its cyclical stages of monitoring and software development,
leading to continuous improvement of its quality, the presence of detailed requirements for the results of the software work,
and the participation of doctors in software evaluation. The methodology will allow software developers to achieve significant
outcomes and demonstrate achievements across various areas. It also empowers users to make informed and confident
choices among software options that have passed an independent and comprehensive quality check.

Keywords: software; artificial intelligence; radiology; diagnostic imaging; methodology; quality control.
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BACKGROUND

Global investment in developing software based on
artificial intelligence (Al) technologies for medical diagnostics
was $80 million in 2016 and $152 million in 2017; it is likely
to grow continually [1]. In 2019, the Moscow government
decided to conduct a large-scale scientific study (which
is still ongoing in 2023) to evaluate the use of innovative
computer vision technologies for analyzing medical images
and further application in the Moscow healthcare system
(hereinafter referred to as the Experiment).!

Software manufacturers must comply with current
clinical, bioethical, legal, and methodological principles and
standards [1]. According to Russian legislation, before using
Al-based software in clinical practice, it must be legally
approved as a medical device, which requires the software
to receive a marketing authorization (MA) from the Federal
Service for Surveillance in Healthcare (Roszdravnadzor).?

Before submission, the software should be assessed in
technical and clinical studies to ensure that the specified
functions are met.® However, due to particular aspects of Al-
based software, such as a lack of user-friendly information
regarding its operating process and decision-making
principles, there are no uniform standards and test protocols
for this purpose at the national and international levels [2].
The Food and Drug Administration (FDA) in the United States
also establishes explicit criteria for evaluating and regulating
Al-based software [1]. The inability to reliably confirm
software compliance has negative consequences, including
user distrust in the software, slower implementation in
clinical practice, missing positive socioeconomic impacts
from software, and slower overall development of the
healthcare system [3].

After receiving an MA, post-marketing clinical monitoring
should be performed to ensure the safety of using this
software in clinical practice.* However, the present criteria
apply to various medical devices and do not consider special
aspects of Al-based software for medical diagnostics [4].
According to the Decision of the Board of the Eurasian
Economic Commission, medical devices of the third risk
class (including Al-based software) must be monitored
annually for 3 year after acquiring an MA.> However, more
frequent monitoring is required because of the high variability
of medical data and the difficulty of predicting changes in

Vol. 4 (3) 2023
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environmental conditions, such as the epidemiological
situation [5]. Monitoring enables the identification of critical
remarks on the results of software operations that require
software improvement, and, when the software is finalized,
repeated testing and monitoring should be performed.

A retrospective cohort study is the most appropriate for
evaluating Al-based medical diagnostics software [1]. This
software evaluation method has several disadvantages, the
most significant of which is a difference in the actual results
of software operation in ideal and practical settings [1]. A
common example is the negative experience of introducing
the first computer-aided diagnostic system for mammography
screening. Large-scale multicenter studies found that using
this software increased breast cancer diagnosis by 2%-10%
[6]. In 1998, the FDA approved the software for use in clinical
practice. However, in real-world settings, this software did
not achieve positive results. When interpreting mammography
results, it even leads to a decrease in detection rate and an
increase in false positive results [6]. The study suggested that
radiologists with varying degrees of expertise used the new
technology in different ways. More experienced specialists
did not pay attention to it, whereas less experienced ones
made mistakes due to a false sense of security. The second
explanation is that the software was ineffective in detecting
certain forms of cancer, which were not found in previous
examinations [1].

Therefore, although ethical and legal problems are the
most common with Al-based software, there is also an
important methodological problem, which can be defined
as a lack of universal and comprehensive methodology
for testing and monitoring Al-based software for medical
diagnostics to improve its quality and further implement it
in clinical practice [7]. According to the above, it is important
to develop such a methodology. The methodology will not
replace the existing legal methods for assessing the safety
and effectiveness of software but will exist independently
and contribute to the likelihood of successful Roszdravnadzor
approval of software. After receiving an MA, this methodology
will help further assess and improve software for its effective
implementation in clinical practice.

This study aims to develop a universal methodology
for testing and monitoring Al-based software for medical
diagnostics to improve its quality and implement it in clinical
practice.

! Decree No. 1543-PP of the Moscow Government dated November 21, 2019 on conducting an experiment on the use of innovative technologies in com-
puter vision for analyzing medical images and further application in the Moscow healthcare system. Link: https://docs.cntd.ru/document/563879961.

2 Decree No. 1906 of the Government of the Russian Federation dated November 24, 2020 on amendments to the Rules for state registration of medical
devices. Link: http://publication.pravo.gov.ru/Document/View/0001202011270010.

% Federal Law No. 323-FZ dated November 21, 2011. Basics of Health Protection of the Citizens in the Russian Federation. Article 38. Medical devices.
Link: https://www.consultant.ru/document/cons_doc_LAW_121895/ddcfddbdbb49e64f085b65473218611b4bbécd65/.

% Order No. 980n of the Ministry of Health of Russia dated September 15, 2020 on approval of the procedure for monitoring the safety of medical

devices. Link: https://docs.cntd.ru/document/566006416.

5 Decision No. 174 of the Board of the Eurasian Economic Commission dated December 22, 2015 on approval of the rules for monitoring the safety,
quality, and effectiveness of medical devices. Link: https://www.alta.ru/tamdoc/15kr0174/.
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MATERIALS AND METHODS
Study design

The presented methodology was developed by analyzing
literature and personal experience.

Development of Methodology

The methodology was developed in two stages: analytical
and practical.

To study existing methodologies, literature published
in PubMed and eLIBRARY scientific libraries from 2018
to 2023 (the last 5 years) was reviewed using the search
terms “methodology for evaluation Al in radiology” and
“methodology for assessing Al in radiology.” After assessing
their relevance, papers were included in the analysis by
reading the title and abstract. There were 22 papers [1-22]
and five legal acts examined.®

Based on the Unified Radiological Information Network
(ERIS) of the Unified Medical Information and Analytical
System of Moscow (EMIAS), the methodology was tested
during the Experiment on using innovative computer vision
technologies for analyzing medical images and further
application in the Moscow healthcare system. Some testing
results are presented in this article as an illustration.

Statistical justification of sample sizes

The number of studies included in the sample was
determined at different stages.

1. At the self-testing stage, the size of a data set is not
regulated and varies depending on the clinical problem
solved by the software.” The data sets used at the
stages of self-testing, functional, and calibration testing
are based on expert consensus data, with histological
conclusions used in some cases (e.g., when assessing
malignant neoplasms). The process of preparing data sets
is described in detail in the corresponding regulations
[191.

2. At the functional testing stage, the data set included
five studies (based on GOST R 8.736-2011, multiple
measurements require at least four measurements).® An
expert’s opinion is considered a true value. An expert is

4(3) 2023
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a healthcare professional who has been working as a
specialist for more than 5 years and has been trained
in Al-based software to describe examinations in the
related field (a specific modality and target abnormality).
This stage requires at least one technical specialist and
one medical expert.

3. At the stage of calibration testing, the data set includes
100 studies with a 50/50 balance (50% of examinations
with target abnormality and 50% without it) [20, 21].°
At this stage, one technical specialist and one medical
expert are required.

4. At the stage of technological monitoring, all examinations
for the reporting period should be assessed by software for
the presence of defects “a” and “b” (based on automated
defect detection), with a sample of 80 examinations
for defects “c” to “e” [20, 211."° At least one technical
specialist is required at this stage.

5. At the stage of clinical monitoring, the data set includes
80 examinations, and an expert’s opinion is considered
the true value [20, 21]."" At this stage, one expert is
required.

Ethical review

This study was conducted as part of another study that
had previously been approved by the local ethics committee
(No. NCT04489992), “Experiment on the use of innovative
technologies in computer vision for analyzing medical images
and further application in the Moscow healthcare system”
(Moscow experiment).

RESULTS

Based on the literature review, papers were found to
describe individual stages of evaluating Al-based software
for medical diagnostics, such as validation [1, 5, 8, 9],
monitoring [10], implementation [7, 11-13], and regulation
[14, 15]. However, there is no unified methodology for testing
and monitoring Al-based software for medical diagnostics.
There have been papers on the life cycle of Al-based software
[16], but they are mainly related to nonmedical software
and do not consider special aspects of Al-based software

¢ Decree No. 1543-PP of the Moscow Government of the Russian Federation dated November 21, 2019. Link: https://docs.cntd.ru/document/563879961.;
Decree No. 1906 of the Government of the Russian Federation dated November 24, 2020. Link: http://publication.pravo.gov.ru/Document/
View/0001202011270010.; Article 38 of Federal Law No. 323-FZ dated November 21, 2011. Link: https://www.consultant.ru/document/cons_doc_
LAW_121895/); Order No. 980n of the Ministry of Health of Russia dated September 15, 2020. Link: https://docs.cntd.ru/document/566006416.; Order
No. 134 of the Moscow Department of Health dated February 16, 2023 Link: https://mosmed.ai/documents/227/order_DZM__134_d_02/16/2023.pdf.

7 Center for Diagnostics and Telemedicine. Official website. Data sets. Link: https://mosmed.ai/datasets/.

8 GOST R 8.736-2011. National standard of the Russian Federation. State system for ensuring the uniformity of measurements. Multiple direct mea-
surements. Methods for processing measurement results. Basic provisions. Link: https://docs.cntd.ru/document/1200089016.

? Order No. 134 of the Moscow Healthcare Department dated February 16, 2023 on approval of the procedure and conditions for conducting an experi-
ment on the use of innovative technologies in computer vision for analyzing medical images and further Use in the Moscow Healthcare System. Link:
https://mosmed.ai/documents/227/order_DZM__134_d_16.02.2023 pdf.

10 |bid.

1 |bid.
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for medical diagnostics. Furthermore, there are guidelines
for conducting research and writing scientific publications
on Al-based software, but they do not assist with testing
and monitoring software [17, 18]. It should be noted that
no publications on software modification after testing and
monitoring were found. However, software improvement is
necessary to improve its quality and effective implementation
in clinical practice.

As a result, the authors developed a methodology for
testing and monitoring Al-based software for medical
diagnostics to improve its quality and use in clinical practice.
The methodology consists of seven stages, as shown in
Figure 1. The purpose, primary actions, and results are
described below for each stage.

Self-testing

The self-testing stage is intended to assess the
technical compatibility of software with input data.
Software developers (or suppliers) are provided access
to an open data set containing files in the Digital Imaging
and Communications in Medicine (DICOM) format with
anonymized examples of diagnostic examinations.'? The
data set has the following parameters: modality, type of
diagnostic procedure, manufacturer, and model of the
diagnostic device [19].

Software compatibility with data enables software
integration into a healthcare institution’s radiology information
network and continues with further evaluation, starting with
the functional testing stage."?

SELF-TEST

FUNCTIONAL
testing

Service
IMPROVEMENTS

Fig. 1. Methodology for testing and monitoring artificial intelligence-

Vol. 4 (3) 2023
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Functional testing

Functional testing is a stage wherein software functions
specified by a supplier are checked for availability and
functionality. This testing is performed at the technical and
clinical levels. On a technical level, the software is assessed
based on the following criteria: prioritization of research
(triage), availability of an additional series of images from
the software, presence of the other series’ name, presence
of a graphical designation of software on the images of the
different series, presence of a warning label “For research
purposes only” on images and in DICOM SR, possibility
of series synchronization, displaying the probability of
abnormality, indication of the category of abnormality,
and availability of complete DICOM SR protocol structure
(Figures 2 and 3).

This part of functional testing should be performed
by technical specialists in accordance with the basic
functional requirements developed by the Moscow State
Budgetary Institution “Scientific and Practical Clinical
Center for Diagnostics and Telemedicine Technologies of
the Moscow Department of Health” (Center for Diagnostics
and Telemedicine)." The medical assessment of software
functions should be performed by medical experts in
accordance with basic diagnostic requirements developed
by the Center for Diagnostics and Telemedicine." Basic
diagnostic requirements include criteria, such as mandatory
and optional content of software response, format, and form
of the submitted response. Basic functional and diagnostic
requirements contain common requirements for all software

CALIBRATION
testing

Technological
MONITORING

FEEDBACK

Clinical
MONITORING

based software for medical diagnostics.

12 Center for Diagnostics and Telemedicine. Official website. Data sets. Link: https://mosmed.ai/datasets/.

3 Order No. 134 of the Moscow City Health Department dated February 16, 2023 on approval of the procedure and conditions for conducting an experi-
ment on the use of innovative technologies in computer vision for analyzing medical images and further use in the Moscow healthcare system. Link:

https://mosmed.ai/documents/227/order_DZM__134_d_16.02.2023.pdf.

% Basic functional requirements for Al service results. Link: https://mosmed.ai/documents/218/Basic_functional_requirements_29.11.2022.pdf.
15 Basic diagnostic requirements for Al service results. Link: https://mosmed.ai/documents/226/Basic_diagnostic_requirements_22_02_2023.pdf.
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Service
information:

Date and time
of analysis

Label: “For research
purposes only”

Software name
and version

|

Fig. 2. Main components of the result of using artificial intelligence—based software with images: A reference example.

Inventory No.
Research date:
Date of conclusion:

DICOM SR 1: Service information Status

ERIS 000001990912
August 12, 2020, 0:47
August 12, 2020, 1:08

. Service name: COVID-19
about research and service I A A——
Software version 1.8.0

Date and time of analysis: August 12, 2020, 01:08

Purpose of the service

Modality: CT

Anatomical region: Chest

[CLENSELTIS

Purpose: Searching for signs and assessing the extent of lung damage due
to COVID-19 pneumonia

DICOM SR 2: Information about
the service and its purpose

Quick Start Guide with lesions marked with a red outline

Conclusion

DICOM SR 3: Information
on how to work with the service
(user manual)

Result of Al processing COVID-19:

DICOM SR 4: Conclusion of Al-service
based on research results.

In the left upper lobe, 0% of the lung parenchyma is affected (score 0)

In the left lower lobe, 16.1% of the lung parenchyma are affected (score 2)
In the right upper lobe, 0% of the lung parenchyma are affected (score 0)
In the right middle lobe, 0% of the lung parenchyma is affected (score 0)

In the right lower lobe, 0% of the lung parenchyma is affected (score 0)
Total for both lungs: 8%. Severity: CT1

Sign of COVID-19

Number of slices with abnormalities detected: 114
Total number of lung sections: 269

Percentage ratio of positive to total slices: 42%

DICOM SR 5: Detailing of findings

Fig. 3. Main components of the result of using artificial intelligence—based software with DICOM SR: A reference example.

and specific requirements based on the clinical task for
which the software is designed.

If critical nonconformities are identified, software
testing is stopped until the supplier eliminates their causes.
Inconsistencies with basic functional requirements are critical
because they negatively affect the HCP work processes and,
directly or indirectly, the patient’s life and health (Figures 4
and 5).

Functional testing should be repeated after the supplier
has eliminated the causes of critical nonconformities. This
stage may be repeated no more than twice by the applicant.
There are no time limits for the initial retesting after receiving
the protocol with unsatisfactory test results. The second
retesting should be performed no earlier than 3 months after

receiving the last protocol with unsatisfactory test results.
If the second retest fails, the applicant may be provided an
alternative scientific and practical cooperation option.' If no
critical inconsistencies are found, the software moves to the
calibration testing stage."

Calibration testing

Calibration testing is a stage wherein the diagnostic
accuracy of software is determined. The main parameter
is the area under the ROC curve (AUC). The optimal value
of the activation threshold is determined by examining the
ROC curve using Youden's J statistic and maximizing the
negative and positive predictive value. Other metrics include
sensitivity, specificity, accuracy, and positive and negative

16 Order No. 134 of the Moscow City Health Department dated February 16, 2023 on approval of the procedure and conditions for conducting an experi-
ment on the use of innovative technologies in computer vision for analyzing medical images and further use in the Moscow healthcare system. Link:
https://mosmed.ai/documents/227/order_DZM__134_d_16.02.2023.pdf.

7 Ibid.
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58 =8 X

User: Chetverikov Sergey Fedorovich

ACC#ERIS000001596826
09-07-2020 16:03

®

Pulmonary consolidation: probabilty (73%) - Atelectasis: probabilty 71%) Pleural effusion: probabilty (35%) Tuberculosis: probability (33%) - COVID-19: probability (100

Fig. 5. Overlaying caption texts on images: Critical noncompliance with basic functional requirements.

predictive values. The minimum, average, and maximum time
required to analyze one examination are also determined,
and numbers of true positive, false negative, false positive,
and true negative results are presented as a four-field table.
Threshold values for some parameters are as follows: AUC
20.81 or 0.91 (depending on the clinical task); time spent
on acceptance, processing of the study, and transmission
of analysis results <6.5 min; and percentage of successfully
processed examinations >90% [21]."8

Calibration testing results in a calibration protocol
(Figure 6), which may contain critical and noncritical
inconsistencies. Noncompliance with the above threshold
values and significant deviations from methodological
recommendations are considered crucial [21]. If they

are identified, software testing is stopped until they are
eliminated. In their absence, the software may proceed to
a prospective examination analysis as part of the periodic
monitoring stage, which includes technological and clinical
monitoring."

Technological monitoring

Technological monitoring is a stage involving a periodic
technical check of software results. This stage is required
for rapid defect identification, timely quality control, and the
prevention of functional software errors in radiology practice.
Defects that can be identified at this stage are divided into the
following groups:

(a) the processing time for one study exceeds 6.5 min,

18 Order No. 134 of the Moscow City Health Department dated February 16, 2023 on approval of the procedure and conditions for conducting an ex-
periment on the use of innovative technologies in computer vision for analyzing medical images and further use in the Moscow healthcare system.
Link: https://mosmed.ai/documents/227/order_DZM__134_d_16.02.2023.pdf.

¥ |bid.
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Calibration testing protocol no. 76, dated October 14, 2022 - H (&) (b) a lack Of results from the eXaminations reVieWed,
Al-senvice provider (c) incorrect operation of the declared software functions,
Name of Al service: complicating the work of a radiologist or making it

impossible to perform it with proper quality,
(d) defects associated with the display of the image area, and

Type of Al service

Al-service developer (e) other violations of the integrity and contents of
Total examinations: 100 files containing research results, limiting diagnostic
Sent and processed: 98 interpretation
Sent and not processed: 0 .
o B Defects “a” and “b” are monitored automatically for all
e ———— R - examinations reviewed by software during the reporting
ol ¥ period. For defects “c” and “d,” semi-automatical monitoring
is used with a sample of 80 examinations. An internal report
* & 2. e form for monitoring software operation with instructions
" for monitoring technological defects has been developed
i [ T i for accurate defect assessment (Figure 7). Figure 8 shows
sty sty graphical information on the average number of technological
Optimal threshold (Youden's J statistic): 95.0  Optimal threshold (max NPV): 95.0 [ H ” H
Accuracy: 0.89 (0.83 to 0.95) Pretest probabiliy: (0.05) defects for the “chest radiography” area, with a tendency for
Sensitivity: 0.84 (0.74 to 0.94) Sensitivity: 0.84 (0.74 to 0.94) the number Of defects to decrease
Specificity: 0.94 (0.87 to 1.0) Specificity: 0.94 (0.87 to 1.0) . . . ) . .
Percentage of false negative results (%): 16.0  Percentage of false negative results (%): 16.0 A tEChn0l0glcal monltorlng report is the deliverable of
Percentageoff.alst.eposmve results(.%).: 6.25 VPercentageoffalseposmve results (%): 6.25 technological m0nit0ring (Figure 9) If the percentage Of
Average analysis time (standard deviation, median), s: 31 (8, 30) . . .
Metrics Stated values Actualvalues  Relative deviation detected defects exceeds 10%, then testing this software is
Aeoracy e e s suspended until the causes of the defects are eliminated.
Sensiviy s e v If the percentage of detected defects does not exceed 10%,
pecificity X .94 -3.09% . . T . .
then the operation of the software and its periodic monitoring
Soltio: continue.?
The Al service meets the technological requirements for passing testing described in Order No. 160
of the Department of Health dated February 24, 2022 (as amended by No. 276 dated March 25, 2022, .. . .
No. 337 dated April 8, 2022, No. 413 dated April 27, 2022, No. 540 dated June 8, 2022, No. 748 dated Cl|n|cal mor"tonng
July 29, 2022, and No. 896 dated September 16, 2022)
The protocol s generated automatically During periodic monitoring, a clinical assessment of

Fig. 6. Example of a calibration test protocol software results is also performed by radiologists. Two

T ; . (1)
Ne, uid ofr o | Al conclusion: Al_ﬁn:llangm Ah:n?ml
< : ) ]| b 1. Radiologists receive an Excel file

> 2. Radiologists analyze the operation of the service
3 3. Radiologists enter the result of parameters (1) for
5

6

7

each examination according to the brief instructions
(2) on the “Monitoring” tab

re 4. If there are defects, radiologists complete the
¥ “ B . ”
s ‘Applications” tab (3)
If diologi lete the “Conclusions”
V1 5. If necessary, radiologists complete the “Conclusions
y 14
515 tab (4)

16
317
)18 Triage defects are NOT subject to monitoring!
)19
120 Brief i i 1. In columns C, D, E, and F, near the examination name, put 1 if a defect
B ( 7 ) is detected. If there is no defect in this group, leave the cell empty.
s (3) (4)
' — 2.In columns G and H, near the examination name, put 1 if you agree, and
5 SCREENSHOTS OF DEFECTS Based on monitoring result, comments are as follows: leave the cell empty if you disagree

3 3.n column 1, put 1, if the Al service has found abnormalities in this
B Annex 1 5 examination; in other cases, leave the cell empty
3 UID number: a 4.Defects should be fixed with screenshots and attached to the next
j Comment: “Appendices” sheet
) 5.The main comments on monitoring are included in the last sheet
“Conclusions”
The table can contain only values “1” or empty cells!
Monitoring Applications Conclusions

Fig. 7. Form of an internal report on monitoring the operation of artificial intelligence—based software.

20 Order No. 134 of the Moscow City Health Department dated February 16, 2023 on approval of the procedure and conditions for conducting an experi-
ment on the use of innovative technologies in computer vision for analyzing medical images and further use in the Moscow healthcare system.” Link:
https://mosmed.ai/documents/227/order_DZM__134_d_16.02.2023.pdf.
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Linear (average)
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Fig. 8. Changes of technological software defects for “chest radiography” modality.

s 22 o

REPORT ON MONITORING OF TECHNOLOGICAL PARAMETERS OF THE SERVICE OPERATION.

1. Al-service provider:
Name of Al service:
Al-service manufacturing company:
Al-service ID in the experiment:

2. Reporting period:
3. Type of research:
4. Clinical goal:

5. Total number of examinations:
5.1. Sent for service analysis for the reporting period according to data extracted from ERIS EMIAS, No.
5.2. Of them, unique according to data extracted from ERIS EMIAS, No.*

16108
16108

6. Number of examinations that passed control, No. 16108
6.1. Passed manual control, No. 20

7. Number of examinations with defects:

7.1. With technological defect “a,” No., Appendix 1 32
7.2. With technological defect “b,” No., Appendix 2 808
7.3. With technological defects “c” to “e,” No., Appendix 3 1
8. Relative share of examinations:
8.1. With technological defect “a” for 15,300 examinations, % 0
8.2. With technological defect “b” for 16,108 examinations, % 5
8.3. With technological defects “c” to “e” for two examinations, % 5

9. Number of examinations without defects, pc

10. Solution:
Ongoing Al-service participation in the experiment.

11. Notes:

Report date:

Full name of the responsible person: The report is generated automatically.

*0 non-unique examination extracted from ERIS EMIAS for the reporting period.

Fig. 9. Example of a technology monitoring report.

main evaluation criteria include interpretation (conclusion)
and localization (labeling) of an abnormal finding. During
the assessment, the response options that clinicians can
choose from include full compliance, incorrect assessment,
false positive result, and false negative result. For example,
the wording “Interpretation: Full compliance” is selected
when a specialist fully agrees with the software conclusion,
and the wording “Interpretation: Incorrect assessment” is

selected when the doctor partially agrees with a software
conclusion (e.g., the specialist agrees with the presence
of abnormal findings but disagrees with its details, or vice
versa, they agree with details but disagree with the general
conclusion about the possibility or severity of abnormal
findings). If the specialist completely disagrees with the
software conclusion, the wordings “Interpretation: False
positive result” and “Interpretation: False negative result”
are used (Figure 10).

The clinical assessment results are entered into the
abovementioned internal monitoring report and imported
into the monitoring software module, from which a final
monitoring report is automatically generated.

Based on periodic monitoring, one of the following
conclusions is adopted: “The participation of the software in
the Experiment continues,” “The participant in the Experiment
needs to make changes to the operation of the software,”
and “The participation of the software in the Experiment is
suspended until changes are made to the operation of the
software."”'

Feedback

The stage of radiologist feedback is required to assess
the software’s practical relevance. The feedback form is
in the program window on the radiologist's automated
workstation (Figure 11). The software’s result may be
agreed upon or disagreed upon by a radiologist. In case
of disagreement, they select a reason. The primary causes
include technological defects and diagnostic inaccuracy.
It is necessary to obtain specialist feedback on 5% of all
examinations assessed by software. In addition, feedback is
collected through a survey of specialists to determine their
satisfaction with the software.?

21 Order No. 134 of the Moscow City Health Department dated February 16, 2023 on approval of the procedure and conditions for conducting an experi-
ment on the use of innovative technologies in computer vision for analyzing medical images and further use in the Moscow healthcare system. Link:

https://mosmed.ai/documents/227/order_DZM__134_d_16.02.2023.pdf.

22 |bid.
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Fig. 10. False negative (the subsegmental atelectasis is not detected
in the lower lobe of the right lung): Noncritical noncompliance with
basic diagnostic requirements.

Finalization

Suppose a critical comment regarding the software
operation is identified at functional, calibration testing, and
periodic monitoring stages. In that case, software testing is
suspended until the causes of the comment are eliminated.
Software finalization is performed by the supplier, which
serves as a “secret box” for the healthcare organization.
Suppose the modifications required do not involve changes
in the initially declared functions or technical architecture
and do not affect the diagnostic accuracy of the software.
In that case, the applicant can proceed to the next stage of
the methodology immediately after making modifications.

If the applicant makes modifications that affect the initially
declared functions, technical architecture and diagnostic
accuracy of the software, functional and calibration testing
should be repeated regardless of what stage of the software
methodology it was at.?3

A comment

A comment 2
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DISCUSSION

This paper presents a methodology for testing and
monitoring the results of Al-based software for medical
diagnostics to improve its quality and implement it in
clinical practice. The key reasons for its development
include the lack of specific requirements for testing and
monitoring Al-based software for medical diagnostics
in existing regulatory documentation and the lack of
regulated principles for software selection by a healthcare
organization among various software programs on the
market. This methodology does not conflict with legal
requirements but considers special characteristics of Al-
based software for medical diagnostics. The methodology
includes seven unique, clearly organized, scientifically
validated stages [1-4, 19-21]; it is supported by legislative
documents.?

The presence of developed basic functional and diagnostic
requirements used at the functional testing stage is a key
element of the methodology.” The defect and requirement
systematization is unique (their detailed descriptions are
not provided in the reviewed sources). It is especially worth
noting the differentiation between critical and noncritical
noncompliance, which is useful for software developers and
users. Documents from the Institute of Data Sciences of the
American College of Radiologists, which describe the clinical
tasks solved using the software and the expected input and
output data, are well known on a global scale.?

Another important advantage of the methodology is the
mandatory software calibration using local data (calibration
testing stage) and subsequent validation using real-world
data (periodic monitoring stage). According to a foreign
systematic review [22], only 6% of Al-based software passed

[TJ 02. Gross noncompliance of the service operation

A comment 3

[J 03. Wrong diagnosis of the service operation

[ 04. Wrong localization within the target organ service operation

A

New comment [J 06. Other

Fig.11. A feedback window in the user interface.

[J 05. Wrong classification of the finding operation

| Clear

7sielect7 allﬁ

2 Order No. 134 of the Moscow City Health Department dated February 16, 2023 on approval of the procedure and conditions for conducting an experi-
ment on the use of innovative technologies in computer vision for analyzing medical images and further use in the Moscow healthcare system. Link:
https://mosmed.ai/documents/227/order_DZM__134_d_16.02.2023.pdf.

% Decree No. 1543-PP of the Moscow Government dated November 21, 2019 Link: https://docs.cntd.ru/document/563879961; Order No. 134 of the
Moscow Department of Health dated February 16, 2023. Link:https://mosmed.ai/documents/227/order_DZM__134_d_02/16/2023.pdf.

% Basic functional requirements for Al service results Link: https://mosmed.ai/documents/218/Basic_functional_requirements_29.11.2022.pdf; Basic
diagnostic requirements for Al service results Link: https://mosmed.ai/documents/226/Basic_diagnostic_requirements_22_02_2023.pdf.

2 ACR Data Science Institute Releases Landmark Artificial Intelligence Use Cases. 2018. Link: https://www.acr.org/Media-Center/ACR-News-Releas-
es/2018/ACR-Data-Science-Institute-Releases-Landmark-Artificial-Intelligence-Use-Cases.
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the external validation stages. Validation can be “broad”
and “narrow” [8]. The purpose of “narrow” validation is to
determine the “correctness” of the product, that is, to what
extent the results of its use correspond to the purposes of
its use. This may include clinical validation and usability
assessment. “Broad” validation encompasses “narrow”
validation and is also associated with quality control,
which ensures that software was developed following best
practices and methods. This includes algorithm analysis,
software testing, and documentation research. In this case,
the internal structure of the software is assessed, and it is
designated as a “white box” [8].

Moreover, it is important to mention the stage of
software finalization after identifying critical inconsistencies.
Software finalization provides a gradual decrease in
the number of technological defects and an increase in
software diagnostic accuracy. Therefore, the methodology
will enable developers of Al-based software for medical
diagnostics to achieve excellent results in various areas.
Users will be able to make an informed and confident
choice among software products that have passed an
independent quality check, leading to the implementation
of software in clinical practice, reducing the workload of
radiologists, and increasing the efficiency of diagnostic
examination interpretation. As a result, the initial goal of
Al-based process automation will be achieved.

This methodology does not replace established medical
device registration procedures. Moreover, the entire method
or its stages and approaches may be used by regulatory
authorities to assess the safety and effectiveness of Al-
based software, and it may also be part of a manufacturer’s
quality management system. The methodology can be used
by software developers to prepare a post-registration clinical
monitoring plan (which must be submitted as part of a set
of documents when registering medical devices) and by
healthcare organizations to select the most suitable software
for specific conditions and purposes [4]. The methodology is
indefinitely applicable, and it complies with the requirements
of the Eurasian Economic Commission for 3 year and FDA
recommendations for monitoring throughout the entire period
of product operation.

Having MA for Al-based software does not eliminate the
need to perform all stages of testing in accordance with the
presented methodology. Such an approach is justified for at
least two reasons. First, a MA may have been obtained by
testing specific diagnostic equipment, and the results of the
software may change when performed on other equipment.
Second, a MA could be obtained to solve a specific clinical
task; software developers could add functionalities in the
future.

Our paper presented cases from radiologist practice, but
the methodology may be adapted to Al-based software used
in other areas of clinical medicine. In this case, adjusting
certain forms, such as a list of technological defects and a
clinical assessment, will be necessary.

Vol. 4 (3) 2023
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Limitations of the study

A limitation of the methodology is the separation of a
manufacturer and an assessor. In several methods, software
is developed and assessed by one company (concept-
to-implementation methodology) [16]. In the case of the
presented method, the software is assessed by a third party
closer to implementation. Errors a developer makes early in
development may still be identified, but correcting them may
be more challenging.

The software assesses several examinations at the periodic
monitoring stage (>1,000). Due to limited resources, a small
number of medical experts, and their high workload, it is
impossible to provide quality control for all examinations. Despite
the automated generation of a representative pseudo-random
sample of examinations, systematic sampling errors may cause
errors to be undetected during the periodic monitoring stage.

Research prospects

1. Publication of software evaluation results using the
presented methodology (hypothesis: software evaluation
based on the presented methodology improves diagnostic
accuracy and practical relevance of Al-based software in
medical diagnostics).

2. Comparison of software that received and did not receive
Roszdravnadzor MAs using the presented methodology.

3. Developing a testing stage as part of the methodology to
evaluate software processing results of “unsatisfactory”
examinations (with unsuitable anatomical regions,
modality, artifacts, improper patient positioning,
implants, and other unsuitable medical equipment for
this software).

CONCLUSION

A methodology for testing and monitoring Al-based
software for medical diagnostics has been developed to
improve its quality and implement it in clinical practice. The
method consists of seven stages: self-testing, functional
testing, calibration testing, process monitoring, clinical
monitoring, feedback, and finalization. The methodology is
characterized by the presence of cyclical stages of testing,
monitoring, and software finalization, which results in
continuous improvement in software quality, the availability
of explicit requirements for software results, and the
involvement of HCPs in software evaluation. The methodology
will enable software developers to achieve excellent results
and demonstrate achievements in various areas. Users will
be able to make an informed and confident decision among
software products that have passed an independent and
comprehensive quality check.
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YacToTa cepaeyuHbiX 0CNOXXKHEHUN Y fieTeH,
BbIIBJIEHHbIX NOCNe paaUKa/ibHOW KOPPeKLMUK
TeTpaabl ®anno ¢ NoMoLLbI0 KOMNbIOTEPHOM
ToMorpadum

AM. Kabpoynnuua', B.E. Cunuupin?, P.W. Paxumanosa', T.b. laytos?, A.b. Capyakacosa®,
b.5. Kanues', J1.A. Bactapbexosa', 3.A. MonpaxaHosa'

! MeauumHckmit yHnsepeuTeT ActaHa, Actana, Kasaxcrak;

2 MOCKOBCKWIA rocy1apCTBEHHbIN YHMBEpCHTET MMeHn M.B. JloMoHocosa, Mockea, Poccuiickan ®epepaums;

% HaumoHanbHbIl HayuHbll Kapamoxvpyprideckuii ueHtp Pecnybnukm Kasaxcraw, ActaHa, Kasaxcran;

* BonbHMUa MeanumHEKoro LeHTpa Ynpasnenua aenamu Mpesuaenta Pecny6nvku Kasaxcran, Actana, Kasaxcrad

AHHOTALIUA

O6ocHoBaHMe. YacTota Bo3HMKHOBeHMs TeTpapbl ®anno coctaensieT npumepHo 0,5/1000 KMBOPOMKAEHHBIX, YTO COOTBET-
cTByeT 7-10% Bcex cyyaeB BPOXKAEHHbIX MOPOKOB CEpALA U ABNIAETCA BTOPOM No YacToTe GOpMON COXHBIX BPOXKAEHHbIX
nopoKoB cepAua. [locTuKeHWs B 06nacTv AUarHOCTUKM, XMPYPrUYecKoro W Noc/eomnepaLuyoHHoro neyeHus Tetpaabl ®anno
MPUBENW K TOMY, 4TO BCE HOMbLLEe YMCNO NALMEHTOB 3TOW KaTeropum JOCTMraeT 3penoro Bo3pacta, Npu 3ToM Habnoaaetcs
pesKoe yBenmueHue BbixuBaeMocTu (noutn ao 90%) k 30 rosam, yto TpebyeT ANUTENBHOTO MOHWUTOPUHIA OMpeAeNEHHbIX
aHaTOMMYECKWX NapaMeTpoB Afs CBOEBPEMEHHOMO BbISBIEHNS OCNOXHEHWIA. [laHHOe nccieoBaHue HampaBneHo Ha usyye-
HWe YacTOTbl OC/OXHEHWH, BbISIBNEHHBIX C MOMOLLbIO KOMMbOTEPHOI TOMOrpaduy, NoCie paguKanbHOM KOPpPeKLMK TeTpabl
(®anno y nauMeHTOB AETCKOr0 BO3pacTa.

Lienb — BbISBATL C NOMOLLBK KOMMbIOTEPHOI TOMorpaduv MapKepbl Haubosnee 4acTo BCTPEYAILLMXCA OCNOMHEHUI nocne
KoppeKumv TeTpagbl Panno y naumeHToB AETCKOro BO3pacTa.

Martepuansl u MeToabl. TpoBeAEH PETPOCNEKTUBHBIN aHanu3 AaHHbIX 613 naumeHToB ¢ TeTpason ®anno 3a nepuog, ¢ oKTS-
6psa 2011 no wioHb 2020 ropa. B uccnepoBaHmne 6biam BKoYeHbl 116 NaLMeHTOB, U3 HUX 69 MYMKCKOTO 1 47 KEHCKOro nona,
Yy KOTOpbIX Mocre KoppeKumm TeTpagsl Dano BO3HUKIM 0CNOKHEHMS, BbISIBEHHbIE C MOMOLLbI0 KOMMbIOTEPHOM ToMorpadum.
Ha MoMeHT onepauumm cpeHuii BospacT naumeHToB cocTansan ot 10 no 36 (B cpeaHeM 12) MecsiLeB, cpefHss Macca Tena
21 Kr, cpeqnmit poct 105,4 cM, cpeauHas nnowwaas nosepxHoctv Tena 0,74 M2, CpeiHWiA BO3PACT NALMEHTOB HAa MOMEHT Npo-
BEIEHMsA KOMMboTepHOM ToMorpaduu coctaeun 17,5 (Bo3pacTHol AnanasoH 7-36) net.

Pesynbtatbl. Cpeam 116 naumeHTOB C 0CNOKHEHUAMM NOCNe KoppeKuuy TeTpaabl Panno y 49 Obin cTeHO3 NEFOYHOI apTepuy,
y 92 — cTeH03 BeTBEM JIEFOYHOI apTepum (M3 HUX y 56 — OCHOBHOW BETBY JIEBOI JIETOYHOM apTepuu, Y 36 — OCHOBHOM BET-
BM NpaBoii NIEroYHol apTepum), y 8 — CTeHO3 BbIXOAHOIO TpaKTa NPaBoro Keiyaouka, y 32 — AedeKT MexoKenya04KoBOi
neperopofKu, y 1 — Tpomb03 WyHTa, y 12 — nocneonepaunoHHas AedopMaums NéroyHoi aptepun, y 10 — BbipaxeHHas
Auvnatauus npaBoro XenyiouKa, y 2 — aHeBpu3Ma BbIXOJHOIO TpaKTa NpaBoro XenynoyKa, B 6 Clydasx — KanbLuduKaums
M CTEHO3 KOHAYWTA. Y NaUMeHTOB CO CTEHO30M BETBU JIEBOM NEr0YHOW apTepUM BEPOATHOCTb Pa3BUTMA CTEHO3a BETBU NPaBOiA
NEro4Homn aptepum beina B 6,5 pas soiwwe (p <0,001).

3akntoyeHue. Havbonee YacTbiM1 OCIIOXKHEHUAMM, BbISBIIEMBIMM C MOMOLLBI0 KOMMbBIOTEPHOI TOMOrpadumn nocse KoppeKLum
Tetpagbl ®anno, ObiM CTEHO3 NEFOYHON apTepum 1 e€ BeTBeM. [NaLumMeHTbI CO CTEHO30M JIErO4YHOM apTepum 1 e€ BEeTBEN He UMeNn
CYLLIECTBEHHBIX PasfMumii N0 BO3PacTy, aHTPONOMETPUYECKUM NapaMeTpaM (pocT, Bec, NoLLafb NOBEpPXHOCTU TeNa) U reHaep-
HOMY pacnpefenieHuto Npy HalMuuW UK OTCYTCTBUW Pa3NKYHbIX TUMOB CTEHO3a (NEFQYHOM apTepuu, MpaBoM UNM JIEBO NEroY-
HOVi apTepum), 0AHAKO CTEHO3 MPaBOM JIErOYHON apTepuu MOBLILLAET BEPOATHOCTL Pa3BUTUS CTEHO3a JIEBOI BETBU.

KnioueBble cnoBa: MynbTUCNNPaibHaA KOMNbOTEPHAA TOMOFpad)VIFI; TeTpaaa (®anno; ocNoXHeHuS; BpO)KD,éHHbIe MOPOKK
cepAaua; paanKanbHaa KOppeKUua.
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Frequency of various cardiac complications
in children with repaired tetralogy
of Fallot identified by computer tomography
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ABSTRACT

BACKGROUND: Tetralogy of Fallot represents 7-10% of all cases of congenital heart disease, as it occurs in approximately
0.5 per 1,000 live births and is the second most common form of complex congenital heart disease. Advances in diagnosis,
surgical techniques, and postoperative treatment have led to an increasing number of patients reaching adulthood, with a
dramatic increase in the survival rate to almost 90% at 30 years, thereby creating a need for long-term monitoring of certain
anatomic parameters to identify complications in a timely manner. This study aimed to investigate the frequency of computed
tomography detected complications after radical correction of Tetralogy of Fallot in pediatric patients.

AIM: to identify markers between the most frequency computed tomography detected complications after repair of Tetralogy
of Fallot in pediatric patients.

MATERIALS AND METHODS: A retrospective analysis was conducted on 613 patients with Tetralogy of Fallot from October
2011 to June 2020. The study included a total of 116 patients (69 men and 47 women) who experienced complications after a
repair of Tetralogy of Fallot, as identified by computed tomography. At the time of repair of Tetralogy of Fallot, the patient’s
average age ranged from 10 to 36 months (mean: 12 months), average body weight was 21 kg, average height was 105.4 cm,
and average body surface area was 0.74 m?. The patients’ median age at the time of the computed tomography examination
was 17.5 years (age range: 7-36 years).

RESULTS: Among the 116 patients who exhibited complications after an repair of Tetralogy of Fallot, 49 had a pulmonary artery
stenosis, 92 had a pulmonary artery branch stenosis (56 of them of the left main pulmonary artery branch, and 36 of them of
the right main pulmonary artery branch), 8 had a right ventricular outflow tract stenosis, 32 had a ventricular septal defect,
1 had a shunt thrombosis, 12 had a postoperative deformation of the pulmonary artery, 10 exhibited a marked right ventricular
dilatation, 2 had an right ventricular outflow tract aneurysm, and 6 suffered from conduit calcification and stenosis. Moreover,
patients with left main pulmonary artery branch stenosis had a 6.5 times greater chance of developing an right main pulmonary
artery branch stenosis in (p <0.001).

CONCLUSION: The most frequently computed tomography detected complications after a repair of Tetralogy of Fallot were
pulmonary artery stenosis and pulmonary artery branch stenosis. Patients with pulmonary artery stenosis and pulmonary
artery branch stenosis exhibit no significant differences in terms of age, anthropometric parameters (height, weight, and body
surface area), and gender distribution in the presence or absence of different stenosis types (pulmonary artery, right main
pulmonary artery branch, or left main pulmonary artery branch). However, an right main pulmonary artery branch stenosis
increases the chances of developing an left main pulmonary artery branch stenosis.

Keywords: multidetector computed tomography; tetralogy of Fallot; complications; congenital heart disease; total repair.
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INTRODUCTION

Tetralogy of Fallot (ToF) represents 7%-10% of all
congenital heart disease (CHD) cases, as it occurs in 0.5/1,000
live births and is the second most common form of complex
CHD (1). Advances in diagnosis, surgical techniques, and
postoperative treatment have led to an increasing number
of patients reaching adulthood, with a dramatic increase
in the survival rate to almost 90% at 30 years (2), thereby
creating a need for long-term monitoring of certain anatomic
parameters so that the complications can be identified on
time.

After repair of ToF (rToF), imaging tools should be
used to assess the right ventricular (RV) volume and any
pressure overload due to the tricuspid and pulmonary
regurgitation or stenosis, and scan for any RV and left
ventricular systolic and diastolic dysfunction, the presence
of any postoperative scars, the presence of any RV
aneurysms and fibrosis, as well as the presence of any
associated anomalies, such as aortic root dilation and
aortic insufficiency (1).

Noninvasive imaging plays a critical role in the follow-
up of patients after a rToF. Transthoracic echocardiography
(TTE) is the primary and routine clinical investigation tool for
anatomical and the functional assessment required in these
cases. However, it is important to note that the results of
the TTE are largely dependent on the operators. Cardiac
computed tomography (CT) and magnetic resonance imaging
(MRI) have been generally regarded as the complementary
tools for this purpose (3)(4).

Multidetector computed tomography (MDCT), with
its high spatial, and temporal resolution, plays a crucial
role in evaluating complex anatomical findings in both
unrepaired and repaired ToF patients (2). A cardiac CT
can provide the necessary functional and anatomical
information for making informed decision-making in
complex CHD cases. Image interpretation is aided by
the knowledge of the common approaches to operative
repair and the residual hemodynamic abnormalities (5).
Technical advances have allowed high-quality images
and a marked decrease in the radiation dose of the
cardiac CT. For selected indications, cardiac CT may
provide better information with a lower risk compared
with other diagnostic modalities, proving helpful in the
ToF evaluation (1). In contrast, cardiac MRI in small
children is mainly limited due to the long examination
time requiring conscious sedation or general anesthesia,
and the relatively low spatial resolution, which may partly
explain the sparse cardiac MRI data in young children
with ToF in the literature. Moreover, CT imaging does not
interfere with pacemakers and defibrillators, even with
the older models that are noncompatible with cardiac
magnetic resonance models. The aim of this study was to
identify markers between the most frequency CT-detected
complications after an rToF in pediatric patients.
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MATERIALS AND METHODS

Ethical considerations

The study was approved by the Institutional Review Ethics
Committee of the National Research Cardiac Surgery Center
(approval #01-92/2021 on 22 April 2021). No anticipated risks
to the participants were identified. During data collection,
all personal information of the patients was encoded and
depersonalized to safeguard patient rights and prevent the
disclosure of personal information. Researchers received
the electronic database that was limited to the information
regarding the demographic and clinical characteristics of the
patients, which was analyzed, and reported in an aggregated
form only, thereby assuring its confidentiality. This study was
conducted according to the principles of the Declaration of
Helsinki. Informed consent was obtained from all patients or
their legal guardians prior to participation.

Study venue and patients

This is a retrospective study, conducted at a tertiary,
highly specialized hospital. CT examinations were performed
from December 2011 to June 2020 on patients with a history
of rToF who were referred for a cardiac CT examination
as part of a clinically necessary standard of care, by the
Cardiothoracic Surgery, and the Cardiology Departments. A
retrospective analysis of 613 patients with ToF was carried
out. Written informed consent was obtained from each
participant and the parents of minors before their data was
included in the study. We identified 116 patients (69 men,
47 women) with complications of the rToF through their
CT results. The patients’ average age when the rToF was
performed ranged from 10 to 36 months (mean: 12 months),
and the patients had an average body weight of 21 kg, an
average height of 105.4 cm, and an average body surface
area (BSA) of 0.74 m?. The patients’ median age at the time
of the CT examination was 17.5 years (age range: 7-36 years)
(Table 1).

Patients with the following conditions were excluded
from the study population: (i) iodine allergy, (ii) high
creatinine levels, and (jii) adults with unrepaired ToF (n = 4).
Subsequently, the following inclusion criteria were applied:
(i) presence of an informed consent and (ii) prior correction
of ToF.

In a total of 613 cardiac CT examinations screened, 138
were performed before any surgical procedures, 20 were
performed after a palliative operation (such as shunt, RV
outflow tract (RVOT) stent placement, or RVOT widening), 285
were performed after a total surgical rToF (consisting of a
closure of the ventricular septal defect (VSD) and of a relief of
the RVQT obstruction), and 26 were performed after pulmonary
valve replacement (that comprised four treatment stages).

Cardiac CT

Children who had undergone palliative operations and
had rTOF underwent scanning using a SOMATOM Definition
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Table 1. General characteristics of participants (N =116)

Patient characteristics Frequency/
mean
Gender, n (%)
Male 69 (59)
Female 47 (41)
Age at initial correction (months) 12 (10-36)
Previous shunt procedure, n (%) 25 (21,5)
Initial correction, n (%)

Transannular patch, n (%) 67 (57,7)
Myectomy/valvulotomy, n (%) 40 (35,5)
Contegra valved conduit, n (%) 9.7
Weight, kg 21,08
Height, cm 105,4
Body surface area, m? 0,7

Note: cm, centimeter; kg, kilogram; m?, meter square.

AS 64 CT scanner at the Radiology Department. The scans
were conducted with prospective cardiosynchronization and
reconstruction, utilizing a slice thickness of 0.6 mm.

All patients were examined in a supine position, head
first, with an intravenous bolus administration through an
automatic tubeless CT-injector Ohiotandem, and an infusion
rate of 1-2 mL/sec.

Infants and young children up to 4 years of age were
sedated using oral chloral hydrate (75 mg/kg of body weight)
and ketamine (1 mg/kg of body weight), while older children,
and adults underwent the examination without sedation.

To optimize the radiation dose during CT, our institution
employed standard body-size-adapted protocols. These
protocols were based on combinations of body weight and
the size of the cardiac shadow observed on scout images,
which allowed us to determine the optimal tube current-time
product per rotation (6).

Data analysis and interpretation

Descriptive data are presented as percentages (for
categorical variables) and as mean + standard deviation or
median (interquartile range), as appropriate. The cohorts
were divided into two groups: survivors and deceased
patients. Categorical variables were compared using ¥’ tests,
while continuous variables were compared using t-tests or
Mann—Whitney U tests.

Comparisons among the three groups were made
using a bivariate analysis for normally distributed data.
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The same analysis was used to assess the association
between PA stenosis and other variables. The Pearson’s
correlation coefficient or the Spearman’s rank coefficient
was used to assess the correlation between the functional
parameters examined in the three different groups.
P-values were two-sided and were reported as significant
at a p < 0.005 in all analyses. All statistical analyses were
performed using the SPSS software (version 24.0; IBM
Corp.).

RESULT

This retrospective study was carried out from October
2011 to June 2020, and 613 patients with ToF were involved.
We identified 116 patients with complications after a total
rToF through their CT examinations.

In patients post-rToF, 49 had PA stenosis (Table 2), and
92 demonstrated a PA branch stenosis. In 56 of them, the
stenosis affected the left main PA branch (Table 3), while in
36 of them; the stenosis affected the right main PA branch
(Table 4). Moreover, 8 patients were diagnosed with RVOT
stenosis, 32 had developed a VSD, 1 patient had a shunt
thrombosis, 12 suffered from a postoperative deformation
of the PA, 10 exhibited a marked RV dilatation, 2 had an
RVOT aneurysm, and 6 suffered from conduit calcification
and stenosis (Figure 1).

A 12-year-old male with repaired tetralogy of Fallot,
after implantation of valve-containing conduit Contegra No.
16 and bilateral stents Palmaz Genesis XD 19-10. Cardiac
CT image clearly demonstrates thrombosis conduit. All the
complications detected by CT were validated with angiography
and were operated on.

The most frequent complications observed were PA
stenosis and PA branch stenosis. We decided to compare
the medical characteristics between the patients with and
without PA and PA branch stenosis by conducting a bivariate
analysis and by calculating the odds ratios.

Among the three comparison pairs examined, no
significant differences were found in terms of patients’
age, anthropometric parameters (height, weight, and BSA),
and gender distribution in the presence or absence of the
different stenosis types (PA, RPA, and LPA). Moreover, there
were no significant differences regarding the type of ToF,
presence of shunt thrombosis and palliative surgery, or the
type of surgery performed (p > 0.05). In fact, the data of
the comparison groups were comparable according to the
aforementioned criteria.

Patients with a VSD exhibited a lower risk for developing
LPA stenosis (odds ratio or: 0.039; 95% confidence interval or
95% Cl: 0.160.89; p < 0.005). At the same time, the presence
of VSD was not associated with the risk of developing a
stenosis of the PA or of the RPA (p > 0.005).

As indicated in Tables 2 and 3, there were no significant
associations between the presence of an RVOT stenosis or
aneurysm and the development of PA, RPA, or LPA stenosis.
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Table 2. Comparison of medical characteristics between patients with and without PA stenosis (N = 116)

Variable (n§z7) (nYiS?) p-value
Age, months 28,5 (29,5) 24,6 (27) 0,48
Height, cm 107,1 (29,4) 103,1(29,8) 0,47
Weight, kg 22,6 (17,4) 19 (12,9) 0,23
BSA 0,75 (0,29) 0,72 (0,34) 0,5
Gender 0,14
Male 36 (52,2%) 33 (47,8%)
Female 31 (66%) 16 (34%)
Palliative operation 0,8
No 52 (57,1%) 39 (42,9%)
Yes 15 (60%) 10 (40%)
ToF type 0,08
Pulmonary artery stenosis 56 (55%) 46 (45%)
Pulmonary atresia 11 (79%) 3(21%)
Operation type 0,69
TAP 38 (56,7%) 29 (43,3%)
No TAP 23 (56,1%) 18 (43,9%)
Conduit 6 (75%) 2 (25%)
Shunt thrombosis 0,58
No 66 (57,4%) 49 (42,6%)
Yes 1 (100%) 0
VSD 0,84
No 49 (58,3%) 35 (41,7%)
Yes 18 (56,3%) 14 (43,7%)
RVOT stenosis 0,26
No 61 (56,5%) 47 (43,5%)
Yes 6 (75%) 2 (25%)
RVOT aneurysm 0,33
No 65 (57%) 49 (43%)
Yes 2 (100%) 0
PA deformation 0,61
No 60 (58%) 44 (42,3%)
Yes 7 (58,3%) 5 (41,7%)
RPA stenosis 0,93
No 46 (57,5%) 34 (42,5%)
Yes 21 (58,3%) 15 (41,7%)
LPA stenosis 0,03*
No 29 (48,3%) 31 (51,7%)
Yes 38 (67,9%) 18 (32,1%)
RV dilation 0,58
No 61 (57,6%) 45 (42,6%)
Yes 6 (60%) 4 (L0%)
Conduit calcification and stenosis 0,19
No 62 (56,4%) 48 (43,6%)
Yes 5 (83,3%) 1(16,7%)

Note: *Chi-square test. OR|ppqiengsis yes = 0-44. Interpretation: The odds ratio of PA stenosis for those who have LPA stenosis is 0.44 times (56% lower)
than for those who does to have LPA stenosis.
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Variable (n':zo) (nY=e556) p-value
Age, months 29,3 (32,2) 24,3 (24,1%) 0,35
Height, cm 108 (28,3) 102 (30,7) 0,3
Weight, kg 20,3 (12,4) 21,9 (18,7) 0,6
BSA 0,76 (0,33) 0,72(0,29) 0,46
Gender 0,1
Male 40 (58%) 29 (L2%)
Female 20 (42,6%) 27 (57,6%)
Palliative operation 0,35
No 45 (49,5%) 46 (50,5%)
Yes 15 (60%) 10 (40%)
ToF type 0,06
Pulmonary artery stenosis 56 (55%) 46 (45%)
Pulmonary atresia 4 (28,6%) 10 (71,4%)
Operation type 0,96
TAP 34 (50,8%) 33 (49,2%)
No TAP 22 (53,7%) 19 (46,3%)
Conduit 4 (50%) 4 (50%)
Shunt thrombosis 0,52
No 59 (51,3%) 56 (48,7%)
Yes 1 (100%) 0
VSD 0,024*
No 38 (45,2%) 46 (54,8%)
Yes 22 (68,8%) 10 (31,3)
RVOT stenosis 0,6
No 56 (51,8%) 52 (48,2%)
Yes 4 (50%) 4 (50%)
RVOT aneurysm 0,23
No 60 (52,6%) 54 (47,4%)
Yes 0 2 (100%)
PA deformation -
No 56 (53,8%) 48 (46,2%) 0,15
Yes 4 (33,3%) 8 (66,7%)
RV dilation 0,42
No 54 (51%) 52 (49%)
Yes 6 (60%) 4 (40%)
Conduit calcification and stenosis 0,63
No 57 (51,8%) 53 (48,2%)
Yes 3 (50%) 3 (50%)

Note: *Chi-square test. ORyp o, = 0.38. Interpretation: The odds of developing LPA stenosis is 0.38 times (62% lower) for those with VSD tan for

those without VSD.
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Table 4. Comparison of medical characteristics between patients with and without RPA stenosis (N = 116)

Variable (nEgﬂ) (nY=e3$6) p-value
Age, months 26 (29,5) 28,7 (26,8) 0,64
Height, cm 107,8 (28,2) 100 (31,9) 0,19
Weight, kg 20 (12) 23,6 (22) 0,26
BSA 0,75 (0,32) 0,72 (0,29) 0,61
Gender 0,32
Male 50 (72,5%) 19 (27,5%)
Female 30 (63,8%) 17 (36,2%)
Palliative operation 0,35
No 64 (70,3%) 27 (29,7%)
Yes 16 (64%) 9 (36%)
ToF type 0,45
Pulmonary artery stenosis 71 (69,6%) 31 (30,4%)
Pulmonary atresia 9 (64,3%) 5 (35,7%)
Operation type 0,86
TAP 47 (70,2%) 20 (29,8%)
No TAP 28 (68,3%) 13 (31,7%)
Conduit 5 (62,5%) 3 (37,5%)
Shunt thrombosis 0,69
No 79 (68,7%) 36 (31,3%)
Yes 1 (100%) 0
VsD 0,68
No 57 (67,9%) 27 (32,1%)
Yes 23 (71,9%) 9 (28,1%)
RVOT stenosis 0,52
No 74 (68,5%) 34 (31,5%)
Yes 6 (75%) 2 (25%)
RVOT aneurysm 0,09
No 80 (70,2%) 34 (29,8%)
Yes 0 2 (100%)
PA deformation 0,55
No 72 (69,2%) 32 (30,8%)
Yes 8 (66,7%) 4 (33,3%)
LPA stenosis <0,001*
No 52 (86,7%) 8 (13,3%)
Yes 28 (50%) 28 (50%)
RV dilation 0,62
No 73 (68,9%) 33 (31,1%)
Yes 7 (70%) 3 (30%)
Conduit calcification and stenosis 0,39
No 75 (68,2%) 35 (31,8%)
Yes 5 (83,3%) 1(16,7%)

Note: *Chi-square test. OR,p, s = 6.5. Interpretation: The odds of developing RPA stenosis is 6.5 times (550%) higher for those with LPA stenosis than
for those without LPA stenosis.
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Fig. 1. CT of valve-containing conduit Contegra No. 16 and bilateral stents Palmaz Genesis XD 19-10.

Similar results were obtained for the presence or absence of
a PA deformation (p > 0.005).

The development of PA stenosis was significantly lower
(OR: 0.44; 95% Cl 0.21-0.94; p < 0.005) among patients with
an LPA stenosis, but not with an RPA stenosis (p > 0.005). At
the same time, patients with an LPA stenosis had a 6.5 times
(95% Cl: 2.62-16.15; p < 0.001) greater chance of developing
an RPA stenosis.

No significant associations were found between the
RV dilation or the conduit calcification and stenosis and
the development of a PA, an RPA, or an LPA stenosis
(p > 0.005).

DISCUSSION

An increasing number of adult patients with CHD continue
to require life-long diagnostic imaging surveillance through
cardiac CT and MRI. These patients are characterized by a
large spectrum of unique anatomical and functional changes
resulting from either single- or multistage palliation and
surgical correction. Radiologists involved in the diagnostic
task of monitoring treatment effects and detecting potential
complications should be familiar with common cardiac CT
and MRI findings observed in patients with repaired, complex
adult CHD (7).

Due to its high spatial and temporal resolution and
the capability of providing high-quality three-dimensional
reconstructed images, MDCT has become the primary
modality for several patients, predominantly for the
evaluation of PA and of the major aortopulmonary collateral
arteries (8). In this study, we found that the most frequent
complications occurring after a total rToF are PA and PA
branch stenosis.

DOl https://doiorg/1017816/DD375285

Echocardiography is still considered as the first modality
in the evaluation of the postoperative complications
following CHD treatment procedures, due to its known
advantages of being safe, affordable, and lacking ionizing
radiation, along with its superior capabilities in the
delineation of the intracardiac anatomy and of the cardiac
physiological functions. However, due to its dependency on
its operator and the limitation of its narrow acoustic window,
echocardiography faces difficulties in the visualization of
extracardiac anatomy as well as a number of challenges
in the quantitative assessment of the RV size, function, and
valve regurgitation (9).

Cardiac CT and cardiac MRI are considered as minimally
invasive techniques in the evaluation of the extracardiac
postoperative vascular complications. However, in
contrast to cardiac MRI, CT is superior in its inherent
capability to identify intracardiac anatomical elements, to
assess small vessel anatomy (including pulmonary veins,
distal PA branches, and aortopulmonary collaterals),
and to identify functional, and structural abnormalities
or postoperative complications following CHD surgical
procedures. Therefore, CT is steadily becoming an
invaluable imaging modality capable of filling the gap
between echocardiography, cardiac catheterization, and
cardiac MRI (10).

Different types of conduits are used in the surgical rToF.
The immediate postoperative results are excellent, but with
time, progressive conduit obstruction occurs due to patient-
prosthesis mismatch, distal anastomotic stenosis, conduit
kinking, thrombosis, and the development of calcifications.
MDCT can accurately assess the exact mechanism of such
conduit obstructions, as well as assess the stenosis level,
degree, and extension (2).
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Transannular patch repair frequently leads to RVOT
dilatation and aneurysms, chronic and severe pulmonary
regurgitation, and subsequent RV dilatation, and dysfunction.
An RVOT aneurysm is a ventricular wall swelling or its
restored outflow, which is considered as an independent
predictor of RV dilatation and systolic dysfunction in patients
that have been subjected to an rToF. It is also a suitable
substrate for the generation of ventricular arrhythmias.
MDCT images clearly delineate the RVOT aneurysms as well
as any associated dilatation of the main PA and its central
branches. MDCT is excellent in depicting the morphology of
the RVOT and cardiac abnormalities related to PR, in addition
to accurate measurements of the enlarged RV volumes
that serve as one of the major criteria for pulmonary valve
replacement (2).

The present study had several limitations. First, this study
was retrospective, and thereby limited by the small sample
size. Additionally, being an observational study, it lacked gold
standard for comparison.

CONCLUSION

Our study demonstrated that the most frequent
complications observed in pediatric patients with repaired
ToF were PA stenosis and PA branch stenosis. Patients with
PA and PA branch stenosis exhibit no significant differences
in terms of their age, anthropometric parameters (height,
weight, and BSA), and gender distribution in the presence or
absence of different stenosis types (PA, RPA, LPA). However,
the presence of an RPA stenosis provides a greater chance of
developing an LPA stenosis.

MDCT is an extremely useful imaging method for
evaluating normal and abnormal findings after the surgical
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MaruutHo-pesoHaHcHasa ToMorpadusa cepaua
y nauueHToB, nepe6oneBLINX KOPOHABUPYCHOM
undekumen (COVID-19)

A.C. MakcumoBa, H.WA. ProMwmna, T.A. enkosHuKoBa, 0.B. Mouyna,
H.[. AHduHoreHoBa, B.H0. Ycos

TOMCKUN HaLMOHanbHbIA MCCnef0BaTeNbCKUI MeAULMHCKUIA LeHTP, HayuHo-mccnef0BaTeNbCKuii MHCTUTYT Kapavonoruu,
Tomck, Poccuiickas ®epepaums

AHHOTALIUA

06ocHoBaHMe. HepeKnM 0CNOXHEHUEM KOpoHaBMpYcHoM nHeKumm (COVID-19) aBnseTcs MUOKapauT.

Llenb — cpaBHUTL pa3nuyHble NaTTepHbl NOBPEXAEHUS MUOKapAa Y nauneHToB, nepeHécimx COVID-19, n naumeHToB po-
NaHAEMUMHOTO NepuoLia No LaHHBIM MarHUTHO-PE30HAHCHOW ToMorpadmm cepaua ¢ napaMarHUTHBIM KOHTPACTHBIM ycune-
HUEM.

Marepuanbl U MeToAbl. B peTpocneKTMBHOE MUCCef0BaHWE BKITOYEHO 47 NaUMEHTOB, KOTOPbIM BbINOSIHAAM MarHUTHO-pe30-
HaHCHyl0 ToMorpaduio cepaua ¢ NapamMarHUTHBIM KOHTPACTHBIM YCUEHWEM ISl UCKITKOYeHWs OCTPOro MUOKapauTa. B rpyn-
ny 1 Bowm 34 naumeHTa C NepeHecEHHOW KOPOHABUPYCHOM MH(eKUMeld, NOATBEPKAEHHON pesynbTaTaMu UCCef0BaHUA
Ma3Ka CO CNIM3UCTOM HOCO- M/UNK POTOrNIOTKW METOL0M MOIMMEpa3Hoi LenHon peakuuu, B rpynny 2 — 13 yenoBek, Mar-
HWUTHO-PEe30HaHCHY0 ToMorpaduio cepaLa KOTOpbIM NPOBOAMM A0 Hayana naHAEMUM KOpPOHaBUPYCHOM UHeKumm (2017 ).
Pe3ynbtatbl. CpeaHas NPOAOIKUTENBHOCTL OT NOABNEHUA Kanob 40 NpoBeAeHUs MarHUTHO-Pe30HaHCHOM ToMorpadum co-
craBuna 166 poHeid. CHUXKeHWe TONEPAHTHOCTM K QU3MYeCKUM Harpyskam obHapyeHo y 77% naumenTos, 60nb B 0bnactu
cepaua, oablwKa u cepauebueHne — y 14 (42%), 30 (88%) n 28 (85%) naumenTtoB rpynnbl 1 cooTBETCTBEHHO. B rpynne 2
0TMeyeHbl ofbIKa Y 4 (30%) naumenToB, bonm B obnactu cepaua — y 9 (69%), cepauedbueHre n/unu oLlylieHre puTMa
cepaua — y 6 (46%). Y naumenToB rpynnbl 1 nopaxeHne MuMoKapLa Hocuno 6onee pacnpocTpaHEHHBIA XapaKTep, U3 HUX
y 1/3 coxpaHsnucb ycuneHue NEroYHOro PUCYHKA W BLIMOT B NAeBpasibHyl NoniocTb. B rpynne 1 MymuuHbl uMenu Gonee
HW3Ky0 dpaKuuio BbIbpoca NeBOro XenyaouKa, MeHbLUMe NoKasaTenu rnobansHon npoaosbHom fedopMaumm 1 bonee Bbico-
Kue dyHKUMOHanbHbIe NoKasaTtenn nesoro npeacepams (p <0,05). Y MeHLUMH cTaTUCTUYECKME pasnMuMs 0TMEYANUCh TOSIbKO
M0 KOJMYECTBY MOPAXKEHHbIX CErMEHTOB MUOKApAa JIEBOT0 JKeNyA0uKa.

3aknouenue. Bupyc SARS-CoV-2 Bbi3biBaeT pacnpocTpaHEHHOE NopaXeHue CepALa C BOBMEYEHUEM 3HAUUTENBHOTO KOJU-
YecTBa CErMeHToB MWoKapga. Cpeau MyXUMH [LOCTOBEPHO Yalle pa3BMBAlOTCS MOCTBOCMANUTENbHbIE OCTIOXHEHUA B BUAE
HapyLIEHNs COKpaTUTENbHOM (YHKUMM NEBOro enyaouka v nesoro npencepaus. MonyveHHble pesynbTaThl YKasbiBaloT
Ha HeobX0AMMOCTb [anbHeWLLEeN OLEHKW A0AroCPOYHbLIX nocneacTeuii nepeHecénHoro COVID-19 Ha cepaeyHo-cocyamncTyto
cucteMy. MarHuTHo-pe3oHaHcHas ToMorpadus cepfua C KOHTPacTUPOBAHMEM B aHHOM CJlyyae MOXET BbiTb YyBCTBUTEb-
HbIM MHCTPYMEHTOM BM3Yanu3auuu 41s BbiSIBEHUS TSKECTU NOpaXeHus cepaua.

KnioueBble cnoBa: MarHuTHo-pe3oHaHcHas ToMmorpadwms; cepaue; KopoHasupycHas uHbekums; COVID-19; mMuokapau;
neBsoe npefcepame.
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Cardiac magnetic resonance imaging in patients
with history of COVID-19

Aleksandra S. Maksimova, Nadezhda I. Ryumshina, Tatiana A. Shelkovnikova,
Olga V. Mochula, Nina D. Anfinogenova, Wladimir Yu. Ussov

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

ABSTRACT

BACKGROUND: Myocarditis is among the most common complications arising from coronavirus infection (COVID-19).

AIM: This study aims to find the differences in the patterns of myocardial injury between patients who had COVID-19 and those
from the pre-pandemic period, as determined by contrast-enhanced cardiac magnetic resonance imaging.

MATERIALS AND METHODS: The study encompassed a retrospective analysis of 47 patients who underwent
contrast-enhanced cardiac magnetic resonance imaging to rule out acute myocarditis. Group 1 comprised 34 patients with
a confirmed history of COVID-19 through PCR testing (nasal and/or throat swabs), while Group 2 comprised 13 individuals
who underwent contrast-enhanced cardiac magnetic resonance imaging in 2017 prior to the onset of the COVID-19 pandemic.
All patients enrolled in the study had clinical manifestation of cardiac injury without signs of coronary artery disease as an
underlying cause of condition.

RESULTS: The mean time from the onset of heart symptoms to the administration of contrast-enhanced cardiac magnetic
resonance imaging was 166 days. In group 1, a decrease in exercise tolerance was observed in 77% of patients, and 14 (42%),
30 (88%), and 28 (85%) of patients complained of chest pain, shortness of breath, and heart palpitations, respectively. In
group 2, four patients (30%) had dyspnea, nine patients (69%) complained of chest pain, and six patients (46%) had heart
palpitations and/or feeling of arrhythmia. Myocardial injury in group 1 was more generalized. The third of them had displayed
preserved increased pulmonary vascularity and pleural effusion. Within group 1, men had significantly lower left ventricular
ejection fraction, lower values of global longitudinal deformation, and higher values of left atrial function compared with the
corresponding parameters in women. Differences in women were found only in the number of the affected segments in the left
ventricular myocardium.

CONCLUSION: SARS-CoV-2 virus caused extended myocardial injury, affecting a significant number of myocardial segments.
Men had more frequent postinflammatory complications, characterized by abnormal function of the left ventricle and left
atrium. Obtained results require continuous efforts for further assessment of long-term consequences of previous COVID-19
to the cardiovascular system. In this regard, contrast-enhanced cardiac magnetic resonance imaging may represent a sensitive
imaging tool for the assessment of cardiac injury severity.

Keywords: magnetic resonance imaging; heart; coronavirus infection; COVID-19; myocarditis; left atrium.
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Tomsk National Research Medical Center, Cardiology Research Institute, Tomsk, Russian Federation
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Abbreviations

BSA body surface area

EDV end-diastolic volume

EF ejection fraction

ESV end-systolic volume

ESVi end-systolic volume index
LA left atrium

BACKGROUND

Since March 2020, COVID-19, caused by SARS-CoV-2
infection, has been declared a global pandemic. COVID-19
primarily affects the respiratory system [1], and treatment
is aimed mainly at respiratory complications. On the other
hand, the new coronavirus infection has a major influence
on the cardiovascular system, particularly in patients
with pre-existing cardiovascular diseases [2]. COVID-19
can cause myocardial injury at any stage of the infection,
including the viral, pulmonary, inflammatory, and recovery
phases and later stages after symptoms appear [3].
COVID-19 patients have been linked to arrhythmia, cardiac
failure, and myocarditis [4]. The mechanisms of cardiac
damage caused by SARS-CoV-2 infection are not entirely
known.

The most common complication of coronavirus infection
is myocarditis. Myocarditis manifests clinically as modest
symptoms, such as fatigue and dyspnea, to rapid disease
progression with heart failure and cardiogenic shock [5].
Imaging is critical for assessing many elements of myocardial
damage, allowing for a precise diagnosis and early treatment.
Contrast-enhanced cardiac magnetic resonance imaging (MRI)
is recommended by the Russian and European Societies of
Cardiology as an insightful, non-invasive method of imaging
diagnosis in myocarditis, ensuring detailed visualization of
anatomical structures and assessment of functional heart
disorders [6, 71.

According to the World Health Organization,
COVID-19 is no longer classified as a global pandemic.
However, the pandemic’s long-term negative, harmful
ramifications, including major cardiovascular issues, are
only beginning to emerge. Thus, cardiac viability testing
in post-COVID-19 patients is still important and warrants
further research [8]. Furthermore, differences in study
designs and inclusion/exclusion criteria, as well as
imaging methodologies and data analysis, interpretation,
and reporting in terms of changes in cardiac MRI findings,
all contribute to high degree of variability in published
study results.

The study compared different patterns of myocardial
injury in post-COVID-19 patients to prepandemic patients
using contrast-enhanced cardiac MRI data.
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MATERIALS AND METHODS
Study design

This retrospective study was conducted in accordance
with Good Clinical Practice and the principles described in
the Helsinki Declaration.

Study conditions

The study was performed in the Department of X-ray and
Imaging Diagnosis, Cardiology Research Institute, Tomsk
National Research Medical Center of the Russian Academy
of Sciences. All patients provided informed consent to
paramagnetic contrast-enhanced cardiac MRI.

Eligibility criteria

Inclusion criteria for Group 1: a history of SARS-CoV-2
infection confirmed by polymerase chain reaction testing, no
symptoms of acute respiratory infection at the time of cardiac
MR, a negative polymerase chain reaction test for COVID-19,
objective evidence of symptomatic cardiac injury, without
signs of ischemic heart disease (chest pain/discomfort,
palpitations, and dyspnea), and a mean time from the onset
of complaints to MRI 166 + 17.

Inclusion criteria for Group 2: objective evidence of
symptomatic cardiac damage without indicators of ischemic
heart disease (chest pain/discomfort, palpitations, and
dyspnea) and cardiac MRI performed before the COVID-19
pandemic (2017).

Exclusion criteria for both groups included a history of
myocardial infarction and low-quality cardiac MRI scans,
which made analysis challenging.

Cardiac MRI protocol

The Vantage Titan MRI Scanner (Toshiba, Japan) was used
to perform paramagnetic contrast-enhanced cardiac MRI and
ECG- and respiratory-gated 1.5T MRI. Short- and long-axis
MRI images of the myocardium were acquired before and
after contrast enhancement. As a paramagnetic contrast
agent, 0.5 M Gadobutrol was administered intravenously
at a 0.1-mL/kg body weight dose. The slice thickness was
10 mm, with no gaps, and the data were recorded to a
256 x 256 matrix. T1- and T2-weighted sequences and a fat
suppression sequence were used to assess the myocardium;
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dynamic SSFP sequences were used to determine the left
ventricular (LV) volume and function; and gradient inversion-
recovery sequences (GR-IR) were used to identify abnormal
contrast uptake areas. The time of inversion (Tl) was selected
individually (mean Tl=300 + 10 ms). The approved 17-segment
model of localization diagnosis for LV myocardium was used
to analyze areas of defective myocardium.

Cardiac MRI scans were examined in the Medical
Genomics Resource Sharing Center using the cvi42 program
(Circle Cardiovascular Imaging, Calgary, Canada). The Lake-
Louise criteria were used for the diagnosis of myocarditis.
Major criteria included edema, hyperemia, and regional
fibrosis, and minor criteria included pericardial effusion
or hyperintensive signal from the pericardium and LV wall
motion abnormality [9]. On T2-weighted images (T2WI),
the edema ratio (ER) was calculated as the myocardial-to-
skeletal muscle signal intensity ratio. ER >2.0 was considered
a symptom of edema. On T1WI, the relative paramagnetic
contrast uptake (hyperemia) was assessed in inferolateral
LV segments, which are most commonly affected by
inflammatory changes. A relative paramagnetic contrast
uptake of more than >4.0 was considered a symptom of
hyperemia.

The presence and nature (subendocardial, subepicardial,
or intramural) of late gadolinium enhancement (LGE) and the
number of involved segments were assessed. The outlines of
the endocardium and epicardium were used to automatically
identify the functional characteristics of the left and right
ventricles. End-diastolic volume (EDV), end-systolic volume
(ESV), ejection fraction (EF), left ventricular global radial and
longitudinal strain, and minimum and maximum left atrial
volume were among the functional parameters measured.
The following parameters were calculated based on these
measurements:

« left atrium volume index (LAVi, mL/m?) = LA volume/

BSA, where LA = left atrium; BSA = body surface areg;

+ end-diastolic volume index (EDVi): EDVi = EDV/BSA;

« end-systolic volume index (ESVi): ESVi = ESV/BSA.

LA functional parameters were calculated as follows:

+ LA ejection fraction (LAEF) = ([LAVmax — LAVmin]/

LAVmax) x 100%;

+ LA strain = ((LAVmax — LAVmin)/LAVmin) x 100% [10].

Furthermore, pericardial effusion, pleural effusion, and
enhanced pulmonary vascularity were also evaluated.

Statistical processing

Statistical analysis was performed using STATISTICA 10
software. Absolute (n) and relative (%) frequencies are
used to represent categorical variables. The mean (m) and
standard deviation (SD) or median (Me) and interquartile
range [Q1; Q3] are used to represent continuous variables.
The Shapiro—Wilk test was used to determine the normality
of distribution. For categorical variables, the unpaired ¢
test (for normal distribution) or Mann—Whitney U test (for
nonnormal distribution) was used, and for continuous
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variables, the chi-squared test was used. P < 0.05 was
considered significant.

RESULTS

Study subjects

A contrast-enhanced cardiac MRI was done on 47 patients
to rule out acute myocarditis. The first group consisted of
34 individuals with a coronavirus infection history verified
by polymerase chain reaction testing of a nasopharyngeal
and/or oropharyngeal swab. Before the COVID-19 pandemic
(2017), a cardiologist referred 13 patients for cardiac MRI.
Table 1 shows the clinical characteristics of patients and
cardiac MRI parameters in the study group. The study and
control groups were balanced by sex, age, and body mass
index. In Group 1, 77% of patients reported lower exercise
tolerance, whereas 14 (42%), 30 (88%), and 28 (85%) felt
chest discomfort, dyspnea, and palpitations, respectively. In
Group 2, four (30%) patients complained of dyspnea, nine
(69%) reported chest pain, and six (46%) reported palpitations.

In the early phase of contrast enhancement (1-2
min), there was no difference between the groups in LV
and LA functional metrics or contrast uptake. Group 1
patients demonstrated more severe myocardial injury, with
more segments showing a nonischemic pattern of LGE.
Furthermore, pulmonary changes (i.e., increased pulmonary
vascularity and pleural effusion) remained in one-third of
Group 1 patients during cardiac MRI (Figure 1).

Male patients in Group 1 exhibited considerably lower
LVEF, lower global longitudinal strain, and higher LA functional
characteristics, according to an intragroup comparison by
sex. Only the number of affected LV myocardium segments
differed significantly in female patients (Table 2). Male and
female groups had no age differences (p = 0.78 and p = 0.18,
respectively).

Key study findings

Our study found that post-COVID-19 patients had a
higher number of affected LV myocardium segments
based on delayed paramagnetic contrast uptake (a sign of
fibrotic changes) than prepandemic patients with suspected
myocarditis; however, the myocardial injury was nonspecific.
Male patients showed lower LVEF, lower LV global
longitudinal strain, and higher LV volume with reduced LV
contractility. Because the SARS-CoV-2 virus primarily affects
the respiratory system, the heterogeneous lung tissue
thickening, and pleural effusion observed in post-COVID-19
patients were believed to represent evidence of long-term
recovery from a respiratory infection. The control group did
not show any of these changes.

DISCUSSION

Previous research [11] shows that the most prevalent
COVID-19 symptoms are dyspnea and chest discomfort.
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Table 1. Clinical characteristics and cardiac MRI parameters in post-COVID-19 patients and control individuals

Group 1 Group 2
Parameter COVID-19(+) COVID-19(-) P
n=34 n=13

Age, year 62.5 [55; 66] 52 [45; 65] 0.07
Male, n (%) 12 (35.3) 6 (46.1) 0.49
Body mass index, kg/m? 30.695.22 27.75+4.05 0.08
Body surface area, m? 1.95+0.27 1.97+0.17 0.15
Heart rate, bpm 72.73+8.75 78+21.6 0.23
Concomitant diseases, n (%):

« Hypertension 17 (50) 7 (53) 0.81

« Diabetes mellitus 2 (5) 0 0.37

« Ischemic heart disease 8 (23) 4(30) 0.61

« Chronic obstructive pulmonary disease 9 (26) 1(7) 0.16
Cardac symptoms, 2 (K 14 (42) 4 (30) 0.51

. Palpitaﬁions 30 (88) 9 (69) 0.12*

« Dyspnea gg ((573?; g Egg; gg}*

« Decreased exercise tolerance '
LVEF, % 55.07+19.34 63.31£4.9 0.14
EDV LV, mL 113 [94.7; 153.8]  135.6[116.72; 167.79]  0.98
ESV LV, mL 41[28.9; 83 50.87 [46.85; 63.04] 0.31
EDVi LV, mL/m? 61.5[48.2; 72.6] 69.5[62.1;79.9] 0.13
ESVi LV, mL/m? 22.7 [16.4; 45.7] 26.1[23.1;30.6] 0.39
ER 1.5:0.36 1.58+0.39 0.54
Edema (visual), n (%) 5(14.7) 0(0) 0.14
LGE, n (%) 33(97) 12 (92.3) 0.47
Number of LGE segments 6.79+2.36 3.25+1.48 0.000*
Pericardial effusion, n (%) 22 (64.7) 5(38) 0.10
Pleural effusion, n (%) 10 (29.4) 0(0) 0.03*
Increased pulmonary vascularity, n (%) 12 (35.3) 0(0) 0.01*
GRS LV, % 17.52+9.61 16.86+5.54 0.82
GLSLV, % -10.51£5.49 -10.96+2.66 0.78
Contrast enhancement index on T1-WI of the basal inferolateral segment 1.54+0.29 1.71+0.53 0.17
Contrast enhancement index on T1-WI of the medial inferolateral segment 1.53+0.29 1.51£0.5 0.89
Contrast enhancement index on T1-WI of the apical lateral segment 1.55+0.34 1.38+0.33 0.13
LAV max, mL 72.39 [56.3; 110.15]  57.80 [51.84; 96.6] 0.32
LAV min, mL 35.44 [18.47; 62.091  21.35[19.0; 42.07] 0.49
RAV max, mL 35.205 [31.08;53.11]  40.2 [31.8; 51.095] 0.68
RAV min, mL 66.47 [55.96; 96.75]  84.945 [66.14; 93.305]  0.30
LAVi, mL/m? 39.13 [32.09; 51.09] 21.8 [27.2; 43.89] 0.17
LAEF, % 53.55[37.26; 163.32]  61.22 [55.35; 64.51] 0.13
LA strain, % 115.28 [59.39; 163.32] 149.7 [121.74;173.93]  0.30

Note. The data are presented as the median (Me) and interquartile range [Q1; Q3].

Abbreviations: EDV, end-diastolic volume; ESV, end-systolic volume; EDVi, end-diastolic volume index; ER, edema ratio; ESVi, end-systolic volume
index; GRS LV, global radial strain left ventricular; LA strain, left atrial strain; LAEF, left atrial ejection fraction; LAV, left atrial volume; LAV, left atrium
volume index; LGE, late gadolinium enhancement; LVEF, left ventricular ejection fraction; RAV, right atrium volume; T1-WI, T1-weighted images.

‘p < 0.05.
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Pulmonary infiltration, T2WI, signs of inferolateral
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Subepicardial LGE, intramyocardial contrast
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Fig. 1. Characteristic symptoms detected on contrast-enhanced cardiac MRI in the group of post-COVID-19 patients. LA, left atrium; LGE,
late gadolinium enhancement; RA, right atrium; T2WI, T2-weighted image.

Table 2. Comparative analysis of the left ventricular and left atrial function based on MRI findings

Men Women
Parameter
COVID-19(+) COVID-19(-) p COVID-19(+) COVID-19(-) p
LVEF, % 38 [26.2; 54.5] 63 [62.5; 63.9] 0.04* 65 [59; 70] 64.5 [60.5; 67.7] 0.78
Number of LGE segments 7.5[6.5;9.9] 413; 4] 0.03* 6.5[5; 8] 312; 4] 0.00*
Longitudinal strain -7.0[-9.3; -3.1] -10.2[-11.1;-8.2]  0.04* -14.6[-15.8;-10.2] -10.9 [-15; -9.3] 0.62
LA volume, min., mL 83.8 [37.3; 127.8] 25.6 [18; 35.3] 0.02* 25[16.1; 35.9] 21.4 [20; 48.9] 0.59
LA ejection fraction, % 30.1[12.1; 47.8] 63.5 [54.9; 68.9] 0.01*  59.9[53.4;72.2] 59.9 [55.3; 64.5] 0.94
LA strain, % 43.1013.9;91.91 173.8[121.7; 217.91  0.01* 149.9 [114.7; 259.7] 143.7[101; 157.9]  0.43

Note. The data are presented as the median (Me) and interquartile range [Q1; Q3].

Abbreviations: LA, left atrium; LGE, late gadolinium enhancement; LVEF, left ventricular ejection fraction.
“p < 0.05.
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Unfortunately, these symptoms remain even in patients with
a negative SARS-CoV-2 test, resulting in a chronic COVID-19
syndrome. The long-term risks and clinical significance
of these symptoms are not fully understood. The clinical
indications found in this group of patients were considered
to be the outcome of continuous myocardial injury caused
by inflammation. However, most of our patients did not
have myocardial edema, and the myocardium-to-muscle
tissue signal intensity ratio on T2WI was within normal
limits. Furthermore, there were no statistically significant
differences in the increase in myocardium signal intensity
within the first few minutes after the contrast injection. Thus,
our sample lacked two of the three major MRI criteria for
myocarditis (edema and hyperemia), preventing a definite
diagnosis of myocarditis based on current guidelines [12].

In the study by Feofanova, evaluating the cardiovascular
system in 36 patients with a history of acute COVID-19, there was
a significant increase in LA volume with preserved LVEF. Only
8.4% of patients had a decline in LA systolic function, whereas
83.3% had a rise in LV volume [13]. Furthermore, the majority
of study participants had LV myocardial hypertrophy (94.4%),
pulmonary hypertension (72.2%), and atrial and ventricular
ectopic activity manifested by supraventricular arrhythmia
(94.6%), ventricular arrhythmia (63.9%), and paroxysmal
supraventricular tachycardia (36.1%). The decreased heart
function observed in our study was not statistically significant.
The mean LVEF was 55%, with a median EDV of 61.5 mL/m?,
LAViin Group 1 exceeded 39.13 mL/m?, whereas LAVi in Group
2 was 27.8 mL/mZ The LV wall thickness in our sample was
within normal limits, and pulmonary alterations remained in
one-third of post-COVID-19 patients. There were no cases of
rhythm disturbance (@ common post-COVID-19 complication)
in our sample.

According to some studies, the earlier indicator of LV
myocardium remodeling is a decrease in LV longitudinal and/
or global strain [14]. The LV longitudinal strain was reduced
in both groups, although there were no significant differences
between them. In our study, 21% of the patients (mainly men)
had decreased LV contractility.

Our data indicating gender inequalities between groups
are significant. As previously stated, Group 1 patients, both
male and female, showed more severe LV myocardial injury
in terms of the number of segments with fibrotic changes
(p < 0.0000). A comparison of LAVi, LAEF, and LA strains
revealed no significant differences. However, when adjusted
for sex, the LA strain and LAEF were significantly lower in
male post-COVID-19 patients.

LA volume reflects LV filling pressure and, consequently,
the degree of LV diastolic dysfunction [2, 3]. According to some
studies, an increase in LA volume is related to an increased
risk of atrial fibrillation [15-17] and thromboembolism if it
is accompanied by dysfunction in atrial fibrillation patients
[18]. Changes in LA volume index and LAEF in patients with
heart failure with intact ejection fraction and sinus rhythm
are independently related to poor cardiovascular outcomes,
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comparable with those in persistent atrial fibrillation when
LA measures have no predictive value [19].

The evidence on gender differences in LA remodeling,
particularly in post-COVID-19 patients, is limited. Chistyakova
et al. [20] found an increase in LAVi in all study groups
compared with the control group in their cardiac function and
endothelial dysfunction research in post-COVID-19 patients.
According to some authors, LA remodeling is more prevalent
in women. In the group of patients with recurrent atrial
fibrillation with hypotension, for example, women exhibited
a substantially lower LAEF than men (39% [28; 50] vs. 50%
[42; 55], p = 0.02) [10]. In women with atrial fibrillation, LA
diameter has been shown to be an independent predictor of
cardiovascular death (p =0.003) [21, 22]. According to EchoCG
performed in post-COVID-19 patients 1 year after discharge,
LAEF was significantly lower in the group with a decrease in
LV global longitudinal strain (1.3 + 0.3 vs. 1.4 + 0.3 mL/m?
p = 0.052) [23]. Men have a higher incidence of atrial fibrillation
regardless of COVID-19, whereas women have more evident
atrial remodeling on high-density electroanatomic mapping
and a higher incidence of arrhythmia recurrences after atrial
fibrillation ablation. These modifications could explain why
women have a higher incidence of recurrence and contribute
to gender differences in the clinical course of atrial fibrillation
[24]. Gender differences in atrial changes in post-COVID-19
patients require further research because they may be
clinically significant for preventing atrial fibrillation and
arrhythmia recurrences after atrial fibrillation ablation.

LA remodeling may be caused by a strong immune
response, persistent inflammation, [25] endothelial damage,
and microvascular thrombogenicity [26]. The possibility
of virus retention in cardiomyocytes, resulting in fibrotic
changes, cannot be completely ruled out.

The absence of a uniform approach to study design,
which results in variability of study groups and makes
study findings difficult to compare, can explain contradictory
findings by different authors. However, it is clear that post-
COVID-19 pneumonia patients with increased LAVi, LAEF, and
LA strain with preserved LVEF require close monitoring to
prevent or timely detection of complications, such as heart
failure, LV dysfunction, and arrhythmia.

Limitations of the study

Each patient in our study had one cardiac MRI after the
onset of symptoms. As a result, we cannot be certain that the
observed findings did not exist prior to SARS-CoV-2 infection.
Notably, the nonischemic LGEs found could be nonspecific
and caused by undetected myocarditis before SARS-CoV-2
infection.

CONCLUSION

The SARS-CoV-2 virus unquestionably causes a
more severe cardiac injury involving a greater number
of myocardial segments. Residual effects of COVID-19



https://doi.org/10.17816/DD494103

ORIGINAL STUDY ARTICLES

pneumonia, such as heterogeneous lung tissue thickening
and pleural effusion, persist for longer. Male patients had
a much higher prevalence of postinflammatory sequelae,
manifesting as decreased LV and LA contractility.

Our findings highlight the need for further research into
the long-term cardiovascular complications of COVID-19. In
this case, contrast-enhanced cardiac MRI can be a sensitive
imaging tool for evaluating the severity of cardiac injury.
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PeHTreHOKOHTpacTHble WabnoHbI ANA onpeAeneHus
MUHepanbHOW MJOTHOCTU KOCTU MO AaHHbIM KOHYCHO-
Ny4yeBOU U MYNIbTUCNUPASIBHON KOMNbIOTEPHOM
ToMorpaguu

LL.[. Xoccamu', A.B. Netpsaikun?, A.A. Mypaes', A.b. [lanaes®, [1.B. BypeHues?,
A.A. Donranes?, 10.A. Bacunwes?, [.E. LLlaposa?, C.10. MBaHos™ *

! Poccuickuii yuuBepcuTeT apybbl Hapoaos uMenHn Matpuca Jlymymbel, MockBa, Poceuitckas Qenepalms;

2 HayyHO-NPaKTVYECKNI KIMHUYECKMIA LEHTP AMarHOCTUKM W TeNeMeANLIMHCKUX TexHosormii, Mockea, Poccuiickan ®epepaums;

3 CTaBpononbCKuiA rocyaapcTBeHHbI MeMLIMHCKMIA yHuBepcuTeT, CTaBponons, Poceuitckas Qeaepaums;

“ MepBbiii MOCKOBCKMIA rocy1apCTBEHHBIN MeAMLIMHCKUA YHuBepcuTeT uMenn WM. CeyeHosa (CeueHoBCKui YHuBepeuTer),
Mocksa, Poccuitckas Depepaums

AHHOTALIUA

06o0cHoBaHMe. KoHycHo-MyyeBas KOMMbIOTEpPHas TOMOrpagus No3BoNsSET NPOBOAMUTL AMArHOCTUKY Ha 3Tane MnaHUpoBaHus
Pa3NUYHbIX MaHUMYAALMIA B YemOCTHO-NMLEBO 06/1acT, B YaCTHOCTW NpU LeHTanbHOW uMnnaHTaumu. [peuMyuiectsa faH-
HOro MeToAa: BbICOKOE MPOCTPAHCTBEHHOE paspeLUeHue, HU3Kas JyyeBas Harpyska, AOCTYMHOCTb MCCNELOBaHWM, 0JHaKOo
MMeeTCA CyLLeCTBEHHbIN HEJ0CTaTOK — OTCYTCTBUE BO3MOXKHOCTW OMPEAENIEHUs MIOTHOCTM KOCTU YeSKCTel B efiMHMLAX
XayHcounpa (HU).

Llenu — pa3paboTatb Habop peHTreHOKOHTPACTHbIX LUABNOHOB C 33jaHHOW PEHTTEHOBCKOM MIOTHOCTLI) HA OCHOBE MMApO-
docdarta Kanus u B-Tpukanbumindocdarta; M3yunTb pesynbTaTbl CKAHMPOBaAHMS LWABMOHA HA KOHYCHO-NYY4eBOM U MYNbTU-
Cpe30BOM KOMMbIOTEPHbIX TOMorpadax; onpefenuTb afaroput™ Kpocc-KanubpoBKY Ans OLEHKU MUHEparbHOW NAOTHOCTH KO-
ctv yeniocteii B HU 1 no knaccudmkaumm C. Misch.

Martepuansl n MeTogpl. B KauecTBe peHTreHOKOHTpacTHoro WabnoHa McnoNb30BaHbl pacTBop ruapodocdara Kanus, cycneH-
3ua B-TpuKansumindocdata. B MuKponpobupKax wabnoHa o6beémom 0,25 Mn 3aaaHbl ClieaytoLme KOHLEHTpauumK ruapodoc-
dara Kanus: 49,96; 99,98; 174,99; 349,99; 549,98 Mr/mn; cycneHsus B-TpukanbumiidochaTa ¢ 3KBUBANEHTHON KOHLIEHTpaLW-
en ruppodocdata Kanma 1506 mr/mn. LLabnoHsl MoaenmpyoT TMRbI NAOTHOCTM KOCTHOM TKaHu no C. Misch. Uccneposanue
WwabsoHOB NPOBOAMUNOCK HA 2 MyNbTUCPE30BBIX M 4 KOHYCHO-NYYEBbIX KOMIMbIOTEPHBIX TOMOrpadax.

Pesynbtatbl. B xoge pabotbl npoaHanusupoBaHbl 3aBucuMoctv Gray Value (GV) ans KoHycHo-nyyesbix u HU ans mynbu-
CPe30BbIX KOMMbIOTEPHBIX TOMOrpadoB 0T 3aflaHHbIX 3HAYEHWI MUHEPaNbHOW NAOTHOCTU KocTu. OTMeYaeTcs CyLLeCTBEHHbIN
pa3bpoc U3MepeHHbIX BENMUMH. Pa3nnyatoTcs yribl HaKMoHa 3aBUCMMOCTEN M GopMbl KpuBbIX. [Tocne Kpocc-KanmbpoBKK no-
Ka3aHa XopoLLas COMOCTaBUMOCTb NEPECUUTAHHBIX 3HAYEHUN OTHOCUTENBHO PEXMMA UCCNEAYEMOr0 MyNLTUCPE30BOr0 KOM-
NnblOTEpHOro ToMorpada.

3akuioyeHmne. PaspaboTaHHbIii peHTEHOKOHTPACTHBIN Wab/ioH No3BONISAET CTaHAAPTM3MPOBaTh AeHCUTOMETPUYECKME NOKa3a-
TENU AN KOHYCHO-/Ty4eBbIX U PasfiyHbIX MybTUCPE30BbIX KOMMbIOTEPHLIX ToMorpadoB: B cpefHeM pa3bpoc nocne Kpocc-
KanubpoBku cHkaeTcs B 10 pas, uto obecneumBaeT BO3MOMKHOCTb KiaccuduKaumm KocTHon TKaHu B HU no C. Misch.

KnioueBble cnoBa: KOHYCHO-J1y4eBaA KOMIbOTEpPHaA TOMOFpaCIJVIFI; MyJnbTUCNNPaibHasA KOMIbKTEPHaA TOMOI'panVIﬂ;
KpOCC-KaJ'IVIﬁpOBKa; MUHepasibHaA NJIOTHOCTb KOCTKU; PEeHTreHOBCKaA NN0THOCTb; AeHCUTOMETPUA; UMNJiaHTauumA 3Y60B.
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Bone mineral density radiopaque templates
for cone beam computed tomography
and multidetector computed tomography
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Dmitry V. Burenchev?, Alexander A. Dolgalev3, Yuriy A. Vasilev?, Dariya E. Sharova?,
Sergey Yu. Ivanov"*

" Peoples Friendship University of Russia, Moscow, Russian Federation;

2 Research and Practical Clinical Center for Diagnostics and Telemedicine Technologies, Moscow, Russian Federation;
3 Stavropol State Medical University, Moscow, Russian Federation;

“ The First Sechenov Moscow State Medical University (Sechenov University), Moscow, Russian Federation

ABSTRACT

BACKGROUND: Cone beam computed tomography is widely applied for diagnostics and planning various manipulations in the
maxillofacial region, for example, dental implantation. Its advantages include high spatial resolution, low radiation exposure,
and cost-effectiveness. However, it has a significant drawback: the inability to determine the density of the jaw bone in
Hounsfield Units (HU).

AIMS: This study aimed to develop radiopaque templates with sets of X-ray density based on potassium hydrophosphate
and beta-tricalcium phosphate, to study templates on various cone beam computed tomography and multidetector computed
tomography devices, and to determine a cross-calibration algorithm for assessing the bone mineral density of the jaw in HU.
MATERIALS AND METHODS: The bone mineral density template comprised microtubes (0.25 ml) with potassium hydrophosphate
concentrations of 49.96, 99.98, 174.99, 349.99, and 549.98 mg/ml, and a suspension of beta-tricalcium phosphate with an
equivalent concentration of potassium hydrophosphate 1,506 mg/ml, designed to simulate the types of bone density according
to C. Mish. The study was carried out on two multidetector computed tomography and four cone beam computed tomography
machines. Cross-calibration was referred on the “standard” multidetector computed tomography 1 mode 120 kV, 200 mA.
RESULTS: There was a significant scatter of the X-ray values (HU for multidetector computed tomography and GV for cone beam
computed tomography) vs. bone mineral density, with varying slopes, bias, and curve shapes. After cross-calibration, good
comparability corresponding to the multidetector computed tomography 1 mode was shown. The median of the differences
before cross-calibration was 160 relative units (HU, GV), after decreased by 10 times and amounted to 16 rel. units (p=0.000).
The mean difference for cone beam computed tomography was significantly higher (30 rel. units) than for multidetector
computed tomography (8 rel. units) (p=0.024, Mann—Whitney U test).

CONCLUSION: The developed radiopaque template enables the standardization of densitometric indicators for cone beam
computed tomography and various multidetector computed tomography modes. On average, the spread after cross-calibration
is reduced by 10 times, which makes it possible to classify bone tissue in HU according to C. Mish.

Keywords: cone beam computed tomography; multidetector computed tomography; cross-calibration; bone mineral density;
X-ray density; densitometry; dental implantation.
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RITE

Wik, MR TENWESIH (cone beam computed tomography, CBCT) Fui4-£E A [l &
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Abbreviations

CBCT: cone beam computed tomography
CT: computed tomography

BACKGROUND

The discovery of computed tomography (CT) in 1972
enabled the visualization of various areas of the human
body using three-dimensional (3D) images [1]. Computed
tomography is used in many therapeutic areas, and with
the development of dental implantation, it has been the
most often used modality in dentistry [2]. One of the key
standards for determining radiological densitometric
parameters of bone tissue is the Hounsfield unit (HU), a
relative quantitative measurement of radio density [3].
Misch [4] uses this scale as a basis for a dental bone
density classification.

Because of the high ionizing radiation dose and high
financial costs associated with multidetector computed
tomography (MDCT), a safer and less expensive cone
beam computed tomography (CBCT) was developed.
However, this technology has some limitations, the most
significant of which is the presence of specific artifacts
and poor accuracy in determining the radiographic density
[5-7]. Radiographic density in CBCT is defined as a
relative mean gray value (GV) compared with Hounsfield
units (HUs), which are stable radiographic density units
used in MDCT. This makes it impossible to adequately
identify individual anatomical and density characteristics
of the patient’s bone structures, which are necessary
for planning dental implantation. These limitations are
determined by tissue X-ray absorption patterns, scanning
parameters, and the CBCT reconstruction algorithm [8].
As a result, a universal calibration method is required to
reduce CBCT errors, improve bone density measurement
accuracy, and lower the risk of intraoperative and
postoperative complications.

Radiopaque templates should be developed to complete
this task. It is possible to use potassium hydrogen phosphate,
which has X-ray absorption properties similar to calcium
hydroxyapatite, the main mineral complex of normal bone.
Previously, the use of potassium hydrogen phosphate to
simulate phantom bone mineral density (BMD) was justified
[9]. This approach enables the simulation of a wide range
of BMD values in bone samples using a scan process as
close as possible, using identical examination modes and
simulating X-ray absorption by the patient’s tissues. This
approach is used in quantitative CT [9].

Our experimental study aims to evaluate the effectiveness
of BMD radiopaque templates and cross-calibration
algorithms for a more accurate assessment of densitometric
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BMD: bone mineral density
MDCT: multidetector computed tomography

parameters of six computer tomographs (four CBCTs [CBCT 1,
CBCT 2, CBCT 3, and CBCT 4] and two MDCTs [MDCT 1 and
MDCT 2]), with abbreviations followed by serial numbers of
test scanners).

The study aims to develop a set of radiopaque templates
with a given radiographic density using potassium hydrogen
phosphate and p-tricalcium phosphate and evaluate
the results of scanning templates using various CBCTs
and MDCTs to develop a cross-calibration algorithm for
assessing mineral density of the jawbone using the Misch
classification.

MATERIALS AND METHODS

General characteristics of a mineral density
template

A specific mass concentration of potassium hydrogen
phosphate was used for manufacturing the model BMD
sample. Due to its high solubility, the exact concentration
range to simulate the spongy substance and the low-density
cortical layer (50-550 mg/mL) can be determined. The high-
density cortical layer was modeled using a suspension of
water-insoluble B-tricalcium phosphate, equivalent to bone
hydroxyapatite. Concentrations were adjusted to obtain
substances from all bone density classes (D1-D5) according
to the Misch classification (Table 1) [4].

The calibration template consisted of two sets of 0.25-
mL plastic tubes positioned around 50-mL tubes (Figure 1).
Calibration tubes included (a) distilled water, (b—f) 50-550-
mg/mL potassium hydrogen phosphate solutions, (g) 846-
mg/mL B-tricalcium phosphate solution with a potassium
hydrogen phosphate equivalent content of 1,500 mg/mL
(see Table 1). Three 50-mL tubes with fixed templates were
filled with 65.97- and 58.64-mg/mL potassium hydrogen
phosphate solutions and water. These tubes were not used
for calibration (see Figure 1).

A crystalline hydrate of potassium hydrogen phosphate
with a content of the primary substance K,HPO, x 3H,0 >99%
according to GOST 2493-75 (Pan Reac Applichem ITV
Reagents) was used to prepare a solution of this substance.
B-tricalcium phosphate was also used, with a Ca; x (P0,)2
content of >98% (Sigma-Aldrich). OHAUS Pioneer analytical
balances with accuracy class according to GOST OIML R
76-1-2011 | (special) were used for weighing. Potassium
hydrogen phosphate samples were dissolved in degassed
distilled water in a volumetric flask (49.89 mL; relative error
for volume 0.06%).
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Table 1. Characteristics of the created bone mineral density template compared with Carl E. Misch’s classification
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Values obtained in the study Misch scale

Tube number in the ™" < ied BMD Actual BMD Measured HU for MDCT

template (0.25 mL) concentration (mg/mL) concentration 1 (line 5, Table 2) Bone type HU
1 0 0 1.5 — —
2 50 49.96 78 D5 <150
3 100 99.98 161 D4 150-350
4 175 174.99 281 D4 150-350
5 350 349.99 540 D3 350-850
6 550 549.98 816° D2 850-1,250
7 1,500 1,506 2,165 D1 >1,250

Note. BMD, bone mineral density; MDCT, tested multidetector computed tomography scanner 1.

aSample below the appropriate Misch density range.

Fig. 1. General sequence of the study steps: (a) original tubes with a radiopaque substance (radiopaque mineral density templates) in
air; (b) original tubes with radiopaque substance in water; (c) example of fixing and examining templates using a cone-beam computed
tomography scanner; (d) MIP reconstruction using multidetector computed tomography scanner; (e) example of viewing and processing
original tube sections in DICOM format (Radiant) and evaluating their characteristics using the tested multidetector computed tomography
scanner 3 (see Table 2, line 7).

Characteristics of the study

The templates were scanned using standard clinical
maxillofacial imaging modes. Scanner characteristics and
examination modes are summarized in Table 2. Results
were analyzed for four CBCTs from three manufacturers (see

Table 2, lines 1-4), two MDCTs from two manufacturers (see
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Table 2, lines 5-7), and two modes for one MDCT (line 5:
normal [120 kV, 200 mA] and low dose [80 kV, 10 mA]). Two
sets of BMD templates with identical potassium hydrogen
phosphate dilutions (one with an added high-density sample

296


https://doi.org/10.17816/DD501771

ORIGINAL STUDY ARTICLES

Table 2. Scanner types and scanning modes evaluated in the study
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No. Scanner (company and country of origin); abbreviation used Tube voltage (kV) | Tube current (mA)
1 Orthopantomograph OP 3D (Kavo, USA); CBCT 1 95 4
2 HDX WILL (HDX Will Corp., Korea); CBCT 2 85 8
3 Orthopantomograph OP300 (Kavo, USA); CBCT 3 90 3,2
4 Vatech PaX-Uni3D (Vatech Global, South Korea); CBCT 4 90 5
5 GE Discovery NM/CT 670 (GE Healthcare, USA); MDCT 12 120 200
6 GE Discovery LOW/CT 670 (GE Healthcare, USA); MDCT 2 80 10
7 Siemens Somatom Perspective (Siemens, USA); MDCT 3 110 23

Note. MDCT 1, tested multidetector computed tomography scanner 1.

8MDCT 1 (line 5) is used as the standard for cross-calibration in further study steps.

of B-tricalcium phosphate) were fixed around 25-mm tubes
(see Figure 1a and 1d), which were then placed in an 85-
mm cylinder filled with distilled water (see Figure 1b and
Te), which was established in a scanner (see Figure 1c).
The water environment is necessary to simulate the effect
of beam hardening [10], making phantom study conditions
closer to clinical settings.

Results

The results of a CT study of “in water” and “in air” patterns
are expected to be compared to assess the influence of
absorbing properties of the liquid medium, the oral cavity.
Images were obtained in DICOM format (see Figures 1e and 2).

Statistical analysis

Mean values and standard deviations were calculated
for BMD samples in templates. Radiographic density
values were averaged for BMD samples of corresponding

Mean=0.8528 SD=18.95
Max Min=-63

Area=1,435 cm? (17989 px)

templates. The obtained data were processed in Excel
and Statistica 10, and HU (for MDCT), GV (for CBCT), and
BMD parameters were compared. Linear and quadratic
lines of approximation were used. The MDCT mode of
120 kV and 200 mA was used as the internal standard for
cross-calibration (see Table 1, column 4; Table 2, line 5).
Considering the small sample size and heterogeneous
conditions, nonparametric statistics (Mann—-Whitney U test)
were used to compare groups.

RESULTS

Radiographic density measurements of BMD templates
are presented in HUs for MDCT and GVs for CBCT in Figures 1
and 2. There is a significant scatter for measured values,
although for individual scanners, the measured radiographic
density of water (negative GV values are reported for CBCT 2
and CBCT 4). Figure 2 compares the phantom obtained for

0.39 SD=21.41

Area=1.265 cm? (3168 px)

Fig. 2. Radiopaque phantom with bone mineral density templates using the same visualization parameters of the “window” (window
level 100/window width 1,500 for bone tissue) for (a) tested multidetector computed tomography scanner 3 and (b) cone-beam computed
tomography scanner 2: different contrast intensity is visible, measured values of water density: 0.85 HU for multidetector scanner and
360 GV for cone beam scanner.

DOl https://doiorg/1017816/DD501771
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MDCT using the same “window” visualization parameters for
bone tissue (window level 100/window width). MDCT 3 (a)
and CBCT 2 (b) have different contrasts. The measured values
of the radiographic density of water are -0.85 HUs for MDCT
and -360 GVs for CBCT.

Slopes and shapes of radiographic density to BMD curves
differ significantly (Figure 3).

Cross-calibration was proposed to unify the measurements
performed, which is to determine formulas for recalculating
each specific measurement for different scanners using a
universal internal standard, that is, MDCT 1 (120 kV, 200 mA;
see Table 2, line 5). For this purpose, dependences were
initially constructed in reverse coordinates (Figure 4).

Figure 4 shows BMD dependences on HU or GV, inverse
coordinates to Figure 3. Approximation lines were created
using Excel, including linear lines for CBCT 1 and 3 and
MDCT 1-3 and quadratic for CBCT 2 and 4 (the corresponding
formulas are shown in Figure 4). The decision to apply the
approximation law was based on a visual analysis of the
dependence pattern. For CBCT 1, the dependence was
divided into two ranges, and its dependent patterns were
determined. This is related to artifacts identified during
image analysis.

The resulting dependency formulas (see Figure 4) enable
us to calculate cross-calibration formulas after simple
transformations related to the “standard” MDCT mode of
120 kV and 200 mA (see Table 2, line 5). These formulas
are presented in Table 3 (column 2). These formulas should
be used according to the following algorithm: measured

3500
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-500
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values of radiographic density of bone samples or templates,
expressed in HU for MDCT and GV for CBCT, are substituted
as a factor (x) on the right side of formulas; in this case, the
calculated value (y) corresponds to the radiographic density
of a given sample, expressed in HU, if scanned in MDCT 1
mode. These densities can be assessed using the Misch scale
(see Table 1) to determine the appropriate type of bone tissue
D1-5.

All radiographic densities for the corresponding scanning
modes were recalculated using this cross-calibration
algorithm. These data are presented in Figure 5. Compared
with Figure 3, good data consistency is reported.

DISCUSSION

During the study, CT scanners revealed varying
densitometric parameters for the same BMD values (see
Figure 3). Radiographic densities of MDCT scanners for water
were closest to 0, expressed in HUs: MDCT 1 (1.5), MDCT 2
(-9), and MSKT 3 (14). CBCT has more significant scatters
than GVs: CBCT 1 (210), CBCT 2 (-305), CBCT 3 (171), and
CBCT 4 (-400). The most reliable radiographic density of
distilled water was achieved with MDCT 1 with a scanning
mode of 120 kV and 200 mA, selected as an internal standard
for cross-calibration. The subsequent dependency pattern in
Figure 3 was also heterogeneous regarding curve slope and
shapes (significant nonlinearity was reported for CBCT 2
and 3). Rearranging the results in reverse coordinates using
approximation lines (see Figure 4) enabled us to determine

o~ C(BCT1
CBCT 2
CBCT3
CBCT 4
MDCT 1
MDCT 2
MDCT 3

bt

1000 1200 1400 1600

Preset BMD (mg/mL)

Fig. 3. Dependence of measured radiographic densities (HU for MDCT and GV for CBCT) on preset bone mineral densities before cross-
calibration: there is a significant scatter of HU values when using different modes and MDCT scanners and GV values when using other
CBCT scanners. CBCT, cone beam computed tomography scanner; MDCT, multidetector computed tomography scanner.
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y (CBCT1) = 0.551x - 104

y (CBCT1_1) = 0.881x - 495

y (CBCT2) = 3E - 05x2 + 0.519x + 151
y (CBCT3) = 0.700x - 133

y (CBCT4) = 7E - 05x2 + 0.226x + 73,9
y (CT1) =0.698x - 13.3

y (CT2) = 0.504x - 12.8

y (CT3) = 0.631x - 28.0

2500 3000 3500

Measured HU (MDCT), GV (CBCT)

Fig. 4. Inverse dependencies compared with Figure 2: Mineral density versus radiographic density in GV and HU. The resulting lines of
approximation were used to determine formulas for cross-calibration.

Table 3. Formulas for cross-calibration for each tested scanner

Abbreviated name of scanners (as in Table 1)

| Formulas for cross-calibration relative to MDCT 1

CBCT 1 (0-350 mg/mL)
CBCT 1_1 (350-1,506 mg/mL)

CBCT 2
CBCT 3
CBCT 4
MDCT 2
MDCT 3

y=0819 x (x) - 164
y=131x(x) - 164

y=bhx 107 x (X2 +0.771 x (x) + 234
y=1.04x (x) - 188
y=1.04 x (x)2 +0.335 x (x) + 120
y=0748 x (X) - 9.14
y=0937 x (x) - 51.5

Note. In formulas, x means the measured values of HU or GV using the corresponding CT scanner; y represents the calculated value for cross-
calibration relative to CT 1 (i.e., bone tissue density in HU when using CT 1 from Table 1). CBCT 1-4 mean serial numbers of the tested cone-beam
computed tomography scanners; MDCT 2 and 3 mean serial numbers of the tested multidetector computed tomography.

algorithms for cross-calibration relative to MDCT 1 mode of
120 kV and 200 mA (see Table 2, line 5). These formulas
are provided in Table 3. After cross-calibration, recalculated
data showed good comparability with MDCT 1. The median
difference between measured values and MDCT 1 value
before cross-calibration was 160 relative units (HU and GV),
and after recalculation, it was decreased by 10 times to 16
relative units (p = 0.000). Despite the cross-calibration, the
average difference for CBCT was significantly higher (30
relative units) than for MDCT (eight relative units; p = 0.024).
Values were compared using a Mann-Whitney U test.
Moreover, the average relative difference in density units
between the two templates was 17.69% for CBCT and 4.7%
for MDCT.

DOl https://doiorg/1017816/DD501771

Due to a significant scatter in relative differences
between two templates with different spatial locations
(see Figure 2) and a larger scatter relative to the average
values of the standard mode of 120 kV and 200 mA after
cross-calibration in CBCT, synchronous templates are
required, that is, templates located in the oral cavity near
the proposed implantation zone of the patient examined. An
asynchronous technique effectively used in quantitative CT
may be ineffective in CBCT due to several artifacts that cause
signal heterogeneity [11]. Calibration is required for specific
equipment, modes, and patients.

At present, relative units HU are used in the radiological
classification by Misch (see Table 1, columns 5 and é),
which is the main stage of planning dental implantation



https://doi.org/10.17816/DD501771

ORIGINAL STUBY ARTICLES Vol. & (3) 2023 Digital Diagnostics

2500

2000
— - (CBCT1
S
g CBCT 2
& 1500 CBCT 3
= CBCT 4
a
s -s- MDCT1
2 MDCT 2
= 000 -
g -~ MDCT3
[72]
3
=

500

0
0 200 400 600 800 1000 1200 1400 1600

Preset BMD (mg/mL)

Fig. 5. Dependence of the recalculated radiographic densities (HU for MDCT and GV for CBCT) on preset bone mineral densities after cross-
calibration. Good agreement is noted between the adjusted data. Cross-calibration was performed relative to the MDCT 1 scanner with
120 kV, 200-mA mode. CBCT, cone beam computed tomography scanner; MDCT 1, tested multidetector computed tomography scanner 1.

and selecting a subsequent surgery protocol. In this
experimental study, conditions were simulated when the
densities of the radiopaque template correspond to the
main types of bone tissue, according to Misch (see Table 1),
which are D1-5. After cross-calibration, it was shown that
it is possible to reliably estimate the HU of various MDCT
modes and CBCT methods. This method is inexpensive and
easy to use.

A radiopaque template saturated with potassium
hydrogen phosphate has long been used in dosimetry as
a cortical bone equivalent material [12]. This material was
previously used for reference radiopaque phantoms in
various dilutions [11, 13]. Moreover, composite materials
based on water-insoluble hydroxyapatite or tricalcium
phosphate can be considered radiopaque. As in bone tissue,
the radiographic density of potassium hydrogen phosphate
and tricalcium phosphate changes in concordance with
radiographic energy changes [14, 15]. In this experimental
study, several voltages were used. We selected scanning
modes recommended by manufacturers ranging from 80 to
120 kV, depending on the type of equipment. Densitometric
parameters of water correspond to 0 on the HU scale, which
is set when calibrating MDCT [1]. MDCT scanners were the
most similar to this value parameter.

Phantoms (radioopaque templates) based on potassium
hydrogen phosphate were previously used to develop unified
measurements and further classify calcifications of vessel
walls and bone tissue [16, 17]. Lower accuracy was reported
for scanners with low voltage and spatial resolution [18].
Errors in measuring BMD were associated with CT scanner
voltage, the reconstruction algorithm used, characteristic
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scattering artifacts, and a lack of photons at detectors; the
radiation power (mA) has a lesser effect [11]. All CT scans
of radiopaque templates were performed in the water-
immersed state, with dimensions comparable to the sizes
of the oral cavity and surrounding soft tissues, making the
model conditions closer to scanning real patients [19].

Our quantitative study using radiopaque templates yielded
more comprehensive results than previous studies that
assessed one type of CT scanner and one type of radiopaque
template [20-23]. Because we used original templates with
seven specified BMD values and compared six scanners, our
study is more unique and evidential. Our study found that
using radiopaque templates standardizes and compensates
for shortcomings in densitometric classification using
CBCT, significantly affecting planning and performing dental
procedures [24, 25].

In the future, synchronous radiopaque templates will be
used for various types of maxillofacial surgeries, including
dental implantation. Using radiopaque templates for planning
dental implantation will allow for the development a highly
personalized surgery protocol [26—30]. A similar pattern
of bone density dependences is observed when comparing
CBCT and MDCT; however, individual measurements differ
significantly [26]. Our cross-calibration algorithm significantly
reduces these differences.

In addition to errors in determining BMD using CBCT,
geometric distortions should be assessed [31-34]. Medelnik
et al. [35] evaluated the reproducibility of anatomical
landmarks and the accuracy of various CBCT and MDCT.
Elshenawy et al. [36] reported that an increased area of
interest parallel to voxel size may reduce the accuracy of
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linear CBCT measurements, particularly when assessing small
distances. The authors stressed the need to appropriately
evaluate object density in addition to determining geometric
distortions.

CONCLUSION

When four CBCTs and two MDCTs are used to assess
the same bone mineral density samples, the created
radiopaque template shows a large scatter of radiographic
densities. According to Misch, cross-calibration standardizes
densitometric parameters for CBCT and various MDCT modes
while reducing scatter by 10 times, allowing bone tissue to
be classified. The most promising strategy is to use individual
synchronous templates located directly near the area of the
proposed dental intervention.
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TepMuHONOrua paka nNpAMoON KULLUKMK:
KOHCeHCycHoe cornaweHue Pabouei rpynnbl
akcneptos POPP, AOP u PATPO

T.M. bepe3sosckas', H.A. Py6uosa?, B.E. Cunmnupiv®, U.B. 3apogniox®, H.B. HyaoHos®,
A.B. Muwienka®, 10.J1. Tpybauesa®, T.A. Beprew’, M1.10. Mpuwiko®, C.C. banacHukosa®,
A.A. llaitnexo', [1.B. PoixkoBa’, M.M. Xoamubekosa?, H.A. Pyubesa'®, W.E. Tiopus®,
C.W. Aukacos’, A.A. Hesonbckux', C.C. Topaees®, U.B. ipowunesa’

! MeaMUMHCKMIA Paamonoruueckuii HayuHbii LieHTp uMenm A.0. Libiba — dunuan OBY «HaumoHanbHbIA MeAULMHCKNIA NCCNeA0BATENBCKMIA LEHTP
panvonormy, 06HUHCK, Poccuiickas Oepepaums;

2 MOCKOBCKMIA Hay4HO-MCCIe0BaTENLCKUA OHKOMOrMYECKUA MHCTUTYT uMenm T.A. Tepuera — dunman OIBY «HaumoHanbHbIA MeAULMHCKNIA
u1ccneaoBaTeNbCKUi LIEHTP paguonorum», Mocksa, Poceuiickas Oepepaums;

3 MoCKOBCHKMIA roCYAapCTBEHHbIN yHUBEPCUTET MeHn M.B. JloMoHocoBa, haKynbTeT GyHaaMeHTaNbHOM MeauumHLI, MockBa, Poccuiickan ®eaepaums;

“ HaumoHanbHbIA MeMLMHCKUIA UCCNel0BaTENbCKIMA LIEHTP KononpoKTonorum uMenn A.H. Poixux, Mockea, Poccuiickan ®enepaums;

5 Poccuiickuii HayuHbIl LieHTp peHTreHopaauonorun, Mockea, Poccuitckan Mepepaums;

¢ HaumoHanbHbIl MeaMLIMHCKWIA UCCNIe10BaTeNLCKUIA LIHTP oHKonoru umenn H.H. Metposa, Mockea, Poccuitckan Mepepaums;

7 HaumoHanbHbI MeMLIMHCKWIA MCCNel0BaTeNbCKMA LIEHTP MMeHK akaneMuKa E.H. MewankuHa, Mocksa, Poccuiickas ®epepaums;

8 HaumoHanbHbIl MeaMLIMHCKWIA MCCNef0BaTeNbCKNIA LiIeHTP oHKonorin umenn H.H. Broxuna, Mocksa, Poccuiickas Qenepauns;

? HaumoHanbHbIl MeAULIMHCKVIA UCCTIeioBaTeNbCKUIA LieHTp MMeHu B.A. Anmasosa, Mocksa, Poccuiickas ®epepaums;

1" HaumoHaNbHbLIA MeAULMHCKUIA NCCIEA0BATENLCKUIA LEHTP TPAHCTIGHTOSONMM 1 MCKYCCTBEHHBIX OPraHoB MMeHW akapemuka B.U. LlyMaxosa,
Mocksa, Poccuiickas Qepepauvs

AHHOTALMA

YHUUUMpOBaHHas TEPMUHONOTUA — HE0BX0AMMOE YCNOoBME YCMELLHON MEXAUCLUMNIMHAPHON KOMMYHUKALMKU B OHKOJOTUM.
MHoroobpasue aHaTOMUYECKMX, NaTOMOP(ONOrUHECKUX U KIIMHUYECKUX TEPMUHOB, UCMOMb3YEMBIX NPY paKe NPSMOMN KULLIKY,
HepeKO COMPOBOXAETCA HEOHO3HAYHON MX TPAKTOBKOW KaK B OTEYECTBEHHOW, TaK U 3apybeHoi Hay4yHoI nuTepaType.
370 He TOMBKO YCNOXHSET B3aMMOAEHCTBUE MEXAY CMeLManmcTaMm, Ho U 3aTPYAHSET CPaBHEHME Pe3yNbTaToB JieYeHUs paKa
NPSMOA KULLIKW, NONYYEHHbIX B Pa3HbIX N1EYEOHbIX YUPEIKAEHNUSX.

Ha ocHoBe aHanM3a COBPeMeHHOM 0TEYECTBEHHOW M MEXLYHApOAHON Hay4HO-MEeTOAMYECKON NUTePaTYpbl MO paKy NpsMOil
KULUIKM BblnM 0TOBPaHbI KiloYeBble TePMUHBI, UCMOJb3YeMble MPU AWUarHOCTUKE U NIaHMPOBaHWM NIEYeHUs 3/I0Ka4eCTBEHHOMO
HOB0OOOPa30BaHuA, C NOCNEAYIOLLMM [ABYKPATHBIM OHNAH-00CYKAEHMEM WX TPAKTOBOK 3KcnepTamu Poccuitckoro obluecTsa
PEHTIeHOM0roB W paanonoros, Accoumaumum oHKkonoroB Poccum n Poccuickoi accoumaumm TepaneBTMHECKUX pafyaLMOHHbIX
OHKOJI0roB [10 AOCTUXEHUS KOoHceHcyca (>80%) akcnepToB no BceM MyHKTaM. TepMMHbI, MO KOTOPbIM KOHCEHCYC He Obin 0-
CTUrHYT, He BKJIOYEHbI B UTOTOBbIN CMIUCOK.
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ABSTRACT

Unified terminology is a necessary condition for successful interdisciplinary communication within the field of oncology. The
variety of anatomical, pathomorphological, and clinical terms used in rectal cancer is often accompanied by their ambiguous
interpretation both in domestic and foreign scientific literature. This not only complicates the interaction between specialists,
but also complicates the comparison of the results of rectal cancer treatment obtained in different medical institutions.

Based on the analysis of recent domestic and international scientific and methodological literature on rectal cancer, the key
terms used in the diagnosis and treatment planning of rectal cancer were selected, followed by a two-time online discussion of
their interpretations by experts from the Russian Society of Radiologists and Therapeutic Radiation Oncologists, the Association
of Oncologists of Russia, and the Russian Association of Therapeutic Radiation Oncologists until reaching consensus (>80%) of
experts on all items. Terms that fail to attain consensus were excluded in the final list.

A list of anatomical, pathomorphological, and clinical terms used in the diagnosis, staging, and treatment planning of rectal
cancer has been compiled and, based on expert consensus, their interpretation has been determined.

A lexicon recommended in the description and formulation of the conclusion of diagnostic studies in patients with rectal cancer
is proposed.
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List of abbreviations

AOR — Assaociation of Oncologists of Russia

ICD-10 — International Statistical Classification of
Diseases and Related Health Problems, Tenth Revision
MRI — Magnetic resonance imaging

RATRO — Russian Association of Therapeutic Radiation
Oncologists

RORR — Russian Society of Radiologists and Radiologists
T2-WI — T2-weighted image (image acquisition mode in
magnetic resonance imaging)

INTRODUCTION

Uniform terminology in describing radiological
examinations and formulating conclusions for patients
with rectal cancer is crucial for ensuring adequate
understanding among the treating physician and all
members of the multidisciplinary medical team. Currently,
magnetic resonance imaging (MRI) plays a crucial role in
staging, supplemented by transrectal ultrasound in the early
stages of rectal cancer. Staging involves assessing various
anatomical and pathological factors that influence rectal
cancer treatment planning. It is essential for all specialists
to be aware of relevant terms and their clear interpretation
for effective communication for the benefit of patients and
comparison of rectal cancer treatment outcomes across
different healthcare institutions.

CONSENSUS GUIDELINES
ON TERMINOLOGY AND INTERPRETATION
OF RECTAL CANCER IMAGING RESULTS

Procedure for a working group to create national
recommendations on a unified terminology
for rectal cancer diagnostics

To accomplish this goal, a working group (WG) comprising
experts from the Russian Society of Radiologists and
Radiologists (RORR) was established. The group represented
10 leading healthcare institutions in the Russian Federation
providing specialized care to patients with rectal cancer.
Additionally, experts from the Association of Oncologists
of Russia (AOR) and the Russian Association of Therapeutic
Radiation Oncologists (RATRO) were involved in developing
the current clinical guidelines for rectal cancer. The group
included 15 diagnostic radiology specialists, 3 surgical
oncologists, and a radiology oncologist.

Three WG members, who are authors of this paper
(BTP, MAV, and GPJ) searched the PubMed, Medline, and
eLibrary databases for literature about staging, prevalence
assessment, treatment planning in rectal cancer, and
evaluation of effectiveness of neoadjuvant therapy from

DOl https://doi.org/10.17816/DD529668

CRM — Circumferential resection margin

AJCC-TNM8 — National Validation of the 8th American
Joint Committee on Cancer Staging System

TNM — International classification of stages of malignant
neoplasms (tumor, nodus, and metastasis)

TRG — Tumor regression grading

2007 to 2023, with extraction of the main terms and their
interpretations. The list of terms was sent to all WG members
for review, followed by two online discussions until an expert
consensus (=80%) was reached regarding the interpretation
of each term. Terms that did not reach a consensus opinion
(low-grade rectal cancer, early rectal cancer, and tumor
regrowth) were excluded from this paper. The final version
of the manuscript was sent to all WG members and received
their approval.

A consensus list of recommended terms of staging,
extent assessment, and treatment planning in rectal cancer
and their definitions for use in medical diagnostic reports
(primarily for MRI) is given below.

List of terms and their definitions agreed
by expert consensus

Terms to assess prevalence and location

of rectal cancer

Rectal cancer is a malignant tumor that develops from
rectal epithelial cells, typically exhibiting adenocarcinoma
structure and localized within 15 cm from the anus (ICD-
10 code: C20) [1]. Tumors with a lower pole located above
this level are classified as malignant neoplasms of the
rectosigmoid junction (ICD-10 code: C19). Tumors with the
histological structure of squamous cell carcinoma, localized
in the anal canal, are classified as malignant neoplasms of
the anus and anal canal (ICD-10 code: C21). Squamous cell
carcinoma of the anal canal can spread above the anorectal
junction and involve the rectal ampulla, while rectal cancer
with the structure of adenocarcinoma can spread into the
anal canal or have a predominant localization there. In
such cases, the histological type of malignant neoplasms
determines not only the approach to TNM classification
(rectal cancer/anal cancer) but also the choice of treatment
method.

Some anatomical structures of the pelvis, rectum, and
anal canal play an important role in the primary staging
of rectal cancer. Awareness of these structures and the
ability to recognize them on images is critical for accurate
characterization of the primary tumor [2-5].
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Surgical anal canal: For transrectal ultrasound and
MRI, the lower border of the anal canal is considered to
be the distal edge of the internal sphincter. For transrectal
ultrasound, the upper border of the internal sphincter is
considered to be the upper border. For MRI, the anorectal
junction is considered.

The anal margin refers to the anocutaneous line, the
junction of the anoderm with the perianal skin, corresponding
to the distal edge of the internal sphincter of the anal canal/
intersphincteric groove on sagittal MRI (Fig. 1). From this
level, the distance to the lower edge of the tumor is measured
on sagittal T2-weighted images along the center of the lumen
of the anal canal and rectum [6].

The anorectal junction is the connection between the
anal canal and the rectum, corresponding to the upper edge
of the puborectalis muscle, clearly defined on T2-WI in the
coronal plane, or the anorectal angle, defined on T2-WI in
the sagittal plane (Fig. 1). The distance from the anorectal
junction to the inferior margin of the tumor is important for
surgery planning and should be indicated in the diagnostic
report [6].

The dentate line is the upper limit of the anatomical anal
canal, which is shorter than the surgical one. The location of
the dentate line approximately corresponds to the middle of
the internal sphincter. It is not visualized by MRI.

The anal sphincter complex includes the internal
and external anal sphincters and the puborectalis muscle
(Fig. 1).

The internal anal sphincter is a continuation of the
internal circular muscle layer of the rectum, comprising
smooth muscle tissue. On MR, it is determined by a significant
thickening of the intrinsic muscle layer of the wall at the
level of the anal canal (Fig. 1). The signal from the internal
sphincter on T2-weighted images is slightly higher than that
of the external sphincter, and with contrast enhancement, it
appears more intense.
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The external anal sphincter is a striated muscle, which
is a continuation of the puborectal muscle, divided into three
layers, such as the subcutaneous circular layer, superficial
ellipsoidal layer, connected to the coccyx, and deep layer,
closely connected with the puborectalis muscle (Fig. 1).

The intersphincteric space is a connective-cellular tissue
space that separates internal and external anal sphincters
and is characterized by a high signal on T2-WI (Fig. 1).

Mesorectal fascia is a thin fascial sheath that limits the
rectum and the surrounding fatty tissue. On T2-WI, it appears
as a hypointense circular line (Fig. 1). In men, the mesorectal
fascia in front merges with the Denonvilliers’ fascia, while in
women, it merges with the rectovaginal fascia (septum). At
the back, it connects with the presacral fascia; it completely
surrounds the rectum only to the level of the transitional
fold of the peritoneum with its lateral and posterior parts
above and only the posterior rectum at the level of the upper
ampullary. Caudally, the mesorectal fascia passes into the
intersphincteric space.

The muscular layer of the rectum consists of an inner
circular and outer longitudinal layer, which are defined as a
single hypointense layer on T2-weighted MRI images, limited
internally by a hyperintense submucosal layer and externally
by hyperintense mesorectal tissue (Fig. 1).

The elevator muscle of the anus (m. levator ani) is
a muscle complex (Fig. 1), consisting of the puborectalis,
pubococcygeus, iliococcygeus, and anal-coccygeal fibrous
muscles and anococcygeal ligament. Tumors infiltrating the
elevator muscle of anus are classified as Tab.

The transitional fold of peritoneum is formed at the
point of transition of the peritoneum from the pelvic organs
to the rectal wall, with the lower point of attachment along
the anterior wall of the intestine and obliquely going up the
side walls. It separates the peritonized and non-peritonized
parts of the rectum. On T2-WI, it appears as a hypointense
line, displaying a V-shape in the axial plane, and passes from

Fig. 1. MRI anatomy of the rectum on T2-WI. (a) Sagittal plane: anal edge (intersphincteric groove; dotted line); anorectal junction (angle) at
the level of the upper border of the internal sphincter of the anal canal (white arrows); transitional fold of the peritoneum at the lower point
of attachment of the pelvic visceral peritoneum to the rectal wall (asterisk); peritonealized part of the rectum (black arrows). (b) Coronal
plane: 1, internal sphincter of the anal canal; 2, intersphincteric space; 3, deep portion of the external sphincter; 4, superficial portion of
the external sphincter; 5, subcutaneous portion of the external sphincter; 6, puborectalis muscle; 7, elevator muscle of anus (levator ani).
(c) Axial plane: 1, intestinal lumen; 2, mucous membrane; 3, submucosal layer; 4, muscle layer; 5, mesorectal tissue; 6, mesorectal fascia.
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the apex of the seminal vesicles (in men) or from the body of
the uterus (in women) in the sagittal plane (Fig. 1). Lymphatic
drainage from tumors located above the transitional fold of
the peritoneum mainly occurs through the upper rectal and
lower mesenteric lymph nodes. Tumors below the transitional
fold of the peritoneum can drain through the internal iliac and
obturator lymph nodes. When describing MRI findings, it is
recommended to indicate the position of the tumor relative
to the transitional fold of the peritoneum (completely below/
crosses/completely above) [6].

The presacral space is a fibrous space delimited in front
by the presacral fascia (the posterior part of the parietal layer
of the fascia of the pelvis). It contains presacral veins and
plexuses.

The rectal mucosa is the innermost, thin layer of the
rectal wall. When visualized, it has a hypointense signal on
T2-weighted images due to the lamina propria (Fig. 1).

Terms related to primary staging of rectal cancer

For primary staging of rectal cancer, MRl is the preferred
diagnostic method. For the initial stages of rectal cancer,
transrectal ultrasound is recommended [1, 3, 7-9]. Currently,
staging is carried out according to the TNM classification of
the Union for International Cancer Control (UICC; 8th ed.,
2017) [10].

Below are some terms that, along with the “T" category,
are important for characterizing the primary tumor [2, 4, 5].

The depth of extramural invasion is the maximum
distance from the outer edge of the muscular layer of the
wall at the base of the extramural component of the primary
tumor to its outer edge, as observed on high-resolution
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T2-WI oriented perpendicular to the intestinal wall at the
level of the tumor (Fig. 2). The depth of extramural invasion
is used to determine the substage of T3 tumors.

Category T according to the TNM system. Category T,
established based on the examinations of a primary patient
with rectal cancer, is called clinical and is denoted by the

prefix “c” (cT). If radiological examination methods were used
for staging, then the prefix “i" (i) is used.

T1: Tumor has grown into the submucosa. Subclassification
of T1 tumors according to Kikuchi [11]: TIsm1: depth of
submucosa invasion up to 1/3; T1sm2: depth of submucosa
invasion er up to 2/3; T1sm3: complete tumor invasion of the
entire submucosal layer. Transrectal ultrasound is preferred
to evaluate T1 tumors.

T2: Tumor has grown into the muscle layer. Transrectal
ultrasound is reported to be more accurate in diagnosing T1/
T2 tumors (sensitivity 94%, specificity 86%) compared with
MRI (sensitivity 94%, specificity 70%) but less accurate in
determining lymph node status [12].

T3: Tumor has grown through the muscularis propria and
into the subserosa or non-peritoneal peri-intestinal tissue
(T3 tumors are divided into the following substages: T3a
<Imm; T3b 1-5mm; T3c 5-15mm; T4d >15mm). To assess
extramural tumor growth, it is recommended to use high-
resolution T2-WI perpendicular to the bowel wall at the level
of the tumor.

T4: Tumor invades the serosa/peritoneum of the pelvis
(T4a) or surrounding organs and tissues (T4b), including
pelvic organs (uterus, ovaries, vagina, prostate, seminal
vesicles, bladder, ureters, urethra, and bones), skeletal
muscles (obturator, piriformis, elevator muscle of anus,

Fig. 2. Circular border (edge) of rectal resection during total mesorectumectomy. (a) Diagram showing extramural growth of the tumor
(green line); mesorectal fascia (yellow line); circular border (edge) of resection (red line); distance from the tumor to the mesorectal fascia
(double black arrow); distance from the tumor to the circular border (edge) of resection (double red arrow). (b) T2-weighted images in
the coronal plane of the tumor of the lower ampullary part of the rectum with extramural vascular invasion and deposit at the level of
axial T2-weighted images. (c) Upper axial section corresponds to the level of the deposit involving the mesorectal fascia (black arrows),
extramesorectal lymph node (dotted arrow). The lower axial section corresponds to the level of extramural vascular invasion. The depth of
extramural invasion (a double white arrow). The distance from the tumor to the elevator muscle of anus (a double black arrow).
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ischiococcygeus, puborectalis, and external anal sphincter),
sciatic or sacral nerves, sacrospinous/sacrotuberous
ligaments, any extramesorectal vessel, any loop of
colon or small intestine outside the primary lesion, and
extramesorectal fiber [13].

Staging of rectal cancer extending into the anal canal
requires detailed assessment of the anal canal and sphincter
complex using high-resolution T2-WI in the coronal plane
parallel to the anal canal. The “cT” category is recommended
to be determined primarily based on the extent of the tumor
at the rectal level. Involvement of the external sphincter,
puborectalis, and elevator muscle of anus should be classified
as cT4b. Extension into the anal canal should be described
separately, detailing the affected structures (internal
sphincter, intersphincteric space, and/or pelvic floor). The
report should additionally indicate whether the is positive (+)
or negative (-) [13]. For tumors that have grown into the anal
canal below the dentate line, the inguinal lymph nodes may
be considered regional (as defined in AJCC-TNM8).

Locally advanced rectal cancer is a primary tumor that
has grown beyond the muscular layer (T3/T4) and/or affects
regional lymph nodes (N1/2) but has no signs of distant
metastases (M0).

Circumferential resection margin (CRM) is a surgery
and pathology term defined as the surface of surgical
excision of the non-peritoneal part of the rectum, which
should pass along the mesorectal fascia when performing a
total mesorectumectomy.

The status of CRM is determined by histological
examination of the surgically removed rectum specimens.
It can be predicted based on MRI by the shortest distance
between the extramural component of the tumor/deposit/
affected lymph node and the mesorectal fascia. Involvement
of the CRM is indicated as CRM(+) if this distance is <1
mm. For low-lying rectal cancer, the shortest distance is
determined to the elevator muscle of anus. The distance
from enlarged lymph nodes without signs of extracapsular
spread (with smooth contours) is not considered and should
be regarded as CRM(-) [13].

Extramural vascular/venous invasion in histological
examination represents intravascular growth of the tumor
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beyond the rectal wall, serving as a predictor of poor
prognosis, lymphatic and distant metastases, and tumor
recurrence [14-17]. On T2-WI, extramural vascular/venous
invasion is characterized by the spread of a tumor signal
into the vascular structures of the mesorectal tissue [6, 18,
191, which can be combined with the increased diameter of
the affected vessel or with the tumor extending beyond its
walls with the formation of a node, beaded, or worm-like
structure. It is important to note that the MRI assessment
of extramural venous invasion in vessels less than 3 mm in
diameter is unreliable. When determining the category “T" (T3
and T4 tumors) in cases of fusion of the primary tumor and
an extramural venous invasion lesion, their total size should
be considered.

Tumor adhesion is considered in imaging when it is
challenging to clearly trace the fatty tissue between the
tumor and the neighboring organ. In this situation, there is
no MR signal from the tumor tissue within the structure of
the adjacent neighboring organ. This option is recommended
to be regarded as “possible invasion” [20]. According to
the AJCC-TNMS, it should be classified as “mrTab,” with
subsequent clarification of the stage after surgery. If
microscopic examination does not reveal tumor elements at
the adhesion site, then such a case is classified as “pT1-3,”
depending on the depth of invasion.

Terms related to describing colorectal cancer

The description of a tumor does not affect staging, but
it is important for characterizing the tumor. Here are terms
used to describe tumors.

Desmoplastic reaction is a fibrous reaction of the tumor
stroma that occurs at the border with normal tissue in the
form of connective tissue spicules without tumor cells. It can
be observed both in the primary tumor, making it difficult
to differentiate T2 and T3a-b tumors on MRI and after
neoadjuvant chemoradiotherapy.

Mucinous cancer is a prognostically unfavorable
histological variant of rectal cancer with tumor content of
extracellular mucin >50% of the tumor volume. On MRI,
mucin accumulations have a hyperintense signal on T2-WI
(Fig. 3).

Fig. 3. Variants of tumor image on T2-WI. (a) Polypoid/exophytic tumor (arrow). (b) Semicircular tumor (T), extramural vascular invasion

(arrows). (c) Mucinous tumor (arrows).
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The tumor lesion is usually represented by ulceration/
erosion in the center of the tumor, where the maximum depth
of tumor invasion is determined.

Polypoid tumor is a tumor with an exophytic type of
growth (Fig. 3). It may have a pedicle with clearly visible
feeding vessels. The location of such a tumor can be indicated
using a conventional dial (12 o'clock for the center of the
anterior wall, 6 o'clock for the center of the posterior wall,
3 o’clock for the center of the left wall, and 9 o’clock for the
center of the right wall).

A semicircular tumor occupies only part of the
circumference of the rectum.

Circular/subcircular tumor spreads over the entire or
almost entire circumference of the rectal lumen (Fig. 3).

Terms related to localization, staging, and criteria

for lymph node involvement in rectal cancer

Lymph node assessment is an important aspect of
rectal cancer staging, although it is less precise than for
T category [21]. According to a meta-analysis [22], the
sensitivity and specificity of MRI in the assessment of lymph
node involvement are 73% (95% Cl 68-77) and 74% (95% CI
68-80), respectively. Computed tomography and transrectal
ultrasound demonstrate diagnostic effectiveness comparable
with MRI [23].

Not all lymph nodes located in the pelvis are regional
for rectal cancer and are classified as “N.” When assessing
pelvic lymph nodes as regional, it is important to consider
their location (Fig. 4) and, if possible, indicate it in the
examination report. Here are terms related to location,
staging, and criteria for lymph node involvement.

Category “N” according to the TNM system: NO: absence
of abnormal locoregional lymph nodes; N1: 1 to 3 abnormal
regional lymph nodes (N1a: 1 lymph node; N1b: 2-3 lymph
nodes; N'c: tumor deposit); N2: >3 abnormal regional lymph
nodes (N2a: 4 to 6 lymph nodes; N2b: >7 lymph nodes). When
describing, it is acceptable to use “N(+)" in the presence of
abnormal regional lymph nodes, regardless of their number,
and “N(-)" in the absence of abnormal regional lymph nodes.

Regional lymph nodes (N). According to the latest AJCC-
TNMB8, regional lymph nodes include mesorectal/pararectal,
superior rectal, inferior mesenteric, and internal iliac lymph
nodes, without specific mention of the obturator lymph nodes.
However, the obturator lymph nodes are usually classified
as regional lymph nodes [21]. All other pelvic lymph nodes,
including inguinal, external iliac, common iliac, and para-
aortic lymph nodes, are not regional in rectal cancer and
should be regarded as distant metastases (M).

Mesorectal lymph nodes are located in the mesorectum
and are regional ones.

The lower mesenteric and upper rectal lymph nodes
are classified as regional and are removed during a total
mesorectumectomy. It is recommended to mark the most
suspicious upper lymph node of these chains, as it may change
the site of vessel ligation during total mesorectumectomy.
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Morphological criteria for involvement of mesorectal,
superior rectal, and inferior mesenteric lymph nodes
include (a) uneven boarders, (b) heterogeneous structure, and
(c) rounded shape. Suspicious lymph nodes are (a) <5 mm in
size if three morphological criteria are met; (b) 5 to 9 mmin
size if two criteria are met; and (c) >9 mm in all cases. After
neoadjuvant chemoradiotherapy, all lymph nodes larger than
5 mm should be considered suspicious [8].

A deposit is defined in pathology as a single tumor nodule
in the mesorectal tissue without evidence of identifiable lymph
node tissue or vascular/nervous structures. It is designated
as “N1c,” regardless of the number of deposits. The number
of tumor deposits is not added to the number of positive
lymph nodes [24]. To date, there is insufficient evidence
regarding MRI's ability to reliably differentiate between
lymph nodes and tumor deposits [13]. Deposits may form
due to intermittent tumor spread, lymphatic spread, venous
or perineural invasion, or complete lymph node replacement
[25]. On MR, distinguishing between positive lymph nodes
with extracapsular extension, extranodal tumor deposits,
and intermittent extramural vascular invasion is challenging.
Available evidence suggests that all these conditions have a
worse prognosis than lymph node involvement [26]. Tumor
deposits in the mesorectum or along the large rectal vessels,
combined with signs of extramural vascular/venous invasion,
are regarded as “N1c,” EMVI(+). Deposits without signs of
extramural vascular/venous invasion are regarded as “Nlc,”
EMVI(-).

The lateral pelvic lymph nodes, situated at the side
pelvic walls, are lymph nodes external to the mesorectal
fascia, including the external, internal iliac, and obturator
lymph nodes. When describing them, it is better, whenever
possible, to indicate a more specific location. During primary
staging, it is recommended to consider regional lateral pelvic
lymph nodes (internal iliac and obturator) with a short axis
(=7 mm) as suspicious [12, 27]. Morphological criteria for
lateral pelvic lymph nodes are not recommended [13].

The internal iliac lymph nodes are regional and, in the
case of rectal cancer, are included in the scope of dissection
of the lateral pelvic lymph nodes. They are located along the
internal iliac vessels. At the level of the obturator muscle,
they are localized medially to the internal iliac artery; lymph
nodes lateral to the internal iliac artery are considered
obturator lymph nodes (Fig. 4).

The obturator lymph nodes are regional. They are
located between the external and internal iliac arteries,
medially to the internal obturator muscle and laterally to the
internal iliac artery (Fig. 4).

The external iliac lymph nodes are not regional. They
are located along the external iliac vessels (Fig. 4) and are
divided into lateral, middle/median, and medial chains. The
lateral subgroup is located laterally to the external iliac
artery. The middle/median group is between the artery and
the vein. The medial group is posterior to the external iliac
vein. The lymph nodes in the medial subgroup are located



https://doi.org/10.17816/DD529668

CLINICAL PRACTICE GUIDELINES

Digital Diagnostics

SEN
/Em )
ﬂ .

U 0Obt a/v/n

Fig. 4. Localization of the lateral pelvic lymph nodes (colored): external iliac lymph nodes are red; obturator lymph nodes are blue; and
internal iliac lymph nodes are green. Shown in levels (@) proximal and (b) distal. EIA: external iliac artery; EIV: external iliac vein; IIV:
internal iliac vein; l1A: internal iliac artery; Obt a/v/n: obturator artery/vein/nerve; OIM: obturator internus muscle.

near the obturator vessels and obturator lymph nodes. This
can cause diagnostic difficulties because they are often
indistinguishable from the obturator lymph nodes localized
along the obturator artery at the point of its origin from the
internal iliac (hypogastric) artery at the level of the internal
obturator muscles [3]. Involvement of the external iliac lymph
nodes in rectal cancer is extremely rare. Non-regional lymph
nodes are considered suspicious if they measure >10 mm in
short axis.

Inguinal lymph nodes are not regional in rectal cancer,
but are regional in squamous cell carcinoma of the anal
canal. They are located in the groin area below the inguinal
ligament. They can be classified as regional for tumors
extending below the dentate line [13]. They are divided into
superficial (anterior to the saphenous vein and superficial
femoral vessels) and deep (medial to the femoral vessels).

Terms to describe response to neoadjuvant

chemoradiation therapy

Currently, a combination neoadjuvant chemoradiation
therapy is widely used to treat patients with rectal cancer,
significantly affecting the planning of further treatment.
MRI is currently considered the optimal imaging modality
for assessing effectiveness of neoadjuvant chemoradiation
therapy. Here are terms recommended to describe response
to neoadjuvant chemoradiation therapy.

Pathologic complete response (pCR) is a response to
neoadjuvant chemoradiation therapy, characterized by the
complete absence of viable tumor cells during pathological
examination of the surgical specimen.

Clinical complete response (cCR) is a response to
neoadjuvant chemoradiotherapy, characterized by the
absence of a clinically detectable tumor during digital rectal
examination, MRI, and endoscopy. It is used as a surrogate
for pCR. On MRI, it represents either subtle fibrosis of the
rectal wall in the tumor bed without residual areas of tumor
signal or recovery of a normal rectal wall without any
evidence of tumor [28].
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Near-complete response was introduced because some
patients, initially showing a good but incomplete response
during the follow-up examination, may be re-evaluated after
a longer interval after neoadjuvant chemoradiation therapy
and may achieve a cCR.

Downstaging is a term describing downstaging of the
T or N category after neoadjuvant chemoradiation therapy.
The post-treatment category is indicated by the prefix “y,” for
example, yTO means no visible primary tumor.

Downsizing refers to the decrease in size of a tumor or
its regional metastases after neoadjuvant therapy without
changing T or N categories.

Tumor regression grading (TRG) is a system for
assessing the response to neoadjuvant chemoradiotherapy,
derived from a modification of the Mandard pathological
staging (MRI TRG). It involves a qualitative assessment of the
ratio of a low MR signal from fibrous tissue and a medium-
intensity signal from a residual tumor on T2-WI.

« mrTRG1 (complete response) means no macroscopic
signs of residual tumor tissue/a minimal area of
fibrosis is visualized (thin scar).

+ mrTRG2 (significant/almost complete response) means
the presence of dense fibrous scar, with no signs of tumor
tissue visualized (according to pathological data, tumor
cells are absent/single in settings of dense fibrosis).

+ mrTRG3 (moderate response) means fibrosis
predominates (>50%), while an MR signal of medium
intensity is visualized, which is characteristic for
tumor tissue.

« mrTRG4 (minimal response) means the MR signal
from the tumor tissue predominates, combined with a
small/minimal structural fibrosis.

« mrTRG5 (no response/progression) means only an
MR signal of medium intensity, characteristic of tumor
tissue, without signs of fibrosis (Fig. 5).

Current clinical experience shows that this system has

poor correlation with pathological TRG, limited positive
predictive value of pCR and poor reproducibility with low

314


https://doi.org/10.17816/DD529668

315

CLINICAL PRACTICE GUIDELINES

Digital Diagnostics

Fig. 5. Assessment of tumor regression on high-resolution T2-WI using TRG. TRG1: (a) Tumor located at the 12-2 o’clock position before
neoadjuvant chemoradiation therapy (arrow); (b) after treatment, the tumor is replaced by a linear area of submucosal fibrosis. TRG2: (c)
Tumor in the lower ampullary rectum before chemoradiation therapy (arrow); (d) after treatment, the tumor is determined as an area of thick
fibrosis (arrow), without macroscopic MR signs of tumor. TRG3: (e) Semicircular tumor in the lower ampullary rectum before chemoradiation
therapy (arrow); () after treatment, the tumor has a mixed MR signal with a predominance of a low-intensity signal, characteristic of fibrosis,
and preservation of macroscopic areas of a tumor MR signal of medium intensity (arrow). TRG4: (g) Tumor before chemoradiation therapy
(arrowy); (h) after treatment (arrow), there are no signs of response to treatment; the MR signal of the tumor tissue persists.

kappa values [29, 30]. Therefore, further research is required
to find ways of improving its diagnostic efficiency.

The scar in the irradiated tumor bed is characterized
by a hypointense T2-WI signal without signs of diffusion
limitation on diffusion-weighted images.

Submucosal edema is identified after neoadjuvant
chemoradiation therapy as an area of high signal intensity
on T2-Wl in the rectal wall adjacent to the treated tumor and
should not be misinterpreted as a tumor.

Mucinous/colloid degeneration (mucinous response)
is characterized by high T2-WI signal of acellular mucin
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accumulations that lack viable tumor cells. It may be observed
in non-mucinous tumors after neoadjuvant chemoradiation
therapy. In the case of a mucinous tumor, remaining post-
treatment mucin may also not contain tumor cells. However,
it is difficult to distinguish between acellular and cellular
mucin using MRI.

Terms to describe treatment options

for colorectal cancer

Surgery is the main treatment option for rectal cancer.
In the case of locally advanced tumor, it is used after
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neoadjuvant treatment. Here are terms used to describe
treatment options for colorectal cancer.

A total mesorectumectomy involves excision of the
rectum along the mesorectal fascia en bloc with mesorectal
fat, vessels, and lymph nodes. It is considered to be the gold
standard for radical treatment of colorectal cancer [31].

Partial mesorectumectomy involves partial removal
of mesorectal tissue, followed by its intersection and
preservation of part of the mesorectal tissue of the
anastomosed area of the rectum.

Anterior resection/low anterior resection is the most
common type of surgery in rectal cancer, accompanied by
a total or partial mesorectumectomy and formation of a
colorectal anastomosis.

Intersphincteric resection is a sphincter-sparing
operation for low-grade rectal cancer, with only part of
the internal anal sphincter removed and with the external
anal sphincter preserved. This is followed by a coloanal
anastomosis. It can be used in some cases when the
intersphincteric space is not infiltrated by a tumor.

Abdominoperineal excision involves resection of the
entire sphincter complex with formation of a permanent
colostomy.

Abdominal-anal resection of the rectum is a treatment
method involving a total mesorectumectomy but with
formation of a coloanal anastomosis.

Extralevator abdominoperineal excision is a variant of
the standard abdominoperineal excision with a wider excision
of the sphincter complex and the elevator muscle of anus.

Pelvic exenteration involves radical resection en bloc
of all pelvic organs affected by the tumor, often followed by
visceral reconstruction, including restoration of the passage
for intestinal contents and using one of the urine diversion
methods [32]. The 5-year overall survival rate after pelvic
exenteration for primary locally advanced rectal cancer is
30-55%; for recurrent tumors, it usually does not exceed
20-25% [33].

Transanal excision is local excision of the tumor through
its entire thickness to the mesorectal tissue. Lymph nodes
are not removed.

Transanal endoscopic microsurgery is excision of the
tumor to the full thickness of the mesorectal tissue using
video endoscopic technologies. This technique provides a
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Aktyanusauusa dopmbl pepepanbHoro
rocyapcTBeHHOro CTaTUCTUHMECKOro HabniogeHus

N2 3-1103 «CsepeHus o gosax obnyyeHus
NaLUeHTOB NpU NPOBEeACHUU MeAULUHCKUX
PEHTreHOPaAMOJIOrMYeCKMX UCC/IeA0BaHUN»: YacTb 2
(pekoMeHgauum no 3anonHeHu0 GopMbi)
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PycnaH P. AxmarauHos', 10.H. KanbipuHa?, A.A. Bpatunosa', U.B. Conaaros®,
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AHHOTALIMA

Mpuka3om Pocctata N2 880 ot 30 Hosbpsa 2022 ropa yTBepxaeHa HoBas peaakums GopMbl GeaepanbHOro CTaTUCTUHECKOMO
Habnonenna N2 3-[103 «CepeHus 0 po3ax 06myyeHns NauMeHTOB NPY NPOBEAEHUN MEAMULIMHCKUX PEHTTEHOPAAMONOrNYECKNX
UCCNEeA0BaHNN», KOTOPas CyLLLECTBEHHO OT/IMYAETCA OT MpefbiayLlen pefakumu. B 4acTHOCTM, CKOpPEKTMPOBaHa M U3MeHeHa
cTpyKTypa Tabnmy dopmel Ne 3-[103 ¢ BbigeneHneM B OTAENbHbIE PaOKIETKM BbICOKOA030BbIX UCCIEA0BaHUA; nepepaboTaH
pasgen no pagvoHYKNMAHON AVArHOCTUKE C NEPEXOAOM Ha npefocTaBneHne MHGopMauuy No ypoBHAM 0b/yyeHMs NauMeHToB
MpU MCNOMb30BaHWM OTAENbHBIX PafUOHYKIUAOB C BblLENEHUEM MMOPUAHBIX UCCNEA0BaHWIA; BHEAPEHbI OTAEMbHbIE TabauLbl
€ MH(OpMaLMEN 0 UnCTEe PEHTTEHOPAAMOSOTMYECKUX UCCE0BaHMI M KOMNEKTUBHBIX [03aX ANs AETCKUX NaLMEHTOB; COKpaLle-
HO KOJMYECTBO UCCNEL0BaHUHA, A KOTOPbIX NpeAcTaBneHbl TUMMYHbIE (cpefHue) 3QEKTUBHBIE [03bl MALMEHTOB.
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INTRODUCTION

The Form No. 3-DOZ (hereinafter “the Form”) is designed
to assess changes in diagnostic radiology structure and
collective doses caused by medical exposure of the Russian
Federation population [1-3]. Data obtained using this Form
are used for radiation-hygienic certification of the Russian
Federation territories and for preparing a state report on
the population’s sanitary and epidemiological condition [4,
5]. The 3-DOZ study results are used in the annual report
“Radiation Doses Received by the Population of the Russian
Federation” [6].

Order No. 880 of Federal State Statistics Service (Rosstat),’
dated November 30, 2022, approved a new version of Federal
Statistical Monitoring Form No. 3-D0Z, “Data on Radiation
Doses Received by Patients from Medical Radiological
Examinations,” which differs significantly from the standard
version approved sequentially by Rosstat Resolution No. 51
dated September 21, 20062, and Rosstat Order No. 411 dated
October 16, 2013%. Since 2006, no changes have been made,
except for the correction of Form completion instructions and
the content of the title page. The following significant changes
were made to the revised version of Form No. 3-DOZ:

» the structure of the Form tables has been updated
and changed, with special space added for high-dose
examinations, such as computed tomography (CT) with
contrast media; CT scan of several anatomical areas
(chest + abdomen, abdomen + pelvis, and whole body),
and interventional radiology;

« the section on radionuclide diagnostics has been
revised to include information on patient exposure
levels when using individual radionuclides, as well
as hybrid examinations, such as positron emission
tomography combined with computed tomography
(PET/CT) and single photon emission computed
tomography combined with computed tomography
(SPECT/CT);

« the classification of CT and interventional (special)
examinations has been aligned with Form No. 30 of
the Ministry of Healthcare of the Russian Federation;

« separate tables have been prepared for information on
the number of radiological examinations and collective
doses for pediatric patients; and
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« the number of examinations, including data on typical
(average) effective patient doses, has reduced.

The reasons for implementing these provisions were
detailed in a previous authors’ paper [7].

Many changes may be associated with various challenges
when completing the updated Form. Therefore, the authors
aimed to prepare recommendations and clarifications for the
updated Form’s complete instructions.

During the first years after the implementation of the
updated Form, specialists responsible for completing it may
encounter some difficulties. Therefore, this paper provides
recommendations for completing the Form. Moreover, some
regions, in collaboration with the Saint Petersburg Research
Institute of Radiation Hygiene, named after Professor
P.V. Ramzaev of the Federal Service for the Oversight of
Consumer Protection and Welfare (hereinafter referred to
as the Institute of Radiation Hygiene), published training
materials and automated the process of submitting reports
through web resources [8, 9].

It is appropriate to describe the structure of the updated
Form in detail, highlight the key features of completing it,
and provide recommendations to reduce completion errors
associated with the transition to the new Form.

STRUCTURE OF UPDATED FORM

NO. 3-DOZ AND RECOMMENDATIONS
FOR ITS COMPLETION AIMED

AT INCREASING THE RELIABILITY

OF DATA PROVIDED AND REDUCING
THE NUMBER OF PROCEDURE ERRORS

General provisions

The first key difference between the updated Form and
the old one is the change in the title page in accordance with
current legislation.* In the previous version, the executive
authorities of the Russian Federation’s constituent entities
were identified as subjects of official statistical accounting,
such as the Main Directorate of Special Programs of
the President of the Russian Federation, Presidential
Administration of Russia, Federal Budgetary Institution of
Healthcare “Center for Hygiene and Epidemiology,” Federal

! Order of Rosstat No. 880 dated November 30, 2022 on approval of the federal statistical monitoring form with the Form completion instructions
for the Federal Service for the Oversight of Consumer Protection and Welfare to organize federal statistical monitoring of the sanitary condition of a
constituent entity of the Russian Federation. Link: https://normativ.kontur.ru/document?moduleld=1&documentld=437635.

Z Resolution of Rosstat No. 51 dated September 21, 2006 on approval of statistical tools for Rospotrebnadzor to organize statistical monitoring of
population incidence of infectious and parasitic diseases, preventive vaccinations, sanitary condition of territories, summer health institutions for
children and adolescents, disinfection activities, and radiation doses. Link: https://normativ.kontur.ru/document?moduleld=1&documentld=223414.

3 Order of Rosstat No. 411 dated October 16, 2013 on approval of statistical tools for the Federal Service for the Oversight of Consumer Protection and
Welfare to organize federal statistical monitoring of the sanitary condition of territories, occupational diseases (poisonings), and radiation doses.
Link: https://normativ.kontur.ru/document?moduleld=1&documentld=443740.

% Order of Rosstat No. 880 dated November 30, 2022 on approval of the federal statistical monitoring form with the Form completion instructions for
the Federal Service for the Oversight of Consumer Protection and Welfare to organize federal statistical monitoring of the sanitary condition of a
constituent entity of the Russian Federation. Link: https://normativ.kontur.ru/document?moduleld=1&documentld=437635.
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Budgetary Institution “Research Institute of Radiation Hygiene
named after Professor P.V. Ramzaev.” According to Part 1 of
Article 5 of Federal Law No. 282-FZ of November 29, 2007°
(hereinafter referred to as the Law on Statistical Accounting),
official statistical accounting in the Russian Federation
is carried out by subjects of official statistical accounting.
Article 2 of the Law on Statistical Accounting, paragraph 4,
contains a comprehensive list of official statistical accounting
topics that exclude the bodies and organizations indicated
above. Only respondents and subjects of official statistical
accounting may be shown in the Form, and the same bodies
cannot be deemed independent subjects of official statistical
accounting and Form respondents simultaneously. A
compromise approach was established when developing the
latest version of the Form: only respondents (legal entities and
individual entrepreneurs using sources of ionizing radiation
for medical purposes) and subjects (Rospotrebnadzor) of
statistical registration are left on the title page.

Simultaneously, the entire procedure for completing
and submitting the Form remained unchanged. A healthcare
organization submits forms for the reporting year by April
1 to an executive healthcare authority of a constituent
entity of the Russian Federation, including institutions and
structural divisions of federal executive authorities listed
in paragraph 4 of Regulations on the implementation of
federal state sanitary and epidemiological supervision in
the Russian Federation, approved by Decree No. 476 of the
Government of the Russian Federation dated June 15, 2013
(as applicable).® Before May 1, the executive healthcare
authorities of a constituent entity of the Russian Federation
provided data to the Federal Budgetary Institution “Center
for Hygiene and Epidemiology” in that constituent entity.
Before May 15, the Center for Hygiene and Epidemiology in
the constituent entity of the Russian Federation provided data
to the Office of Rospotrebnadzor of the constituent entity of
the Russian Federation. Rospotrebnadzor departments of the
constituent entities of the Russian Federation provide data to
the Research Institute of Radiation Hygiene.

Summary reporting data from the Research Institute
of Radiation Hygiene, Federal Medical-Biological Agency,
structural divisions of the Ministry of Defense of the Russian

Vol. 4 (3) 2023

Digital Diagnostics

Federation, the Ministry of Internal Affairs of the Russian
Federation, the Federal Security Service of the Russian
Federation, the Federal Service of the Troops of the National
Guard of the Russian Federation, the Federal Security
Service of the Russian Federation, the Federal Penitentiary
Service, the Main Directorate of Special Programs of the
President of the Russian Federation and the Presidential
Administration of Russia, respectively, in the Armed Forces
of the Russian Federation, other troops, military formations
and organizations, at defense and defense manufacturing
facilities, security, internal affairs, and other special services
in accordance with Decree No. 476 of the Government of
the Russian Federation dated June 5, 2013’ (according to
affiliation) should also be provided to Rospotrebnadzor
before May 15.

The updated Form is divided into three sections (10
tables): the first and second sections are radiological
examinations, and the third is radionuclide examinations. The
first section (Tables 1100, 1200, 1300, and 1400) presents
procedure data without monitoring or considering patient
radiation doses.® The lack of dosage control and recording
violates Article 18 of the Federal Law on Population Radiation
Protection’ and SanPiN 2.6.1.1192-03'. As an exception,
temporary completion of Section 1 tables of the Form is
allowed. All healthcare institutions should monitor and
record individual patient radiation doses when conducting
radiological examinations.

The second section (Tables 2100, 2200, 2300, and 2400)
contains information on procedures with estimated patient
doses based on measured parameters. The first two sections
consist of four tables that detail the total patient radiation
doses and the number of radiological procedures performed
on children (0-17 yr) and adults (over 18 yr). All data are
presented in absolute terms.

Tables 1100, 1300, 2100, and 2300 present information on
doses received by patients during radiological examinations
for diagnostics and treatment purposes. Tables 1100 (adults)
and 1300 (children) should include collective doses based
on statistical data on the number of various radiological
procedures performed during the reporting year and average
individual doses for each type of procedure (for procedures

5 Federal Law No. 282-FZ dated November 29, 2007 on official statistical accounting and the system of state statistics in the Russian Federation. Link:

https://www.consultant.ru/document/cons_doc_LAW_72844/.

¢ Decree No. 476 of the Government of the Russian Federation dated June 05, 2013 on issues of state control (supervision) and invalidation of certain
acts of the Government of the Russian Federation (with amendments and additions). Link: https://base.garant.ru/70394016/.

7 Decree No. 476 of the Government of the Russian Federation dated June 05, 2013, on issues of state control (supervision) and invalidation of certain
acts of the Russian Federation (with amendments and additions). Link: https://www.consultant.ru/document/cons_doc_LAW_147378/.

8 Guidelines Completing federal state statistical monitoring form No. 3-DOZ. Project. Link: http://niirg.ru/PDF/MR_3-D0S_2013.pdf.

? Federal Law No. 3-FZ dated January 09, 1996 (as amended on March 18, 2023) “On Radiation Protection of the Population.” Article 18. Control and
recording of individual radiation doses. Access mode: https://www.consultant.ru/document/cons_doc_LAW_8797/2d546164990e9137dc5b194a1784
3d8762e08451.

Resolution of the Chief State Sanitary Doctor of the Russian Federation dated 02/18/2003 No. 8 “On the implementation of SanPiN 2.6.1.1192-03" (togeth-
er with “SanPiN 2.6.1.1192-03. 2.6.1. lonizing radiation, radiation safety. Hygienic requirements for the device and operation of X-ray rooms, devices
and conducting X-ray examinations. Sanitary rules and regulations"). Access mode: https://www.consultant.ru/document/cons_doc_LAW_41439/.
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with no control and accounting for patient radiation doses).
Tables 1100, 1300, 2100, and 2300 should not include
duplicate data.

When performing radiological procedures (procedures
with patient radiation doses monitored and recorded), Tables
2100 (adults) and 2300 (children) should present collective
doses based on standard patient radiation doses.’

Columns 3-12 of Tables 1100, 1300, 2100, and 2300
present data based on various types of diagnostic radiological
and therapeutic procedures specified in the column headers.

The structural differences between the previous and
updated versions of Form No. 3-DOZ are presented in Table 1.

Recommendations for completing tables
in Form No. 3-D0Z

Healthcare organizations must provide a completed
Form for all medical diagnostic radiation sources, including

Table 1. Structural changes in the updated Form No. 3-D0Z
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endovascular and interventional procedures. Data on
radiation, radionuclide therapy, and radionuclide diagnostics
in vitro are not included in Form No. 3-DOZ. Form No.
3-D0Z is completed in radiation therapy departments for all
diagnostic examinations to prepare the patient for a course of
radiation therapy (dosimetry planning). Magnetic resonance
imaging and ultrasound examinations are also not listed in
the Form because they do not expose the patient to ionizing
radiation.

The Form considers the number of radiological procedures
and examinations performed. A radiological procedure
is defined as a single patient exposure while examining
a specific anatomical area (one image); a radiological
examination is a complete cycle of examination of a patient's
certain organ (anatomical area), which may include several
procedures using different projections and/or different types
(Figure 1). Form No. 3-DOZ is completed only for the number

Section Previous version

Method of effective dose

Updated version determination

Collective dose, adults — 1000

Radiological examinations, Collective dose — 1000

Number of procedures, adults — 1100

Average effective doses based

Number

dose estimation method of procedures — 1100

Collective dose, children — 1300

on reference literature [10, 11]

Number of procedures, children — 1400

Collective dose, adults — 2100

Radiological examinations, Collective dose — 2000

Number of procedures, adults — 2200

Standard effective doses based

Number

dose control of procedures — 2100

Collective dose, children — 2300

on current regulatory and
methodological documents'?

Number of procedures, children — 2400

The number of radionuclide
examinations performed

Adults—3100 Standard effective based

and the resulting effective 3000

patient radiation doses

on current regulatory and

Children—3200 methodological documents'

« Radiography
« Fluorograph
RP uorograpny

» Mammography

« Osteodensitometry

* X-ray
RE  CT scan

« Interventional (special) examinations
» Radionuclide diagnostics

Fig. 1. Classification of radiological diagnostic methods using ionizing radiation. RE, radiological examination; RP, radiological procedure.

" Guidelines MUK 2.6.1.1797-03 Control of effective radiation doses for patients when conducting medical radiological examinations” (https://docs.
cntd.ru/document/1200035983); Guidelines MU 2.6.1.3151-13 Evaluation and accounting of effective doses for patients when conducting radionuclide
diagnostic examinations (https://base.garant.ru/70747326/).

12 Guidelines 2.6.1.3584-19. 2.6.1. lonizing radiation, radiation protection. Changes in MU 2.6.1.2944-11 Control of effective radiation doses for patients
when conducting medical radiological examinations (https://www.consultant.ru/document/cons_doc_LAW_368034/); Guidelines MR 2.6.1.0296-22
Optimization of radiation protection of patients in diagnostic radiology by using reference diagnostic levels (https://base.garant.ru/405781973/).

3 Guidelines MU 2.6.1.3151-13 Evaluation and accounting of effective doses for patients when conducting radionuclide diagnostic examinations (https://
base.garant.ru/70747326/); Guidelines MR 2.6.1.0296-22 Optimization of radiation protection for patients in diagnostic radiology by using reference
diagnostic levels (https://base.garant.ru/405781973/).
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of examinations for all combined examinations (fluoroscopic,
interventional, radionuclide examinations combined with CT);
individual structural elements of radiological examinations
(e.g., CT in SPECT/CT or PET/CT; X-rays as part of fluoroscopy
or interventional examinations) are not highlighted (see
Figure 1).

The total number of radiological examinations may be
smaller than the total number of radiological procedures for
a particular organ or anatomical area.

It is recommended to use the Federal Directory
Diagnostic Investigations classification when assigning
radiological examinations/procedures of a particular
anatomical area [12].

Radiography

The column “Radiography” (columns 3 and 4) should
include information about effective doses obtained
by patients during radiographic examinations (two-
dimensional projection X-ray images), fluorographic
examinations of the chest, and screening examinations of
mammary glands.

Vol. 4 (3) 2023
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Information on radiological examinations performed
using analog and digital X-ray machines should be presented
in columns 3 and 4, respectively.

The absence of a special segment for fluorographic
examinations (screening chest radiography) is worth noting.
Data on fluorographic examinations performed using
photography and X-ray film are presented in column 3
(film radiographs), line 2 (including preventive procedures).
Data on fluorographic examinations performed using digital
X-ray machines (U-arc type and scanning fluorographs) are
presented in column 4 (digital radiographs), line 2 (including
preventive procedures). All examinations performed
using fluorography machines are shown in lines for the
corresponding anatomical areas and columns 3 and 4 for
analog and digital devices, respectively.

Data on mammary gland screening examinations
performed on analog and digital machines are presented in
column 3, line 22, and column 4, line 22, respectively.

General information about table changes in Form
No. 3-DOZ for radiographic examinations is presented in
Table 2.

Table 2. Structural changes in radiography information in the updated Form No. 3-D0Z

Field of interest
in the updated Form

Line of the
previous Form

Field of interest
in the previous Form

Line of the updated Form Comment

Adults — Line 01 (2100
ults ine 01 ( ) Including both preventive and

Chest Line 07 (2000) Chest diagnostic examinations

Children — Line 01 (2300)

. In the new Form, all
Chest. includin Chest, Adults — Line 02 (2100) fluorographic (screening)
prevehtive proge dures Line 02 (2000) including preventive chest examinations (film and
procedures Children — Line 02 (2300) digital) are p“rrn]asented in this
Adults — Line 07 (2100)
Upper extremities

Children — Line 07 (2300)
Extremities Line 03 (2000) —

Adults — Line 08 (2100)

Lower extremities

Children — Line 08 (2300)

Adults — Line 09 (2100)
Cervical vertebrae Line 04 (2000) Cervical spine —

Children — Line 09 (2300)

Adults — Line 10 (2100)
Thoracic vertebrae Line 05 (2000) Thoracic spine —

Children — Line 10 (2300)

Adults — Line 11 (2100)
Lumbar vertebrae Line 06 (2000) Lumbar spine —

Children — Line 11 (2300)
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Table 2. Ending
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Field of interest
in the previous Form

Line of the
previous Form

Field of interest
in the updated Form

Line of the updated Form

Comment

Pelvis and thigh

Line 07 (2000)

Pelvic organs

Adults — Line 12 (2100)

Children — Line 12 (2300)

Hip joint

Adults — Line 13 (2100)

Children — Line 13 (2300)

Ribs and sternum

Line 08 (2000)

Ribs and sternum

Adults — Line 14 (2100)

Children — Line 14 (2300)

Abdominal organs

Line 09 (2000)

Abdomen

Adults — Line 15 (2100)

Children — Line 15 (2300)

Upper gastrointestinal
tract

Line 10 (2000)

Upper gastrointestinal
tract

Not to be completed

Not to be filled out

Lower gastrointestinal
tract

Line 11 (2000)

Lower gastrointestinal
tract

Not to be completed

Not to be filled out

Skull, maxillofacial
region

Line 12 (2000)

Skull, brain,
makxillofacial region

Adults — Line 18 (2100)

Children — Line 18 (2300)

Teeth

Line 13 (2000)

Teeth

Adults — Line 19 (2100)

Children — Line 19 (2300)

Targeted images — Line 19,
column 03/04
Orthopantomograms — Line
19, column 04

Kidneys, urinary
system

Line 14 (2000)

Kidneys, urinary system

Adults — Line 20 (2100)

Children — Line 20 (2300)

Including irrigoscopy

Breast

Line 15 (2000)

Breast

Adults — Line 21 (2100)

Children — Line 21 (2300)

including preventive

Line 16 (2000)

including preventive

Adults — Line 22 (2100)

procedures procedures (line 21) ) )
Children — Line 22 (2300)
Adults — Line 26 (2100)
Others Line 17 (2000) Others —
Children — Line 26 (2300)
Adults — Line 27 (2100)
Total Line 18 (2000) Total —

Children — Line 27 (2300)
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Fluoroscopy

Fluoroscopy includes examinations that involve the
administration of a contrast agent orally, rectally, or
through a urological catheter. Examples of completing
the “Fluoroscopy” column in updated Form No. 3-DOZ are
presented in Table 3.

Computed tomography

The updated Form adds a section for contrast-
enhanced and unenhanced CT scans. Data on contrast-
enhanced and unenhanced CT examinations of pediatric
and adult patients should be presented in columns 7 and
6, respectively.

The updated Form provides detailed information about CT
examinations of the circulatory system, including the heart,
coronary vessels, and thoracic and abdominal aorta.

Please remember that individual CT scans will not
be counted. A single CT scan may consist of one or more
scans of the same anatomical area. For example, one CT
examination of the liver or kidneys and urinary tract using

Vol. 4 (3) 2023
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intravenous contrast may consist of one to five scans yet is
counted as one examination. The total dose for all phases
should be considered for multiphase CT scans with contrast
administration.

Information on lung cancer screening using low-dose CT
and breast tomosynthesis is presented in lines 2 of column
6 and 22 of column 6, respectively.

The updated Form has separate lines for examining
two or more anatomical regions or an anatomical region
and a particular organ. Information on such examinations
is presented in lines 23-25. Information on whole body CT
examinations is shown in line 25, “Other.”

General information on changes in CT examination tables
of Form No. 3-DOZ is presented in Table 4.

Interventional examinations

In the updated Form of 3-DOZ, the section on
interventional (special) examinations has been significantly
revised. In accordance with Form No. 30, “Information
about a healthcare organization” of the Ministry of Health

Table 3. Examples of filling out the “X-ray” column in the updated Form No. 3-D0Z

Fluoroscopy Localization

Type of effective dose

Line of the updated Form determination procedure’

Chest X-ray Rib cage
X-ray of the thoracic region and the
spinal cerebrospinal fluid pathways
with contrast

X-ray of the stomach and duodenum
with contrast

X-ray of the stomach and duodenum
with double contrast

Stomach, duodenum

X-ray of the pharynx and esophagus
with contrast
X-ray of the esophagus with contrast

Pharynx, esophagus

X-ray of the passage of contrast

material through the intestine Gastrointestinal tract

X-ray of the small intestine through an Small intestine

ileostomy

X-ray of the colon with contrast Colon
X-ray of the colon with double contrast

X-ray of the rectum with functional

tests Rectum

X-ray of the rectum during defecation

X-ray of paranasal sinus fistula Paranasal sinuses

Thoracic spine, cerebrospinal
fluid tracts of the spinal cord

Line 01 — Chest organs Lungs

Line 10 — Thoracic spine Thoracic spine

Line 15 — Abdominal

Stomach
organs
Line 16 — Upper
gastrointestinal tract Esophagus
Line 17 — Lower .
: . Intestines
gastrointestinal tract
Line 17 — Lower .
. . Intestines
gastrointestinal tract
Line 17 — Lower .
. . Intestines
gastrointestinal tract
Line 17 — Lower .
: . Intestines
gastrointestinal tract
Line 18 — Skull, brain, scull

maxillofacial area

1 Guidelines MU 2.6.1.3584-19 Changes to MU 2.6.1.2944-19 Control of effective radiation doses for patients when conducting medical radiological

examinations. Link: https://base.garant.ru/73515396/.
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Table 4. Computed tomography
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Field of interest
in the previous Form

Line of the
previous Form

Field of interest
in the updated Form

Line of the updated Form

Comment

Chest

Line 01 (2000)

Chest organs

Adults — Line 01 (2100)

Children — Line 01 (2300)

Chest, including

Chest organs, of which

Adults — Line 02 (2100)

Information on lung cancer
screening using low-dose
computed tomography

preventive procedures Line 02 (2000) due to preventive Information on periodic medical
rocedures SO p
P Children — Line 02 (2300)  ©Xaminations of decreed groups
using computed tomography
Adults — Line 03 (2100)
Absent Absent Heart - - —
Children — Line 03 (2300)
Heart, of which on the _ Adults — Line 0 4 (2100)
Absent Absent ' - - —
coronary vessels Children — Line 0 4 (2300)
) Adults — Line 0 5 (2100)
Absent Absent Thoracic aorta - - —
Children — Line 0 5 (2300)
) Adults — Line 06 (2100)
Absent Absent Abdominal aorta —
Children — Line 06 (2300)
) Adults — Line 07 (2100)
Upper limbs - -
) . Children — Line 07 (2300)
Limbs Line 03 (2000) : —
) Adults — Line 08 (2100)
Lower limbs - -
Children — Line 08 (2300)
) ) ) ) Adults — Line 09 (2100)
Cervical vertebrae Line 04 (2000) Cervical spine - - —
Children — Line 09 (2300)
} ] o Adults — Line 10 (2100)
Thoracic vertebrae Line 05 (2000) Thoracic spine - - —
Children — Line 10 (2300)
. i Adults — Line 11 (2100)
Lumbar vertebrae Line 06 (2000) Lumbar spine - - —
Children — Line 11 (2300)
) Adults — Line 12 (2100)
Pelvic organs ; )
) ) ) Children — Line 12 (2300)
Pelvis and thigh Line 07 (2000) : —
o Adults — Line 13 (2100)
Hip joint - -
Children — Line 13 (2300)
. . ) Adults — Line 14 (2100)
Ribs and sternum Line 08 (2000) Ribs and sternum : : —
Children — Line 14 (2300)
] Adults — Line 15 (2100)
Abdomen Line 09 (2000) Abdomen —

Children — Line 15 (2300)

Upper gastrointestinal
tract

Line 10 (2000)

Upper gastrointestinal
tract

Adults — Line 16 (2100)

Children — Line 16 (2300)

Lower gastrointestinal
tract

Line 11 (2000)

Lower gastrointestinal
tract

Adults — Line 17 (2100)

Children — Line 17 (2300)

Skull, maxillofacial
region

Line 12 (2000)

Skull, brain,
maxillofacial region

Adults — Line 18 (2100)

Children — Line 18 (2300)

Teeth

Line 13 (2000)

Teeth

Adults — Line 19 (2100)

Children — Line 19 (2300)
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Table 4. Ending
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Field of interest
in the updated Form

Line of the
previous Form

Field of interest
in the previous Form

Line of the updated Form Comment

Kidneys, urinary system  Line 14 (2000) Kidneys, urinary

Adults — Line 20 (2100)

system Children — Line 20 (2300)
_ Adults — Line 21 (2100)
Breast Line 15 (2000) Breast - - —
Children — Line 21 (2300)
Including through Adults — Line 22 (2100) Column 7, “Contrast-enhanced

Of these, due to

; Line 16 (2000)
preventive procedures

(from line 21)

preventive procedures

computer tomography,” for this

Children — Line 22 (2300) line cannot be completed

Adults — Line 23 (2100)

Absent Absent Thorax + abdomen - - —
Children — Line 23 (2300)
Adults — Line 24 (2100
Absent Absent Thorax + ab_domen + .U S |r.1e (2100) .
pelvis Children — Line 24 (2300)
_ Adults — Line 24 (2100)
Absent Absent Abdomen + pelvis - - —
Children — Line 24 (2300)
Adults — Line 26 (2100) Computed tomography of the
Others Line 17 (2000) Others whole body is performed as part
Children — Line 26 (1300) of fluoroscopic diagnostics
. Adults — Line 27 (2100)
Total Line 18 (2000) Total -

Children — Line 27 (2300)

of the Russian Federation," all interventional examinations
are divided into four subgroups: intravascular (angiography
and endovascular procedures) and extravascular (surgical
procedures guided by medical imaging), diagnostic (imaging
only), and therapeutic (X-ray-guided surgery).

Columns 8-11 present all interventional procedures
performed using mobile interventional machines in X-ray
operating rooms, X-ray rooms, and outside specially
equipped rooms (e.g., operating rooms, treatment rooms,
and emergency departments).

Criteria for imaging classification are provided in Federal
Statistical Monitoring Form No. 30, “Data on a healthcare
organization,” approved by Rosstat Order No. 985 on
December 27, 2022.1

Columns 8-11 present information on radiology-guided
interventional (extravascular) and endovascular interventions
performed for diagnostic (columns 8 and 9) and treatment
(columns 10 and 11) purposes. This section also includes
information on intravenous contrast examinations.

Intravascular examinations (columns 8 and 10) are
radiology-guided examinations of blood vessels using

minimally invasive instruments. These include examinations,
such as aortography, cavagraphy, phlebography,
arteriography, angiocardiography, coronary angiography,
lymphography, angioplasty, endovascular techniques,
embolization, recanalization, bypass surgery, and vascular
dilatation.

Extravascular examinations (columns 9 and 11) include
any radiology-guided examinations of internal organs using
minimally invasive instruments. These include procedures
such as cystography, cholangiodrainage, nephrostomy,
lithotripsy, urography, stenting of the kidneys and ureter,
hysterosalpingography, arthroscopy, osteosynthesis,
vertebroplasty, kyphoplasty, and installation of an
intramedullary pin.

Other

Column 12 presents information on examinations not
included in columns 3-11.

In line with the anatomical area of interest, information
on osteodensitometry is presented in the “Other” column.
Lines 23-25 present information on combined examinations

15 Order of Rosstat No. 863 dated December 30, 2020 (as amended on December 20, 2021) on approval of federal statistical monitoring forms with
the Form completion instructions for the Ministry of Health of the Russian Federation to organize federal statistical monitoring in healthcare.
Federal statistical monitoring form No. 30 Data on a medical organization. Link: https://www.consultant.ru/document/cons_doc_LAW_373430/

d752954a35641c33df844c2e2d910dch3154d0a2/.

1 Order of Rosstat No. 985 dated December 27, 2022 on approval of federal statistical monitoring forms with the Form completion instructions for the
Ministry of Health of the Russian Federation to organize federal statistical monitoring in healthcare. Link: https://normativ.kontur.ru/document?mod

uleld=1&documentld=439986.
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of two or more anatomical areas. In this case, these types
of examinations should be considered only in lines 23-25
without being duplicated in lines 01-22.

Radionuclide diagnostics

Significant changes have been made in Section 3,
“Information on radionuclide examinations.” The number
of examinations has increased significantly from 10 in the
previous Form to 20 in the updated one.

Tables 3100 and 3200 should provide data on the number
of radionuclide examinations performed during the reporting
year and collective doses received by pediatric and adult
patients. The number of radionuclide examinations in columns
3-6 of Tables 3100 and 3200 should be interpreted as the
number of patients who have received radiopharmaceutical
agents. Regardless of the number of consecutive scans
(measurements), they are all treated as a single examination.

The following recommendations for completing the Form
(listing types of examinations) will help in assigning an
examination to the appropriate group:

« The “Skeleton” line includes bone scintigraphy.

» The “Three-phase examination” line includes three-

phase examinations of soft tissues and bones.

« The “Liver/spleen” line includes dynamic and static
examinations of the liver and spleen.

+ The “Thyroid (Tc)" line includes thyroid examinations
using ™Tc-labeled radiopharmaceuticals.

+ The “Thyroid gland (I)" line includes thyroid gland
examinations using '?*l-labeled radiopharmaceuticals.

+ The “Parathyroid gland” line contains examinations of
the parathyroid gland (if an additional examination of
the thyroid gland is performed, it is included in the
corresponding line “Thyroid gland,” i.e., line 04 or 05).

» The “Neuroendocrine system (I)" line includes
examinations with '2|-MIBG.

+ The “Brain” line includes brain examinations and brain
perfusion examinations.

+ The “Lungs” line includes lung perfusion examinations
and lung ventilation examinations.

« The “Heart” line includes examinations of the
myocardium, including those with functional tests,
examinations of the sympathetic nervous system of
the myocardium, and radionuclide ventriculography.

+ The “Lymphatic system” line includes examinations
of the lymphatic system, excluding examination of
sentinel nodes.

« The “Lymphatic sentinel nodes” line includes
examinations of lymphatic sentinel nodes.

+ The “Kidneys (Tc)" line includes renography and
dynamic and static examinations of kidneys using
?mTc-labeled radiopharmaceuticals.
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« The “Kidneys (I)" line includes dynamic and
static examinations of kidneys using '?’l-labeled
radiopharmaceuticals.

+ The “Whole body” line includes examinations of the
whole body to detect inflammatory or oncological
lesions, including PET/CT studies.

« The  “Examinations using  tumorotropic
radiopharmaceuticals” line includes examinations with
tumorotropic radiopharmaceuticals, excluding PET/CT
scans.

« The “Angiography and phlebography” line includes
radionuclide angiography and phlebography.

+ The “Gastrointestinal tract” line includes stomach,
esophagus, and intestines examinations.

+ The “Other” line includes examinations not included in
lines 01-18.

For hybrid PET/CT and SPECT/CT examinations, the
number of examinations should be recorded in column 3,
the collective radiopharmaceutical dose should be recorded
in column 7, and the CT scanning dose should be recorded
in column 8. Patient radiation doses for each examination
are assessed by a healthcare organization in accordance
with MU 2.6.1.3700-21." The instructions for most
radiopharmaceuticals used in the Russian Federation include
dose coefficient values based on a patient's age.

RADIATION-HYGIENIC CERTIFICATION

Form 3-DOZ is the information basis for an organization’s
radiation-hygienic certification. The procedure for transferring
data from the Form to the organization’s radiation-hygienic
passport is provided in Table 5.

CONCLUSION

In 2022, many years of updating Form No. 3-DOS were
completed. The updated version of this Form contributes
significantly to the information collected on the structure of
diagnostic radiology activities and collective doses associated
with medical exposure. This Form allows us to collect
information about high-dose radiological examinations,
such as multiphase CT with intravenous contrast, CT scans
of several anatomical areas, hybrid examinations (PET/CT
and SPECT/CT), and the entire range of interventional and
radionuclide procedures. Because these examinations are
associated with high individual patient doses (>20 mSv per
procedure), this helps distinguish these examinations from
the general nomenclature.

For the first time in Russian (and foreign) practice, obtaining
information on radiation doses and the structure of diagnostic
procedures for pediatric patients is possible. Requirements

7 Guidelines MU 2.6.1.3700-21 “Evaluation and accounting of effective doses for patients when conducting radionuclide diagnostic examinations.” Link:

https://base.garant.ru/403589750/.
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Table 5. The procedure for completing the radiation-hygienic passport of an organization based on the data from updated Form 3-D0Z

Types
of procedures

Number of procedures for
the reporting year, no.
per year (sum of values
from Tables 1200 + 1400
+ 2200 + 2400, except for
radionuclide examinations)

Average individual
dose, mSv/procedure

Collective dose, person-
Sv/year (sum of values
from Tables 1100 + 1300
+ 2100 + 2300, except for
radionuclide research)

Measured doses, %

Fluorographic

Radiographic

Fluoroscopic

CT scan

Special
examinations

Radionuclide
examinations

Others

Line 02, column 3 + Line 02,
column 4

Line 27, column 3 + Line 27,

column 4 — (Line 02, column

3 + Line 02, column 4)

Line 27, column 5

Line 27, column 6 + Line 27,
column7

Sum of rows 27, columns
8-11

Tables 3100 + 3200
Line 20, column 6

Line 27, column 12

Collective dose/
number of procedures
x 1,000

Collective dose/
number of procedures
x 1,000

Collective dose/
number of procedures
x 1,000

Collective dose/
number of procedures
x 1,000

Collective dose/
number of procedures
x 1,000

Collective dose/
number of procedures
x 1000 or Line 20,
column 11

Collective dose/
number of procedures
x 1,000

Line 02, column 3 + Line 02,
column 4

Line 27, column 3 + Line
27, column 4 — (Line 02,
column 3 + Line 02, column
4)

Line 27, column 5

Line 27, column 6 + Line 27,
column 7

Sum of rows 27, columns
8-11

Tables 3100 + 3200
Line 20, column 10

Line 27, column 12

Sum of values from Tables

2200 + 2400/sum of values

from Tables 1200 + 1400 +
2200 + 2400

Sum of values from Tables

2200 + 2400/sum of values

from Tables 1200 + 1400 +
2200 + 2400

Sum of values from Tables

2200 + 2400/sum of values

from Tables 1200 + 1400 +
2200 + 2400

Sum of values from Tables

2200 + 2400/sum of values

from Tables 1200 + 1400 +
2200 + 2400

Sum of values from Tables

2200 + 2400/sum of values

from Tables 1200 + 1400 +
2200 + 2400

Sum of values from Tables

2200 + 2400/sum of values

from Tables 1200 + 1400 +
2200 + 2400

for submitting 3-DOZ forms at the organizational and subject
levels remained unchanged. The implemented changes will
significantly increase the potential of Form No. 3-DOZ to
analyze medical exposure levels in the Russian Federation
population and make management decisions.

Due to the significant changes, specialists from the
Research Institute of Radiation Hygiene are developing
new software for completing Form No. 3-DOZ. Detailed
instructions for using new software will be presented by the
authors in the next paper.
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[lo3MoMMKa B aHanu3e MeAULMHCKUX U306parkeHuit
W NepcneKTUBbl €& UCNO0JIb30BaHUA B KIIMHUYECKOM
npaKTUKe

B.A. Conogkun, H.B. HygHos, M.E. UBaHHukoB, 3.C-A. LLlaxBanuesa,
B.M. CotHuKos, A.10. CMbIcnoB

Poccuiickuit HayuHbIi LIeHTp peHTreHopaauonoruui, Mocksa, Poceuitckas Qepepauus

AHHOTALIMA

O6ocHoBaHMe. B nocneaHue rofbl YBENMYMBAETCA KONMYECTBO CTaTel C UCMOJb30BaHWEM TEPMUHA «[03MOMMKa», O[JHAKO
nMTEepaTypHble 0630pbl HA PYCCKOM A3bIKE N0 JAHHON TEME OTCYTCTBYIOT.

Llenb HacTosiLero 0630pa — onucaTb OCHOBHbIE MPUHLMMBI JO3MOMUKM KaK HanpaBNeHUst paAMOMUKU U NpoaHannu3vpoBaThb
UCCNEA0BaHUA MO OLEHKE BO3MOXHOCTEN NPUMEHEHWS UX B KIIMHUYECKOI MPaKTUKe.

Martepuanbl n MeToabl. CucteMaTyeckuii nouck nuTepatypebl bbin npousseaéH B 6ase AaHHbIX PubMed ¢ nouckoBbIM 3a-
npocoM «dosiomics OR dosiomic», a Takke B 6a3e AaHHbIX elibrary ¢ nouckoBbIM 3anpocoM «ao3noMmKax. Mo coctosHuio
Ha anpenb 2023 roaa 6bim onybnuKoBaHbl 43 3apybexHbIX MCCNef0BaHMS HA TeMY UCMONb30BaHNUA LO3UOMUKY B KIIMHUYE-
CKOM NMpaKTUKe W 0[iHa 0TeyecTBeHHas paboTa c onpeseneHneM TEpMUHA «03MOMUKay.

Pe3synbTartsbl. [poaHanu3upoBaHbl 43 3apybeHbIX UCCNe0BaHUS Ha TEMY MCMOJb30BaHWSA J03MOMUKU B KIIMHUYECKOI NpaK-
TUKe M 1 0TeYECTBEHHAA CTaTbs C OMPeAeSIeHNEM TEPMUHA «[03MOMUKax. [IpoaHann3upoBaHHble paboTbl pasaeneHbl Ha Tpu
TPYNMbl COrNacHo UX TeMaTUKe W CocTaBfieHbl Tabnnubl, onMcbiBaloLLmMe pesynbTaTbl 27 UCCNeA0BaHUA MO NPOrHO3UPOBAHUIO
K/IMHWYECKMX UCXOLL0B.

3akuitoyeHme. B HacTosee BpeMs J03MOMMKA SIBNISIETCA HOBBIM U NMEPCMEKTUBHBIM HanpaBNneHWeM paguoMUKH, NMPUMEHse-
MbIM B TEKCTYPHOM aHanu3e MeMLIMHCKUX M300paeHuiA, CBA3aHHBIX C JIy4eBbIM NIEYEHMEM OHKONOrMYeckux 6onbHbIX. [lo-
3MOMMKa MOXeET crnocobcTBoBaTb pasBuTUI0 Donee NMepcoHanM3MpOBaHHOMO MOAX0AA K MNaHUPOBAHUKO JTyYeBOW Tepanuu,
NPOrHO3MPOBaHMIO JTy4eBbIX NOBPEKAEHUIA HOPMasbHbIX TKAHElH U AMarHOCTUKE peLyavBOB.

KnioueBble cnoBa: [03MOMUKa; paAuoMUKa; JiyyeBaa Tepanud; MallUHHOEe 06yquV|e; VICKYCCTBEHHbIVI WHTEeJIIeKT,
TEKCTyprIﬁ dHans; I'IOCTJ'Iy‘JEBOﬁ MHEBMOHUT.
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Dosiomics in the analysis of medical images
and prospects for its use in clinical practice

Vladimir A. Solodkiy, Nikolay V. Nudnov, Mikhail E. Ivannikov,
Elina S-A. Shakhvalieva, Vladimir M. Sotnikov, Aleksei Yu. Smyslov

Russian Scientific Center of Roentgenoradiology, Moscow, Russian Federation

ABSTRACT

BACKGROUND: In recent years, there has been a notable increase in the number of articles using the term “dosiomics”.
However, there are no literature reviews on this topic in the Russian language.

AIM: This study aims to describe the basic principles of dosiomics as a derivative of radiomics and to analyze studies devoted
to assessing the possibilities of its application in clinical practice.

MATERIALS AND METHODS: A systematic literature search was performed in the PubMed database using the search query
“dosiomics OR dosiomic”, and in the eLibrary database using the search query “dosiomics”. By April 2023, 43 foreign articles
and 1 Russian article had been published.

RESULTS: The analysis encompassed 43 foreign studies investigating the use of dosiomics in clinical practice, alongside one
Russian article that provided a definition of the term “dosiomics”. The analyzed papers were divided into three groups according
to their subject matter, and two tables describing the results of 27 studies on the prediction of clinical outcomes were created.
CONCLUSION: Currently, dosiomics is a new and promising derivative of radiomics used in the textural analysis of medical
images associated with radiation treatment of cancer patients. Dosiomics can contribute to the development of a more
personalized approach to the planning of radiotherapy, the prediction of radiation damage of normal tissues, and the diagnosis
of recurrence.

Keywords: dosiomics; radiomics; radiation therapy; machine learning; artificial intelligence; texture analysis; radiation
pneumonitis.
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INTRODUCTION

Radiation therapy is one of the most widely used
treatments in cancer patients. Radiation therapy can
be performed alone or in conjunction with surgery or
chemotherapy, although there is a substantial risk of
developing post-radiation problems [1]. As a result, toxicity
assessment is an important aspect of radiation therapy
planning and delivery [2].

Personalized dose selection is one approach to
addressing this problem (e.g., increasing the dose for low-
risk patients or optimizing treatment for patients with a high
risk of complications [2]). At the planning stage of radiation
therapy, prediction models are built to assess the risk of
radiation damage to healthy organs and tissues based on
various parameters.

Radiomics has recently gained popularity as a means
of analyzing radiological data. This machine learning—
based method for extracting quantitative characteristics
from medical images (typically describing shape,
intensity, and texture) may be used to develop prediction
models [3].

Radiomics is commonly used to diagnose chest
disorders such as nodules and cancer, obstructive and
restrictive diseases, and infiltrative lung diseases [4-7].
Furthermore, radiomics has been successfully used
to predict treatment side effects, such as pneumonitis
associated with radiation therapy and immunotherapy,
and distinguish between iatrogenic lung injury and
tumor recurrence [7]. Radiomics has gained popularity
in predicting the COVID-19 course [8-10]. Radiomics can
help in diagnosis, prognosis, treatment, follow-up, and
monitoring treatment response [11].

In addition to radiomics, the concept of “dosiomics” is
becoming more popular. This radiomics area is used for the
3D distribution of radiation therapy doses to extract useful
data for forecasting radiation therapy [12-14]. An integrated
approach is becoming more popular for predicting post-
radiation damage based on dosiomics, radiomics, and clinical
data [13].

Imaging Segmentation
e |
Obtaining Segmentation
images of images

Fig. 1. Stages of extraction and analysis of radiomics features.
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This study aims to describe the fundamental principles
of dosiomics as a subfield of radiomics and examine a study
that evaluates the potential for its use in clinical practice.

Search and inclusion criteria
for literature sources

A systematic literature search was performed using
a PubMed database with the search term “dosiomics OR
dosiomic” and an eLibrary database with the search term
“dosiomics.” By April 2023, 43 global papers have been
published.

Therefore, 43 global studies evaluating the use of
dosiomics in clinical practice and one Russian study defining
the term “dosiomics” were analyzed [15]. The papers were
divided into three groups based on their topics, and a
summary table was compiled describing 27 studies according
to their value for clinical outcome prediction.

BASICS OF RADIOMICS

AND DOSIOMICS: METHODS

FOR EXTRACTING TEXTURE
CHARACTERISTICS FROM COMPUTED
TOMOGRAPHIC IMAGES

Radiomics is a technology to establish a relationship
between multiple quantitative characteristics extracted from
medical images of organs and tissues and the clinical picture
of the disease using multivariate statistical analysis [16].

Radiomics features define tissue pictures’ textural
characteristics to identify image biomarkers and develop
predictive rules [17].

Figure 1 presents steps to extract and analyze radiomics
features using lung computed tomography (CT) as an
example. The area of interest is divided after a radiological
assessment to isolate the lesion from the surrounding healthy
tissue. For large and spatially heterogeneous lesions, 3D
segmentation can provide more information. Segmentation
can be done manually, semi-automatically, or automatically.
The inaccessible radiomics features for visual assessment are

Radiomics Building a model
1.0
I ||| '
|
First order g 0
4
* 0.4
‘ Third order
02
0.0
Second order 0.0 0.2 0.4 0.6 08 1.0
Texture Feature
analysis analysis
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then calculated using mathematical techniques. First-order
statistics, gray-level adjacency, and homogeneity matrices
are common parameters. The final stage involves reducing
the sample size, statistical analysis, and selecting the most
significant features while removing associated values to
construct a decision rule using machine learning methods [18].

Key radiomics features

Radiomics features are extracted from medical images
using the open-source PyRadiomics package. Radiomics
uses two main groups of parameters: first-order statistics
and texture matrices of adjacency and uniformity. These
include the following matrices [16-18]:

» Gray-Level Co-occurrence Matrix (GLCM)

+ Gray-Level Run-Length Matrix (GLRLM)

+ Gray-Level Size Zone Matrix (GLSZM)

+ Neighboring Gray Tone Difference Matrix (NGTDM)

» Gray-Level Dependence Matrix (GLDM)

First-order statistics use a pixel intensity histogram in a
region of interest to characterize gray frequency distribution
without considering spatial relationships between pixels [19].
These features are known as first-order statistics because
they are based on examining a single pixel or voxel without
considering the surrounding areas’ intensity.

Higher-order statistical measures consider the relative
spatial location of voxels, allowing them to define texture
characteristics. The most common are halftone adjacency
and uniformity matrices (GLCM, GLRLM, and GLSZM). NGTDM
and GLDM are less common.

GLCM is a second-order histogram of gray levels
[19]. It captures spatial relationships between pixels or
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voxels with predefined gray-level intensities in different
directions (horizontal, vertical, or diagonal for 2D analysis
and 13 directions for 3D analysis) and a predefined distance
between pixels or voxels (Figure 2; hereafter, the principle
of calculating matrix parameters in 2D space will be
presented) [20].

GLRLM is a matrix described by Galloway. It represents
the spatial distribution of vectors of successive pixels with
the same gray-level in one or more directions in two or three
dimensions (Figure 3).

GLSZM quantitatively describes image areas with the
same gray-level, consisting of adjacent voxels. According to
Thibault et al. [23], GLSZM is similar to GLRLM, but the first
matrix is based on the calculated number of groups (so-called
zones) of interconnected neighboring pixels or voxels with
the same gray-level (Figure 4). A more uniform texture will
result in a wider, flatter matrix. GLSZM cannot be calculated
for different directions but can be calculated for varied
distances between pixels or voxels in the neighborhood.
GLSZM parameters can be determined in two (eight nearby
pixels) or three (26 neighboring voxels) dimensions [19].

For NGTDM, the texture characteristics of a given
matrix represent the intensity difference between adjacent
voxels [24].

GLDM quantifies gray-level dependencies in an image
(19, 25].

Dosiomics

Dosiomics is a relatively new area of radiomics. It is a
textural study of radiation dose distribution used in radiation
therapy planning.

Nieghbour voxel value

al1|4a|2|2 s 1 2 3 4
3|3[3]|2]2 S1f2]|0f1]2
—»42411—»520201
4(1|3|3|4 £3|0/1[3[1
1(1|4a|af2 24|3|3[0]1

&

GLCM (horizontal)

Fig. 2. Example of calculating GLCM parameters: three pairs of neighboring pixels with intensity levels 4 and 1 (highlighted in green).
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Fig. 3. An example of calculating GLRLM parameters: there is one group of three pixels with the same gray-level (3), located sequentially

(highlighted in orange).
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Fig. 4. Example of calculating GLSZM parameters: there is one zone consisting of four pixels with a gray-level of 2 (highlighted in green).

The first scientific articles originate from 2018 when
Gabry et al. [26] used this approach to predict xerostomia
after radiation therapy in 15 head and neck cancer patients.

The process of obtaining dosiomics features includes two
steps.

1. Radiation therapy 3D planning uses a sequence of parallel
X-ray CT images, with the anatomical structures and
target volume defined manually or using an automatic
mathematical contouring program in the planning system
(27, 28].

2. After acquiring 3D dose distribution models, they are
processed using radiomics masks with open code
implemented in Python, and quantitative textural
parameters of an area of interest are generated. These
parameters, which include the textural qualities outlined
above (first-order statistics with adjacency and uniformity
matrices), are retrieved from dose distribution models,
and are referred to as dosiomics features.

Gray Level Frequency Histogram
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Fig. 5. Texture analysis of a 3D model of radiation dose distribution to the rectal area: (@) 3D dose distribution in the rectum, (b) gray-level
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Rossi et al. [29] reported a textural analysis of a 3D
radiation dose distribution model in the rectal area. After
mapping the radiation dose distribution, the area of interest
is treated with radiomics masks, and textural characteristics
are extracted. Figure 5 shows dosiomics features extracted
from the area of interest.

Because the studied data array often has a
disproportionately large number of input variables, there is
the problem of reducing the dimensions of the attribute space.
One of the most prominent guidelines for the relationship
between the number of features and observations is the 20
EPV rule. EPV (events per independent variable) is defined
as the number of occurrences per independent variable,
calculated by adding the number of patients in a smaller
subgroup to the number of input characteristics used when
creating a prediction model [30].

The next step is to reduce the attribute space’s
dimensions using one of several methods, such as the

log GLCM
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NGTDM
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GLSZM
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frequency histogram, (c) GLCM, (d) GLRLM, (e) GLSZM, and (f) NGTDM.
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principal component method, linear discriminant analysis,
and random forest method (importance function) [31,
32]. Then, using machine learning approaches, eliminate
linked values to construct a decision rule [18]. At the final
stage, multivariate statistical analysis is undertaken using
a forecasting model chosen based on the purpose of the
examination. The accuracy of hinary classification models
is often assessed using a receiver operating characteristic
(ROC) and denoted as the area under the curve (AUC) in
studies. The curve uses sensitivity (the fraction of genuine
positives) and specificity (the proportion of true negatives).
The concordance index (C-index) is the most commonly used
metric for evaluating the performance of survival models.
Based on the Kendall correlation coefficient, this measures
the rank correlation between predicted risk scores and
observed scores at individual points in time.

USE OF DOSIOMICS IN CLINICAL
PRACTICE

According to reviewed foreign literature, three
main areas of research can be distinguished: the use of
dosiomics features to predict radiation damage to healthy
tissues, prediction of tumor relapses, and evaluation of
the stability as well as reproducibility of dosiomic signs.
Some literature reviews were also prepared; for example,
groups of authors led by Sun [33] and Zhang [34] described
dosiomics as a new direction in texture analysis of medical
images.

Use of dosiomics features in predicting radiation
damage to healthy tissues

All of these studies try to develop models (rules) for
predicting cases of radiation damage in cancer patients.
Most papers compared the efficacy of prognostic rules
based on various types of data such as clinical factors,
dose-volume histograms (DVH), indicators of radiobiological
models of tumor control probability (TCP) and normal tissue
complication probability (NTCP), dosiomics, radiomics, and
dosimetry features.

The parameters researchers use, their combinations, and
the statistical methods vary significantly from study to study.
Most studies examined the ability to predict post-radiation
pneumonitis in cancer patients after radiation therapy.
According to the literature, the incidence of post-radiation
pneumonitis ranges widely (from 5% to 58%) and it is one of
the most prevalent consequences after lung cancer radiation
therapy [1]. The most extensive research in this area was
conducted by Zhang et al. in 2023 [35], using data from
314 retrospectively collected and 35 prospectively enrolled
patients with lung cancer. The models used radiomics,
dosiomics, DVHs, and clinical factors. In the external testing
sample, a decision rule constructed by integrating radiomics,
dosiomics, and clinical data showed the best predictive ability
with an AUC of 0.855 (95% confidence interval, 0.719-0.990)
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[35]. According to the findings of this study, models based on
integrating various parameters are more accurate.

Other researchers confirmed that a model based on a
combination of dosiomics and radiomics features has the
best predictive ability. Similar results were obtained by
Li et al. [36, 37], who extracted metrics from specifically
segmented functional areas of the lung, and Huang et
al. [2]. Hence, a model by Zhou et al. [38], based on the
distribution of equivalent radiation dose, demonstrated
high predictive ability with the AUC of 0.799 in the test
set. It should be noted that Kraus et al. [39] used a
predictive model with the same combination of features,
but it was based on the distribution of absorbed radiation
dose, which proved to be more effective. Such differences
may be related to the low reproducibility and stability of
dosiomics features.

Some scientific papers have compared models based on
dosimetry and dosiomics features. In studies by groups led
by Puttanawarut [40] and Liang [13, 41], models based on
dosiomics indicators were more effective, whereas in the
study by Adachi et al. [42], the combination of dosiomics
and dosimetry indicators was also clinically significant.
Models integrating radiomics and dosiomics indicators have
demonstrated great accuracy in predicting not only post-
radiation pneumonitis but also additional post-radiation
damage, such as severe weight loss (by more than 5% in
2 months), which is confirmed by Lee [43] and Han [44].
Han et al. developed a medical decision support system
to help healthcare providers forecast severe weight loss
more accurately. These results show that it is possible to
implement decisive rules based on dosiomics in clinical
practice. Zheng et al. [45] created a model for predicting
acute radiation esophagitis in patients with lung cancer and
obtained the highest area values under the ROC curve (0.801)
using a combination of radiomics, dosiomics, and clinical
features.

Ren et al. [46] showed higher efficiency of dosiomics-
based decision rules than dosimetric models. Authors
predicted post-radiation hypothyroidism in patients with
nasopharyngeal carcinoma. Yang et al. [47] indicated radiation
damage to the temporal lobe in individuals with a similar
diagnosis. A model based on the patient’s age, dosimetric,
and dosiomic features showed the best result with a C-index
of 0.794 in the external test set.

Rossi et al. [29] used clinical data, dose-volume histogram
indicators, and dosiomics features to improve the prediction
of late radiation therapy complications of bladder and rectum
radiation therapy, such as nocturia, rectal bleeding, and fecal
incontinence. Monti [48] study should also be mentioned. It
evaluated the relationship between dosiomics and genomics
features in developing post-radiation lymphopenia in 186
patients with non-small cell lung cancer after chemoradiation
therapy. The authors suggest that the discovered relationships
will help develop more effective personalized radiation
therapy strategies.
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The reviewed studies showed that using dosiomics
features in models increases the area under the ROC curve,
indicating the predictive value of these parameters.

Described studies evaluating the ability to predict radiation
damage to normal tissues are presented in Table 1.

Prediction of tumor recurrence/progression

These studies use the same general concepts to forecast
radiation damage. Kamezawa et al. [49] and Wu et al. [14]
evaluated the ability to predict local recurrence of head
and neck cancer. Dosiomics-based models were the most
effective. A similar study was conducted by Wang et al. [50],
who built overall survival prediction models using texture
indices extracted from CT, positron emission tomography CT
(PET-CT), and dose distribution maps for radiation therapy
planning. In terms of forecasting performance, the combined
model was the most effective.

Murakami [12] and Pirrone [51] used different approaches
for predicting prostate cancer recurrence. The first study
predicted biochemical relapse. It was found that a model
integrating clinical and dosiomic variables was the most
effective for this purpose. The local recurrence prediction
model in the second trial was based on radiomics and
dosiomics indices generated from physiologically effective
dose distribution maps, CT, and PET-CT images.
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Buizza et al. [52] and Morelli et al. [53] demonstrated
the effectiveness of dosiomic models in predicting the local
recurrence of skull base chordomas and sacral localization.
Similar decision rules also showed a high C-index in a study
by Cai et al. [54] evaluating the ability to predict the recurrence
and metastasis of nasopharyngeal carcinoma. Combined
model by Wang et al. [55] demonstrated that machine
learning with dosiomics features has the potential to predict
complete remission of rectal cancer after radiotherapy.

Before treatment, Lam et al. [56] evaluated CT and
MRI scans of 135 patients with nasopharyngeal carcinoma
to predict the acceptability of adaptive radiation therapy.
This was the first study to use the term “contouromics,”
which refers to a method for defining intricate geometric
relationships between four pairs of volumes of interest (VOI).
The most accurate model was based on radiomics, with an
AUC of 0.927 (95% confidence interval, 0.905-0.948).

As in the case of predicting radiation damage, these
studies show the high accuracy of dosiomics-based models.
Studies indicating relapse or progression of neoplasms are
presented in Table 2.

Reproducibility of dosiomics features

The statistical models and methods used in this group of
studies are quite different, yet they all share the problem of

Table 1. Studies to evaluate predicting radiation damage to normal tissues

Study Predicted radiation damage AUO(; r:g;l;ln?iis;ed Model with the highest AUC
Zhang et al. [35] Post-radiation pneumonitis 0.774 R+D+C-AUC=0.855
Li et al. [36] Post-radiation pneumonitis — R+ Ds - AUC = 0.885
Li et al. [37] Post-radiation pneumonitis 0.74 R+D-AUC=0.88
Huang et al. [2] Post-radiation pneumonitis 0.8462 R+D-AUC=10.90
Zhou et al. [38] Post-radiation pneumonitis — R+ DVH - AUC = 0.805
Kraus et al. [39] Post-radiation pneumonitis 0.70 R+D-AUC=0.79
Puttanawarut et al. [40] Post-radiation pneumonitis 0.71 D-AUC=0.71
Liang et al. [13] Post-radiation pneumonitis 0.782 D-AUC=0.782
Liang et al. [41] Post-radiation pneumonitis 0.782 AUC = 0.842
Adachi et al. [42] Post-radiation pneumonitis 0.837 Ds +D - AUC = 0.846
Lee et al. [43] Weight loss — R+D-AUC=0.710
Han et al. [44] Weight loss — T—IEPE - aaiildgg’: ?)?5’2
Zheng et al. [45] Acute radiation esophagitis 0.604 C+R+D-AUC=0.801
Ren et al. [46] Post-radiation hypothyroidism 0.7 D-AUC=07

Yang et al. [47]
Rectal bleeding
) Fecal incontinence
Rossi et al. [29] )
Nocturia

Urinary incontinence

Radiation damage to the temporal lobe —

Age + DVH + D - C-index = 0.794
C+DVH+D-AUC=0.73
C+DVH+D-AUC=0.73

C+D-AUC=0.66
C+DVH+D-AUC=0.73

Note. AUC, the area under the characteristic curve; C, clinical data of patients; D, dosiomics features; Ds, dosimetry features; DVH, dose-volume

histograms; R, radiomics features.
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Table 2. Studies to evaluate predicting tumor progression
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Study Predicted variable

Accuracy of the

dosiomics-based model Model with the highest accuracy

Local recurrence of head and neck

Kamezawa et al. [49] cancer

Local recurrence of head and neck

Wu et al. [14] cancer

Local recurrence of head and neck

Wang et al. [50] cancer

Murakami et al. [12] Recurrence of prostate cancer

Pirrone et al. [51] Recurrence of prostate cancer

Buizza et al. [52] Recurrence of skull base chordomas

Morelli et al. [53] Recurrence of sacral chordomas

Relapse and metastasis of

Cai et al. [34] nasopharyngeal carcinoma

Wang et al. [55] Remission of rectal cancer

Grade ray therapy at carcinoma

Lam et al. [56] nasopharynx

AUC = 0.81 D-AUC=0.81
C-index = 0.66 D - C-index = 0.66
— R-PET + R-CT + Ds - C-index = 0.873
— D + C - C-index = 0.67
AUC =0.68 D-AUC=0.68
C-index = 0.79 R - C-index = 0.80
C-index = 0.86 D - C-index = 0.86
C-index = 0.822 for
relapse, D - C-index = 0.822 for relapse,
C-index = 0.786 for D - C-index = 0.786 for metastasis
metastasis
— AUC =0.828
AUC =0.811 R-AUC=0.927

Note. AUC, area under the characteristic curve; C, clinical data of patients; CT, computed tomography; D, dosiomics features; Ds, dosimetry features;

PET, positron emission tomography; R, radiomics features.

low dosiomics stability and reproducibility. Two studies by
Puttanawarut et al. [57, 58] were devoted to this issue. The
first study assessed the general applicability of radiomics
and dosiomics features derived from images of cancers
of various locations. A database containing data from 101
patients with esophageal cancer patients and 93 lung cancer
patients was used. Four models were developed to predict
post-radiation pneumonitis in patients diagnosed with
esophageal cancer and then applied to a group of patients
with lung cancer. In samples of patients with esophageal
cancer and lung cancer, the model based on a combination
of dosiomics and radiomics features produced the best
results, with AUC = 0.75 and AUC = 0.68, respectively. Such
results may point to the restricted applicability of decision
criteria to malignancies of various locations. The second
study by Puttanawarut et al. [58] assessed the stability
of dosiomics features when simulating errors in dose
distribution planning. The average intraclass correlation
coefficient (ICC) for the 93 dosiomics features tested was
0.9, indicating stability, with five features having values
below 0.75, indicating low reproducibility. Adachi et al. [59]
also assessed the reproducibility of dosiomics features
when using various dose calculation algorithms. When using
the Acuros XB algorithm, 34.8% of the 6,808 parameters
tested exhibited good reproducibility, highlighting the
limitations of dosiomics when using different types of dose
calculations. Simultaneously, Sun et al. [60] reported that
most dosiomic features were stable to changes in dose

BOI: https://doi.org/10.17816/DD420053

calculations, but DVH parameters were less variable than
dosiomic features. Placidi et al. [61] identified four groups
of stable dosiomics features for further research. The
authors later demonstrated the significance of voxel size in
dosiomics data extraction [62].

Indeed, normalization, stability, and reproducibility of
features remain important aspects for such studies and
require further research.

DISCUSSION

The most common predictor characteristic in the
studies cited (11 studies) was post-radiation pneumonitis.
In nine of them, dosiomics features without combination
with other signs were used to construct the decision rule.
The AUC, used as a fit measure for such models, ranged
from 0.67 to 0.84. Decision rules based on dosiomics also
had high accuracy when predicting relapses of tumors of
various locations (C-index >0.66). The accuracy increased
when combined models were constructed using dosiomics,
radiomics, dosimetry features, and clinical data, indicating
a good predictive ability and prospects for use in clinical
practice for personalized treatment planning.

At the time of writing this article, a few studies were
conducted with primarily small sample sizes, indicating
the necessity for additional research into dosiomics and
its possible applications. Dosiomics could be incorporated
into the radiation therapy planning process. In most studies,
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dosiomics was the most effective when combined with other
qualitative and quantitative signs; thus, dosiomics should
now be considered precisely as a direction of radiomics that
allows for improving the efficiency of predictive models. The
properties of dosiomics and radiomics depend on the software
used and can vary significantly from study to study. Low
stability and reproducibility of features are severe barriers
to introducing dosiomics into clinical practice; therefore, they
require further study.

CONCLUSION

Dosiomics is a new and promising area of radiomics
used in texture analysis of medical images associated
with radiation therapy of cancer patients. Dosiomics can
contribute to developing a more personalized approach to
planning radiation therapy, predicting radiation damage to
normal tissues, and diagnosing relapses.
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OcHoBblI CTaHAapTHOM BU3yanusauum nepudepruecKon
HepBHOU cucteMbl: MP-Helporpadus

C.H. MoposoBa, B.B. CunbkoBa, [.A. TpuwwmnnHa, T.A. Tymunosuy, A.O. HeyeTkuH,
M.B. KpoTtenkoBa, H.A. CynoHeBa

HayuHblit LieHTp HeBponorum, Mocksa, Poccuitckas Pepepauns

AHHOTALMA

Mepudepuyeckue HeliponaTUM OTHOCATCA K OAHWM U3 Hanbonee YacTo BCTPEYAIOLLMXCA HEBPONOTMYeCKUX paccTpoicTs. He-
CMOTPA Ha Ha/M4Me XOPOLLO 3apeKOMEHA0BaBLLMX cebsi M AONOMHAIOLLMX APYr Apyra METOLL0B UHCTPYMEHTaNbHO ANarHoCTM-
KM, TaKWUX KaK 3eKTpoHelipoMmorpadms 1 ynbTpasByKoBOe UCCe0BaHUe, AMarHocTuKa u anddepeHumanbHas AuarHocTmka
nopaxeHus nepuepnyecknx HepBoB PasfIMYHOrO reHes3a, 0C0OEHHO UX MPOKCUMATIbHBIX OTAEN0B, MOXET bbITb 3aTpyAHEHa.
MarHuTHo-pe3oHaHcHas ToMorpadus nepudepuyecknx HepBoOB B HACTOALLEE BPEMA aKTUBHO BHEAPSETCA B KIMHWUYECKYH
NPaKTUKY B Ka4ecTBe LIeHHOr0 AOMOJHUTENbHOMO AUArHOCTUYECKOr0 MHCTPYMEHTA.

AkueHT B NpeacTaBneHHol paboTe fienaeTca Ha 0CHOBHbLIX MPEMMYLLECTBAX M OFPaHMYEHUAX YNOMSHYTbIX METOAO0B McChe-
[0BaHUS, UCTOPUM WCMONB30BAHUA MarHWUTHO-PE30HAHCHOW ToMorpaduu Ans BU3yanusaumuu CTPYKTYp nepudepuyeckon
HEPBHOM CMCTEMbI, OCHOBHbIX TPEOOBaAHMAX K MPOTOKONY MarHWTHO-pe30HaHCHOW ToMorpaduu nepudepuyeckux HepeoB
Pa3fIMYHONA JIOKaNU3aLMK C YHETOM COBPEMEHHbIX TEXHUYECKUX BO3MOXKHOCTEN, B TOM YuCile NoApobHO paccMaTpuBaloTcs
ucnonb3yeMble AN CTaHAAPTHOrO UCC/e0BaHNUA NOCNEL0BATEIbHOCTU MarHUTHO-Pe30HAHCHOM ToMorpadmmn 1 UX AnarHo-
CTUYECKOe 3HayeHne, PeKOMeHAALMN N0 UCMO/b30BaHUK0 KOHTPACTUPOBAHNA, NPEMMYLLECTBA U HeLOCTATKW Pa3fNyHbIX Me-
XaHW3MOB JKMPOMOLABNEHMS.

B HacTosee BpemA MpaKTUYECKW OTCYTCTBYIT CTaHAAPTU3MPOBaHHblE OMMCaHMS nepudepuyecknx HepBoB B HOPMe
W NpX PasnnyHbIX NATONOMUAX, YTO CHUXXAET AMarHOCTUYECKYI0 LIeHHOCTb MeToAa. llepcneKTiBa NoBbilLeHUs ero MHdopMa-
TUBHOCTU 1 PacLUMPeHns UCMOfb30BaHNsA CBA3aHa, B TOM YMCIie, C MPoBeAEHNEM UCCnefoBaHMIA Ha 6ONbLLIMX rpynnax 34,0po-
BbIX MCMbITYEMbIX M NALMEHTOB C Pa3fIMiHBIMK NATONOMUAMK NepudepuiecKon HepBHOI CUCTEMBI.

KnioueBble cnoBa: MarHUTHO-pe3oHaHCcHas ToMorpadus; nepudepuyeckue Heiiponatu; MPT-npoToKon; )XUponoAaBneHue;
TPEXMepHas BU3yanu3aums.
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Conventional magnetic resonance imaging
of peripheral nerves: MR-neurography

Sofya N. Morozova, Viktoriya V. Sinkova, Darya A. Grishina, Taisiya A. Tumilovich,
Andrey 0. Chechetkin, Marina V. Krotenkova, Natalya A. Suponeva

Research Center of Neurology, Moscow, Russian Federation

ABSTRACT

Peripheral neuropathy is known to be one of the most common neurological disorders. Despite the great diagnostic value of
electroneuromyography and ultrasound, addressing the diagnostics and differential diagnostics of peripheral nerve diseases
of different origin could be challenging. In recent years, magnetic resonance tomography has been increasingly used for
evaluating cases of suspected or established peripheral neuropathy with excellent results.

This manuscript mainly deals with the advantages and limitations of the aforementioned diagnostic instruments, technical
considerations according to different anatomy of peripheral nerves, along with state-of-the-art technical decisions, frequently
used magnetic resonance imaging sequences and their diagnostic value based on own observation, and recommendations for
contrast enhancement use and different methods of fat suppression.

Currently, there is practically no standardized description of normal magnetic resonance imaging features of peripheral nerves,
as well as their changes in different diseases. The evaluation of images is mainly based on the radiologist experience, which
obviously decreases method’s diagnostic value. Studies of large numbers involving healthy volunteers and patients with
peripheral neuropathies of different origin are required to address this issue.

Keywords: magnetic resonance imaging; peripheral nervous system diseases; MRI scans; fat suppression; imaging;
three-dimensional.
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INTRODUCTION

Peripheral neuropathy, one of the most common
neurological conditions, is an umbrella term covering
peripheral nerve diseases [1]. It is classified as
mononeuropathy, multiple (multifocal) mononeuropathy, or
polyneuropathy based on the number of nerve fibers involved.
Ischemia and compression, trauma, infections, neoplasms,
dysmetabolism, disimmunity, toxicity, and insufficiency can
all contribute to peripheral neuropathy [2, 3].

If peripheral neuropathy is suspected, a complete medical
history and complaints, including a family history, should be
obtained [4]. In most cases, the cause may be determined
using laboratory tests. At present, electroneuromyography
is the gold standard of research. It evaluates the conductive
function of upper and lower extremity motor and sensory
nerves, their proximal sections (indirectly), and innervated
muscles (denervation activity) [5]. These studies can help
determine the location, extent, degree, and lesion type [6, 7].

However, electrophysiology has several limitations, such
as the inability to diagnose difficult-to-reach proximal areas
of the peripheral nervous system [8]. Furthermore, in acute
and chronic peripheral neuropathies with previously affected
distal parts, they are often highly degenerated at the first
visit of a patient, making diagnosis challenging (this is the
so-called floor effect that occurs when a data-gathering
instrument has a lower limit to the data values it can reliably
specify) [3]. For the same reason, certain complications
can arise when attempting to differentiate between the
entirely afflicted cross-section of the distal nerve and the
more proximal lesion of the peripheral fascicle [9]. Another
important limiting factor is that results are operator-
dependent, which refers to variations in effects caused by a
healthcare professional’s (HCP) levels of competence when
doing an electroneuromyography.

High-resolution ultrasonography is a highly
informative, supportive approach for real-time prolonged
imaging of peripheral nerve conditions, identifying
intraneural changes, and evaluating perineural tissues
[10, 11]. Ultrasound of the peripheral nerves is now
widely used to diagnose post-traumatic, compression,
dysimmune, hereditary neuropathies, and nerve tumors
[12]. However, the efficiency and reproducibility of this
procedure largely depend on HCP experience [13], the type
of ultrasound device, and the transducer frequency used.
Unlike electrophysiological techniques, ultrasound does
not identify the type of nerve fiber injury. Furthermore,
deep-lying peripheral nerves near bone structures and
internal organs may be difficult to see or inaccessible to
ultrasonography [14].

Magnetic resonance imaging (MRI) is not commonly
used to diagnose peripheral nervous system problems.
The reasons for this are as follows: (a) the need to obtain
very high-resolution 3D images to visualize morphological
changes in the nerve structure, which lengthens the
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examination and increases the potential of artifacts, and
(b) the lack of detailed description of the normal state of
the peripheral nervous system visualized that complicates
interpretation of the data obtained. However, with recent
technological advances, MRI is now considered an alternative
modality for diagnosing peripheral nerve disorders and can be
recommended in cases of suspected lesions that are difficult
to reach with conventional methods, surgical procedure
planning, controversial electroneuromyography, ultrasound
data, trauma, radiation therapy, and surgery history [15].

USE OF MRI FOR PERIPHERAL
NERVOUS SYSTEM VISUALIZATION

Although even today, MRI is prescribed to patients with
suspected peripheral neuropathy rather to exclude a mass
lesion inside or directly adjacent to the nerve [16], as early
as in the 1990s, a research group led by Filler and Howe
[17, 18] developed the first MR sequences with higher spatial
resolution, and increased the contrast of peripheral nerves
for their optimal visualization. This procedure was known as
magnetic resonance neurography (MR neurography).

Magnetic resonance neurography is used in clinical
practice to diagnose traumatic nerve injuries and carpal
tunnel syndromes and plan the treatment. In the first case,
MR neurography distinguishes a complete nerve transection
with all supporting connective tissue structures affected
(neurotmesis), requiring surgical intervention and damage
to the axon without its sheath destruction (axonotmesis)
or local demyelination due to compression or traction with
axonal structures preserved (neuropraxia), which can recover
spontaneously [19]. MR neurography may also be used
for nerve recovery monitoring in controversial cases. This
approach is often used to locate and determine the specific
location of a lesion in tunnel syndromes (compression
neuropathies). If surgical treatment fails, MR neurography is
also recommended.

This diagnostic area is developing more rapidly than other
areas related to the peripheral nervous system [3]. Therefore,
plexus MRI is now part of the confirming diagnostic criteria
for chronic inflammatory demyelinating polyneuropathy and
multifocal motor neuropathy [20, 21]. Noninvasiveness, low
operator dependency, the specific location of pathological
alterations and their clear relationship with adjacent
anatomical structures, a full assessment of all anatomical
structures in the area studied, and monitoring over time are
all advantages.

BASIC TECHNICAL REQUIREMENTS
FOR MRI PROTOCOL

Magnetic resonance neurography is a technique for
optimizing peripheral nerve visualization that uses nerve-
selective (imaging nerve trunks with suppressed signals
from surrounding tissues and vasculature [22]) and
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nerve-nonselective sequences with high-resolution and
contrast augmentation.

There are also some limitations. First, because the
transverse size of a nerve is typically only a few millimeters
and the thickness of individual fascicles is approximately
<1 mm, individual nerve trunks may only be visualized using
high-resolution techniques. Longer acquisition periods and
lower signal-to-noise ratios are required for such images.
Furthermore, adipose tissue around and inside neural
systems makes qualitative and quantitative examinations of
peripheral nerve structures challenging. Therefore, various
fat suppression techniques are used to visualize them,
which can also affect the image evaluation and the signal-
to-noise ratio. Because of the intricate anatomical course of
some peripheral nerves, three-dimensional sequences are
required; however, images may become noisy and grainy
due to overlapping vascular signals. In contrast, MRI of the
peripheral nervous system is currently being intensively
developed [23, 24].

To visualize individual nerve fascicles within the nerve,
equipment with a magnetic field of 3 Tesla (T) [3] provides
sufficient spatial resolution. They have a higher signal-to-
noise ratio, allowing for stronger contrast, higher resolution
in the scan plane, and the smallest slice thickness. The
smallest slice thickness is required for higher end-to-end
resolution in 2D sequences and higher isotropic resolution
in 3D sequences [25]. However, 1.5-T MRI tomographs can
be used, particularly in patients with metallic implants in the
scanning field [26].

To reduce the effect of partial volume, and to visualize
individual nerve structures surrounded by loose connective
and fat tissues, the spatial resolution should be =0.1-
0.4 x 0.1-0.4 mm, and slice thickness for two-dimensional
sequences should be >2.0-3.5 mm for plexuses and 4-5 mm
for extremities, with minimal or no interslice gap [3, 25].
Although 2D sequences are still the gold standard for the
first evaluation, 3D sequences (with the ability to reconstruct
images in different planes) are critical for viewing and
addressing difficulties when the anatomical nerve course is
convoluted, and the available data are contentious. Slices
should be designated relative to the long axes, that is,
parallel or perpendicular to the nerve’s extremity or course
as far as feasible [25].

Optimal imaging results are achieved by using
multichannel coils for specific body parts, but other solutions
are possible by replacing missing coils with existing coils,
provided that the patient is positioned correctly. Special
multichannel coils with accelerating factors can be used with
soft surface coils to increase the field of view. A combination
of spinal embedded and soft surface coils is recommended
for performing examinations at the trunk level [27].

Before organizing an examination, consider the broadest
possible covering area, and that the more slices there are the
longer the examination will last. The field of view should be
restricted as much as possible to achieve improved spatial
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resolution, with the empty space around the area of interest
being no more than 20% of its size for effective assessment
of small-diameter nerves [25].

To eliminate motion artifacts, the patient should be
appropriately and comfortably positioned [3]. To avoid
interference with the bladder signal on maximum intensity
projection reconstructions, the bladder should be emptied
before studying the lumbar and sacral plexuses.

CONVENTIONAL MR NEUROGRAPHY
TECHNIQUES AND THEIR CLINICAL USE

The most commonly used techniques in routine clinical
practice include qualitative assessment of T1- and T2-
weighted images and proton density-weighted images,
which are contrasted using T1 and T2 relaxation processes
and proton density localization in human tissues with spin or
gradient echo sequences. Various fat suppression strategies
are used (discussed in more detail below). Regardless of the
area of interest, at least two scanning planes, preferably with
at least one 3D sequence, are recommended.

T1-weighted images

These images are essential for neurography and can be
acquired using spin echo or free fluid suppression inversion
recovery sequences in the axial plane for extremity nerves
and the coronal plane for plexuses. The length of the echo
complex varies from three to eight for 2D images and from
33 to 68 for 3D images. A scanning plane resolution of 0.3 to
0.4 mm ensures optimal visibility of intraneural fat, epineurium
thickening, and elimination of perineural fat due to mass
lesion development or fibrosis (Fig. 1) [28]. Furthermore,
these images are critical for determining fatty infiltration and
muscular atrophy. They are also less susceptible to motion
and magnetic susceptibility aberrations and can typically detect
edema, tract interruption, or changes in cross-sectional nerve
configuration due to compression [3].

Contrast-enhanced MR neurography

T1-weighted 3D gradient echo sequences with fat tissue
signal suppression and possible subsequent image removal are
recommended for pre- and post-contrast imaging. Otherwise,
their use for 3D imaging can be limited due to greater artifact
susceptibility and lower contrast enhancement.

After intravenous contrast agent injection, a blood-nerve
barrier prevents intact nerve signals from altering [24].
Contrast enhancement has little diagnostic benefit in the case
of traumatic alterations or carpal tunnel syndromes because
these conditions are often investigated with MRI in the
subacute period. Only denervated muscles can be increased
under these conditions. However, they are well visualized
on fat-suppressed images sensitive to fluid signals [25].
Contrast enhancement is related to nerve signal alterations
in hereditary and demyelinating polyneuropathies; this is also
unnecessary.
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Fig. 1. Magnetic resonance imaging of the brachial plexuses in 3D-T1 mode. A coronal projection: (1) the upper trunk, (2) the middle trunk, (3) the lower
trunk, (&) the perineural fatty tissue, (5) the endoneurial fat, (6) a mass lesion (schwannoma), and (7) the intact fatty tissue around the lesion.

In some circumstances, such as a suspected neural or
perineural mass lesion, lymphoma, inflammatory processes
related to perineural infection, and other disorders associated
with damage to the blood—nerve, a contrast-enhanced
examination may be recommended [29]. In addition to the
disorders listed, a contrast-enhanced examination may be done
following decompressive surgery to rule out the overproduction
of fibrous tissue if clinical symptoms persist [30].

Nerve-specific contrast agents, such as agents with
selective accumulation in areas of demyelination that

gradually decreases as the fiber regenerates, are currently
being developed, but related MRI techniques have not yet
been approved for clinical use [24].

T2-weighted images

Early observations showed that T2 images are the most
important for diagnosing peripheral nerve injuries [31].
Non-fat-suppressed sequences, typically 2D, are useful
for observing the epineurium (Fig. 2). Fat suppression
differentiates the relatively high nerve signal and the

Fig. 2. Magnetic resonance imaging of the hand in T2 mode in a patient with carpal tunnel syndrome. An axial projection: (a) at the level
of proximal epiphyses of metacarpal bonesand (b) at the level of distal parts of the capitate bone (1: individual fascicles as part of the

median nerve, 2: epineurium, and 3: flexor retinaculum with a thickness of up to 1.29 mm).
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surrounding fat tissue. For T2-weighted images without
fat suppression, the recommended echo time is >90 ms
(milliseconds), ideally 100-105 ms. For fat-suppressed
sequences, it can be reduced to 60-80 ms. The latter, so-
called fluid-sensitive images, provide ideal nerve visualization
(Fig. 3) with increased signals in the area of pathological
changes [32]. Fat suppression strategies are based on the
difference in water—fat precession frequency and fat tissue
having a longer T2 relaxation time and shorter T1 relaxation
time than muscle tissue or nerve fibers [2].

The required fat suppression can be performed by
spectrally selective fat suppression (FatSat) in T2-weighted
spin echo sequences with high contrast, nearly no pulsation
artifacts, and reduced magnetic susceptibility artifacts [33].
However, if there are metal structures in the field of vision,
this technique should be avoided. The main disadvantage is
poor fat suppression away from the center of the field of
view or inhomogeneous fat suppression along the curves of
the body [25].

Short-Tl inversion recovery (STIR, where Tl is the inversion
time in milliseconds) provides excellent homogeneous fat
suppression at various levels of magnetic induction and field
homogeneity, but it is nonselective (it suppresses signal
from all, not only fat, tissues with short T1). It cannot be
used following intravenous contrast enhancement (as this
sequence sums T2 and T1 contrast, providing only T2-
weighted images). In many circumstances, it is susceptible to

Vol. 4 (3) 2023

Digital Diagnostics

pulsation artifacts, erroneous nerve signal augmentation due
to increased signal from intraneural fluid, and a low signal-
to-noise ratio. Therefore, this sequence is more commonly
used for plexus visualization, where spectrally selective fat
suppression is ineffective for a variety of reasons, including
the presence of metal in the field of view, using various
modifications, such as shorter echo time (30-40 ms), a
greater number of echo times, and a wider transmission
frequency (400-500 Hz/Px).

T2 SPAIR (T2-weighted SPectral Attenuated Inversion
Recovery), a combination of FatSat and STIR techniques, is
the best sequence for extremity MR neurography because it
suppresses fat signals similarly to STIR, but it is more selective
in the center and periphery of the field of view with higher SNR
and fewer pulsation artifacts. The signal from a normal nerve
usually is isointense to the signal from skeletal muscle on
T2-SPAIR images. Depending on the user’s preferences, weak
and strong contrast types are available, with the weak giving
higher signal homogeneity and the strong providing greater
isointensity of the nerve signal. The main disadvantage of this
sequence is the possibility of poor fat suppression in some
edge slices, particularly along the scanning area’s boundary,
and the inability to use this technique with low-field devices and
significant magnetic field inhomogeneity. Although T2-SPAIR is
less sensitive to metal artifacts than frequency-selective fat
suppression sequences, the STIR sequence should still be used
if the metal is in the scanning area.

Fig. 3. Various techniques of fat suppression for magnetic resonance imaging: (a) brachial plexuses in T2-FatSat mode, an axial projection:
the anterior branches of C5, Cé, and C7 spinal nerves are noted, without abnormalities, with a slightly increased signal; heterogeneous fat
suppression with unsatisfactory signal along the periphery of the area of interest (arrowed); (b) brachial plexuses in STIR mode, a coronal
projection: homogenous fat suppression throughout the entire field of view, typical elements of brachial plexuses with a slightly increased
signal (arrowed); and (c) sciatic nerves in T2-Dixon mode, a coronal projection: homogenous fat suppression, normal sciatic nerves with

a slightly increased MR signal (arrowed).
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The Dixon approach achieves optimal fat suppression,
but image quality may be reduced from the central scanning
area [25]. Thomas Dixon proposed this approach in 1984 [34].
The chemical shift effect was predicated on a difference in
the resonance frequency of fat and water protons. A two-
echo sequence is used. Water and fat signals occur in-phase
and antiphase during the first and second echo times. Dixon
demonstrated that additional images can be computationally
created based on these images with simply the water
signal (dixonW) and the fat signal (dixonF). The fat signal is
suppressed in dixonW images. These images are commonly
used in clinical practice because they provide homogeneous
fat suppression, and the only notable artifact is a fat-water
exchange caused by magnetic field inhomogeneity, which
occurs frequently around the coil coverage area's border
[35]. However, due to the long scanning time, the use of this
neurography technique is limited to 2D imaging.

On T2-weighted images, a diseased peripheral nerve has
a larger diameter and higher signal intensity, which is more
visible with various fat suppression approaches. The structure
and size of the nerve can be evaluated in comparison with
surrounding nerves and a vascular fascicle, which can be
used as an internal reference [36]. For the sciatic nerve,
for example, an increase in the nerve diameter to vessel
diameter ratio of >0.89 can be considered abnormal [37]. In
addition to the nerve signal, special attention should be paid
to signals from the adjacent muscles; increased intensity of
such signals is an imaging correlate of denervation changes
that can be noticed 5 days after nerve injury [3].

Some potential problems should be noted while
interpreting MR neurography data. First, most healthy
volunteers (approximately 60%) have locally increased
signal intensity at sites of physiological constriction on fluid-
sensitive images; hence, in addition to signal changes, it is
necessary to evaluate their prevalence and swelling and
thickening of the corresponding nerve. Another important
factor is a so-called “magic angle” effect, which means the
increased intensity of MR signal from structures located at
the angle of 55° relative to the direction of the magnetic field
BO in short TE sequences (<32 ms) [3].

Increased signal on T2-weighted images is a sensitive
but nonspecific marker of peripheral nerve injury that cannot
be quantified and requires careful interpretation considering
diverse patterns of lesions, including their magnitude and
changes in diameter.

NS-RADS SCALE

There are guidelines for using the MRI-based Neuropathy
Score Reporting and Data System (NS-RADS) scale [39].
According to the authors, it can be used for more standardized
measurement of the type and severity of peripheral neuropathy
using medical history and examination data. This scale is
used to assess the severity of traumatic injuries (NS-RADS
[1-5), compression syndromes (NS-RADS E1-3), neoplasms
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(NS-RADS N1-4), diffuse neuropathies (NS-RADS D1, 2), and
postoperative conditions (NS-RADS PI1-3). Furthermore, it
can be used in the setting of denervation changes in regional
muscles (NS-RADS M0-3), insufficient data to assess changes
(NS-RADS 0), and absence of changes or minor clinically
insignificant changes (NS-RADS U). Furthermore, NS-RADS
NOS (not otherwise specified) is a separate category for
patients with clinically suspected neuropathy and contentious
medical history or examination data. This classification is
expected to provide the standardized assessment of MRI
changes in peripheral nerves and improve interdisciplinary
collaboration for optimal clinical and research outcomes. The
original publication contains a more complete classification,
but the authors believe that following active implementation,
new categories and sections may be established to optimize
its use in clinical practice [40].

CONCLUSION

Despite the possibility of greater metal artifacts,
3-T tomographs are preferable for peripheral nerve
visualization due to their higher S/N ratio. It is proposed
that minimum MRI protocol requirements be established.
Three-dimensional sequences are indicated for plexus
imaging, whereas 2D images with a small slice thickness
(2.5-3.5 mm) are appropriate for extremities nerve viewing.
It is important to ensure high resolution of evaluated data
(0.2-0.8 mm in the scanning plane). The protocol should
include fat-suppressed, fluid-sensitive imaging sequences
(STIR, T2SPAIR, T2FatSat, and T2Dixon) and T1- and T2-
weighted images, with at least one mode with slices
perpendicular to the long axis of nerves.

Despite all the difficulties and limitations, MRI remains
the highly informative method for peripheral nervous system
examination, and it is increasingly being introduced into clinical
practice due to its ability both to detect pathological changes
in the peripheral nerves and to perform a comprehensive
assessment of the surrounding structures, as well as to
make a differential diagnosis in some diseases. The use of
standard MR neurography techniques is related to increased
informative value and wider usage of MRI, beginning with
forming a population-based age normative base with a
description of nerve signal sizes and characteristics. A
detailed description of nerve damage patterns in various
disorders is still required.
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locMepTHble nyyeBblie uccaefo0BaHUS

B MMPOBOM U 0Te4eCTBEHHOM 3/1paBOOXpPaHEeHUM:
aHanus3 nutepaTtypbl U MHEHUA POCCUUCKUX
cneLuanmcToB

A.U. Werones, Y.H. TymaHoBa

HaumoHanbHbIi MeAUUMHCKWIA UCCNe0BaTeNbCKUIA LIEHTP aKyLLEPCTBa, TMHEKONIOTM U NIEPUHATONOTMK MeHN akanemuka B.W. Kynakosa,
MockBa, Poccuiickas Qepepaums

AHHOTALMA

HecMoTps Ha ocobylo 3HaUMMOCTb BCKPLITUIA TeN yMepLUMX 00IbHBIX C LIeSIbio ONpefenieHus MpUUnHbl CMepT U 3D dEKTMB-
HOCTW NPOBEAEHHOTO SIEYEHNS, BO BCEX CTPaHaX 0TMEYaeTCs NPOrpeccupyloLLee CHUKeEHWe UX KonnyecTBa. OfHOBpeMeHHO
C 3TMM HabnloAaeTcs aKTMBHOE BHEAPEHME MOCMEpPTHBIX Jly4eBblX UCCNEAOBaHUI ANS aHanu3a Ten yMepLumx W norubLumx
NaLM1eHTOB.

MpeAcTaBneH aHanu3 AaHHbIX IUTepaTypbl, 0600LAKLWMX Pe3yNbTaTbl aHKETUPOBAHUNA MHOCTPAHHBIX CMELMAUCTOB, a TaK-
K& MHEHWI POCCUACKMX CMELManucToB 0 BO3MOXKHOCTAX W 0CODEHHOCTSX MPOBEAEHWS MOCMEPTHbIX JlyYeBbIX UCCNeoBa-
HWI TNaBHbIM 00pa3oM HOBOPOXAEHHBIX W MnafeHuUeB. OTMeYeHO, YTO NMOCMEpPTHbIE JlyyeBble UCCNEA0BaHUS NPOBOAATCA
KaK B paMKax MaTosior0aHaTOMUYeCcKOro BCKPbITUS, TaK U CyAebHO-MeANLMHCKON 3KCnepTu3bl. B cnyyasx HacunbCTBEHHOM
CMepTM Yallle NPOBOAMNM MOCMEPTHYI0 KOMMbIOTEPHY0 ToMorpaduio, Npu cMepTu OT Bone3He — NOCMEPTHYH0 MarHUTHO-
pe3oHaHcHyto Tomorpaduio. bonee yacTo Mcnonb3oBanock 0BLLEKNMHUYECKOe 060pyL0BaHME, HAXOAALLEECS B KIIMHUYECKUX
OTAENEHMSX Jly4eBOW AMArHOCTUKM, YeM 00OpyLOBaHME, PacnonoXeHHoe B MOpre, MaTooroaHaTOMUYECKOM OTAENeHUM
WM CynedHO-MeAULMHCKOM YUYpEXAeHUN. AHanM3 pe3ynbTaToB MOCMEPTHbIX JIy4eBbIX UCCNeL0BaHUA B DOJbLUMHCTBE Ha-
bntofieHUIA NPOBOAMAM BpPauM-PEHTIEHONOM, HAMHOIO PEXE UMEN MECTO COBMECTHBIN aHanW3 PEHTTEHOMI0ra M NaTonoroaHa-
ToMa. [MopuépkuBaeTcs, uto B Poccuiickoit Defepaumm nocMepTHbIE NIydeBble UCCeA0BaHNUA HOCAT B OCHOBHOM eMHUYHBIN
XapaKTep. B T0 e BpeMs, N0 MHEHWUIO POCCUACKUX UCCNef0BaTeNen, B HacTosLLee BpeMs — BPeMs Pa3BUTUS NepCOHanM-
31POBaHHON MeAMLMHBI, Nly4eBbIX METOAMK U MHDOPMALMOHHBIX TEXHONOTMIA — Ha3pena HeobXoAMMOCTb MCNOJb30BaHNS
MOCMEpTHBIX JTy4eBbIX UCCNeL0BaHUIA AN 06BEKTUBM3ALMM U NOBBILLEHWS TOYHOCTU TPAAMULMOHHBIX ayToncuid. Mpu 3ToM no-
CMepTHbIe NyyeBble UCCNefoBaHWUA, NpeACcTaBnsiome coboi 06bEKTUBHbIE OMepaTop-He3aBUCUMbIE METOAbI UCCe0BaHUSA
TEN NorubLUMX, CrefyeT paccMaTpuBaTh Kak BbiICOKOI((EKTUBHLINA 3Tan NaToforoaHaToMMYeckoro u TeM bonee cynebHo-
MEAMLIMHCKOrO BCKPbITUS.

KnioueBble cnoBa: ayToncus; BUPTONCUS; NOCMEPTHAsA MarHUTHO-pe30HaHCHas ToMorpadus; NnocMepTHas KOMMblTepHas
ToMmorpadus; KT; TaHatopaamonorus; 063op.
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ckux cneupnanuctos // Digital Diagnostics. 2023. T. 4, N2 3. C. 369-383. DOI: https://doi.org/10.17816/DD375328
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Postmortem radiology studies in global
and national healthcare: literature analysis
and perspectives of Russian specialists

Aleksandr |. Shchegolev, Ulyana N. Tumanova

Research Center for Obstetrics, Gynecology and Perinatology, Moscow, Russian Federation

ABSTRACT

Despite the significant importance of autopsies for determining the cause of death and the evaluating the effectiveness of
treatments, there is a progressive decrease in their number across all countries. At the same time, there is an active introduction
of postmortem radiological studies to analyze the bodies of deceased patients.

The article presents literature analysis summarizing the results of surveys from foreign specialists, as well as the opinions of
Russian specialists, regarding the possibilities and features of postmortem radiological studies, mainly focusing on deceased
newborns and infants. It is noted that postmortem radiological studies are carried out as part of both pathoanatomical autopsy
and forensic medical examination. Postmortem computed tomography in cases of violent death and postmortem magnetic
resonance imaging in cases of death from diseases were performed more often. General clinical equipment located in clinical
radiology departments was more frequently used than those located in the mortuary, pathology department, or forensic facility.
The analysis of the results of postmortem radiological examinations was predominantly carried out by radiologists, with a
joint analysis involving a radiologist and a pathologist being less common. It is emphasized that in the Russian Federation,
postmortem radiological studies are mostly of a single nature. According to Russian researchers, in the current era of advancing
personalized medicine, radiation techniques, and information technologies, there arises a need to use postmortem radiological
studies to objectify and improve the accuracy of traditional autopsies. Postmortem radiological studies, which are objective
operator-independent methods of examining the bodies of dead people, should be considered as a highly effective stage of
pathology and, especially, forensic autopsy.

Keywords: autopsy; virtopsy; postmortem computed tomography; postmortem magnetic resonance imaging; thanatoradiology;
review.
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INTRODUCTION

A conclusion about the cause of death is made by
autopsy pathology specialists performing an autopsy of a
deceased patient to confirm a clinical diagnosis or reveal
a diagnostic error, establish the course of a disease
and components of the dying process (thanatogenesis),
evaluate the effectiveness of diagnostic and therapeutic
measures, and generate mortality statistics [1].
Autopsies play a vital role in perinatal examinations,
identification of hereditary and congenital diseases, and
evaluation of subsequent pregnancy risk [2]. However,
since the 1950s, in all countries where the consent of
relatives is required for an autopsy, the number of these
procedures has been progressively decreasing, mainly
due to religious reasons, a long delay between death
and burial, and the unwillingness of treating physicians
to obtain information that may discredit their treatment
strategy [3, 4.

In addition, the development of new medical
equipment and diagnostic techniques allowed the ability to
perform radiological examinations of people after death.
Postmortem radiology was primarily used in forensic
medicine. Therefore, in the 1990s, the Institute of Forensic
Medicine at the University of Bern (Switzerland) began
actively using 3D optical technologies for scanning corpses
to better document external injuries and compare them
with the suspected weapon of infliction. Then, postmortem
computed tomography (CT) and magnetic resonance imaging
(MRI) were introduced and compared with traditional
autopsy [5]. In the United States, the Office of the Armed
Forces Medical Examiner provided postmortem multispiral
CT of dead members of the Armed Forces before autopsy to
better assess combat injuries [6, 7]. Postmortem multispiral
CT of people who died in the January 2020 earthquake in
Haiti enabled rational body sorting for adequate subsequent
autopsy [8].

Postmortem radiology is now used in many countries
as part of a forensic medical examination and an autopsy,
as reflected in the progressively increased number of
publications [9, 10]. However, there is still no consensus
on the objects (age group of patients and nature of
abnormalities), type of apparatus, location, specialty, and
qualifications of specialists performing postmortem radiology
and analyzing results.

This information is undeniably important, particularly
for those who intend to implement and perform such
examinations in their institutions, cities, or regions.
Because of its multinational and multireligious population,
postmortem radiology is essential in the Russian Federation.
Despite the relatively high level of radiology equipment in
healthcare organizations, postmortem radiology is only
used episodically in some institutions.

This paper aims to analyze the experience,
recommendations, and proposals of foreign and Russian
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experts in postmortem radiology, considering potential
opportunities and special aspects.

POSTMORTEM RADIOLOGY IN GLOBAL
AND RUSSIAN HEALTHCARE

Conditions and stages of the study

The study is based on four surveys of members of the
European Society of Pediatric Radiology (ESPR) and the
International Society of Forensic Radiology and Imaging (ISFRI)
from 2013 to 2021, postmortem radiology literature from
eLibrary and National Center for Biotechnology Information
databases (PubMed and PubMed Central), and opinions of
Russian round table participants “Thanatoradiology: Real
opportunities for organization and practical use in the
healthcare system,” which was held on October 8, 2022, in
Moscow as a part of Il Scientific and Practical Conference
of the Interregional Thanatoradiology Society “Diagnostic
radiology in pathology and forensic medicine: From
antemortem to postmortem.”

Due to the lack of consistent and generally accepted
international guidelines on organizing and using postmortem
radiology, the study analyzed literature data on surveys of
foreign experts performing such examinations [11-14].
However, it should be noted that these surveys only included
perinatal and pediatric medical institutions.

In the first survey (2013), questionnaires were
distributed to 244 ESPR members [11]. The study included
66 questionnaires from 66 corresponding institutions,
with postmortem radiological examinations performed in
47 (71%) institutions in 17 countries: Australia, Austria,
Brazil, Great Britain, Hungary, Germany, Israel, Ireland,
Canada, the Netherlands, New Zealand, Norway, USA,
Finland, France, Switzerland, and Sweden. The largest
number of responses and institutions were from the
United Kingdom (11), the United States (9), and the
Netherlands (5).

Three subsequent surveys included members of the
ESPR and ISFRI. As a result, in the second survey (2016-
2017), questionnaires were distributed to members of
the aforementioned societies from 25 institutions [12].
Responses from 20 institutions in 11 countries were analyzed:
Great Britain, Australia, USA, and Poland (three each); the
Netherlands (2); Denmark, Italy, Switzerland, New Zealand,
Canada, and Japan (one each).

In the third survey (2018-2019), questionnaires were
distributed to all 14 members of the ESPR Postmortem
Imaging Working Group and 17 members of the ISFRI
Working Group, representing 25 different institutions [13].
The analysis included responses from 11 institutions in
seven countries where postmortem radiology was used
in the perinatal and pediatric practice: Australia (3), Great
Britain (2), the Netherlands (2), Belgium (1), Switzerland (1),
New Zealand (1), and Canada (1).
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A fourth survey was conducted in 2021, with emails
sent to 22 members of the ESPR Postmortem Imaging
Working Group from 26 institutions. The analysis included
18 responses from 18 institutions in nine countries: Great
Britain (6), Australia (3), Germany (2), the Netherlands (2),
Austria (1), Belgium (1), Hungary (1), New Zealand (1),
and Canada (1). Results were published by Chambers et
al. [14].

Some questions were repeated in the above four
surveys (questionnaires), whereas others were different.
The first questions referred to objects of postmortem
radiology.

Analysis of survey results

According to the first survey [11], all stillborn children
were examined in 32% (15 out of 47) of institutions, whereas
26% (12/47) and 17% (8/47) examined all deceased newborns
and infants, respectively. Only some stillborn children (45%),
deceased newborns (49%), and infants (49%) were examined
in most institutions.

According to the second survey [12], only one-third
(35%) of institutions used postmortem radiology for all
cases of fetal and pediatric death. In the third study [13], no
institutions used postmortem radiology for all the deceased
patients. According to the fourth survey [14], all institutions
performed examinations on a case-by-case basis, with
the majority (92.9%) performed for dead newborns (age
0-28 days), infants (1-12 months), and children (1-12 yr),
followed by adolescents (age 13—18 yr; 85.7%) and fetuses
(42.9%). Postmortem radiological examinations of deceased
newborns and infants, children, and adolescents were less
common in cases of nonviolent death: 82.4%, 58.5%, and
52.9%, respectively. However, fetal examinations were
more common (76.5%) [14].

Since 2004, the Robert Kilpatrick Clinical Sciences
Building Leicester Royal Infirmary in Leicester, UK, has
regularly performed postmortem radiological examinations
for deceased newborns and children in the radiology
departments (24/7) [15].

As for the location of postmortem radiology equipment,
in the first two surveys, general clinical equipment was used
more frequently than in the mortuary, pathology department,
or forensic institution (55% vs. 45%) [12]. According to the
third survey [13], all specialists performed postmortem MRI
using equipment in clinical radiology departments, and none
of the centers surveyed had a special MRI scanner exclusively
for postmortem imaging or a scanner located in the morgue
or pathology department.

Controversial data on postmortem radiology procedures
(and equipment) were obtained. The most common response
in the first [11] and fourth [14] surveys was radiography (81%
and 100% of cases, respectively), followed by CT (51% and
88.9%, respectively), MRI (38% and 61.1%), and ultrasound
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(8.5% and 27.8%). In most fatal cases, two or more different
scanners (techniques) were used for radiological examination
of corpses, but ultrasound was performed in all cases with
radiological examination. However, in the third survey, all
participants reported only postmortem MRI [13]. There are
ongoing debates regarding who should conduct postmortem
radiological examinations and, more importantly, who will
evaluate their results. According to the second survey,
radiological examinations were performed in most cases
(65%) by a radiologist or a radiographer at a radiology
department, considerably less frequently (15%) by morgue
staff or a pathologist, and only in one institution by a forensic
medical examiner [12]. According to the third survey, such
examinations were performed in 90.9% of institutions
by a radiologist or X-ray technician and 9.1% by an MRI
specialist [13].

In terms of specialists analyzing postmortem radiology
results, the first survey mentioned a radiologist in most
cases (89%), including a pediatric radiologist (64%); in
significantly fewer cases (17%), such an analysis was
performed collaboratively by a radiologist and pathologist
[11]. According to the second survey, 45% and 40% of
responses mentioned radiologists and pathologists,
respectively [12].

Shelmerdine et al. [12] should be cited in global
literature data. This study was noteworthy because it
presented a consensus protocol for postmortem CT. An
important objective of Chambers et al. [14] was to evaluate
funding and payment systems for postmortem radiology
examinations. These aspects are undeniably important
and should be the subject of separate publications on the
characteristics of healthcare funding systems in different
countries. However, according to most participants of the
fourth survey [14], the main barrier to the widespread
implementation of postmortem radiology was the lack
of a special, nationally centralized (whenever possible)
funding source. Therefore, in 2004, the UK Department of
Health and Social Care initiated postmortem radiology of
corpses, mainly deceased fetuses and newborns, as well
as adults, to address the issue of possible autopsies being
replaced by radiological examinations [16]. Since 2010,
postmortem CT has been available in all cases of child
death in the Netherlands if parents decide to perform an
autopsy [17].

In our country, postmortem radiology is used episodically
[18-20]. However, Academician V.l. Kulakov National
Medical Research Center for Obstetrics, Gynecology, and
Perinatology has conducted its research since 2011 to
study and implement thanatoradiology (CT and MRI) into
the practice of pathological examinations of stillborn and
deceased newborns [21, 22]. Some cases of postmortem
CT use in forensic medical examination have been reported
in the Moscow region since 2018 [23, 24].
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II SCIENTIFIC AND PRACTICAL
CONFERENCE OF THE INTERREGIONAL
THANATORADIOLOGY SOCIETY
“DIAGNOSTIC RADIOLOGY IN
PATHOLOGY AND FORENSIC
MEDICINE: FROM ANTEMORTEM TO
POSTMORTEM”: KEY POINTS OF THE
ROUND TABLE

Opportunities for organization and practical use
of thanatoradiology

Due to the importance of postmortem radiology in the
Russian Federation, in October 2022, a round table discussion
was held as a part of Il Scientific and Practical Conference
of the Interregional Thanatoradiology Society “Diagnostic
Radiology in Pathology and Forensic Medicine: From
antemortem to postmortem” on the topic “Thanatoradiology:
Real opportunities for organization and practical use in the
healthcare system” [25]. The meeting was moderated by
Yu. A. Vasiliev, director of the State Budgetary Institution
“Research and Practical Clinical Center for Diagnostics and
Telemedicine Technologies” of the Moscow Department
of Health, chief freelance consultant in Radiology and
Investigations of the Moscow Department of Health.

All participants noted that in the Russian Federation, in
accordance with Federal Law No. 323-FZ dated November
21, 2011 (Article 67)," all deceased persons are subjected
to a pathological autopsy, including a mandatory autopsy
(despite the refusal) of stillborn children and children who
died up to 28 days of life. A forensic autopsy is required
if a violent death is present or suspected. Accordingly, a
pathological autopsy (Article 67, paragraph 1) aims to obtain
data on the cause of death and the diagnosis, and a forensic
medical examination (Article 62, paragraph 1) establishes the
circumstances as evidence for a specific case.

According to valid Order No. 34én of the Ministry of
Health and Social Development of the Russian Federation
dated May 12, 2010,% the type, nature, and scope of the
examination are determined by the head of the forensic
institution. It also determines specialists responsible for
performing such an examination and involved staff of expert,
scientific, educational, and other institutions. An expert
should use medical technologies approved for use in the
Russian Federation, primarily technologies and techniques
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not associated with modification, destruction, or destruction
of examined objects. Moreover, paragraph 47.8 states
that radiography is first performed (wherever technically
possible) during an external examination of a corpse to clarify
the nature and characteristics of damage or painful changes
in skeletal bones. In other words, postmortem radiography
is even recommended during a forensic examination;
however, in accordance with the above order, only for bones.
Simultaneously, according to Appendix 2 to Order No. 364n,
the standard equipment for state forensic medical institutions
includes an X-ray machine and a digital mobile X-ray system.

Selection of the most informative method
of postmortem examination

A pathological autopsy is performed by a pathologist in
accordance with Order No. 354n of the Ministry of Health
of the Russian Federation dated June 6,° 2010, whereas
histological, biochemical, microbiological, and other
necessary methods of examining individual organs and
tissues of the deceased people are considered an integral
part of the pathological autopsy. Biological material is
transferred to an appropriate structural unit of a healthcare
organization to be examined. Radiology may be one of the
procedures used for such mandatory examinations.

In 1969, a Soviet pathologist, I.I. Medvedev wrote
about the important role of radiology, particularly X-ray,
examination of a corps in guidelines for hospital anatomists
Fundamentals of pathological and anatomical technique
(Osnovy patologoanatomicheskoy tekhniki), “the X-ray
method is rarely used by pathologists, although for a long
time there are many reasons for its wide use, (...) therefore,
it can be strongly recommended to install X-ray machines
in dissecting rooms” [26]. Medvedev emphasized that X-ray
examination allows the detection of even small changes
in bone structure, bone tumors, osteochondropathies,
calcification sites, and foreign bodies. Moreover, he stated
that “the use of the X-ray method in pathology can play a
great role in the development of X-ray diagnostics” [26].

Congenital abnormalities of the skeleton, which can be
an independent defect or a manifestation of a syndrome, can
include abnormalities of the facial skull, spine, and upper and
lower extremities. In such cases, postmortem CT is the most
effective and objective tool for postmortem identification of
congenital abnormalities of bones, particularly small and
facial bones, in stillborn and deceased newborns because
of its superiority over traditional pathological autopsy [27,
28]. Accordingly, when discussing the advantages of various

! Federal Law No. 323-FZ dated November 21, 2011 on basics of health protection of the citizens in the Russian Federation. Link: https://base.garant.

ru/12191967/.

2 Order No. 346n of the Ministry of Health and Social Development of the Russian Federation dated May 12, 2010 on approval of the procedure
for organizing and conducting forensic medical examinations in state forensic institutions of the Russian Federation. Link: https://base.garant.

ru/12177987 /#friends.

% Order No. 354n of the Ministry of Health of the Russian Federation dated June 6, 2013 on the procedure for conducting pathological autopsies. Link:

https://www.garant.ru/products/ipo/prime/doc/70443162/.
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radiology methods, forensic experts named CT as a method
of first choice because it provides the best visualization of
injuries and fractures of bones, the degree of displacement
of fragments, the course of the wound canal, hemorrhages,
and foreign bodies, including bullets [29, 30]. CT also has
other important advantages in forensic medicine, such as
short examination duration and, accordingly, high throughput
of the scanner, which is particularly important for examining
bodies in cases of mass death (transport and natural
disasters, military operations, or terrorist acts), as well as
the availability of mobile CT modules to perform examination
even directly at the place of the incident. Postmortem MRl is
less popular among medical examiners than CT, although it
better visualizes soft tissues and parenchymal organs.

We believe that the choice of an examination method
should be based on the feasibility of obtaining maximum
information in each specific case. This opinion is supported
by literature data. Thus, Roberts et al. [31] found that CT is
more accurate than CT in determining a cause of death in
adult patients. Authors considered CT to have advantages,
such as better visualization of coronary artery calcifications,
hemorrhage areas, and fractures. MRl was more sensitive
in acute myocardial infarction and soft tissue pathology
[31]. According to Wijetunga et al. [32], a comprehensive
postmortem CT and autopsy revealed more lesions in
trauma deaths than either method alone, whereas Proisy
et al. [33] found strong agreement between postmortem CT
and autopsy data, with significant discrepancies detected
primarily in lung diseases. Sieswerda-Hoogendoorn et al.
[34] found a strong correlation between postmortem CT and
autopsy data in cases of violent death, with no correlation
in cases of natural death, and complete agreement between
CT with autopsy data when the cause of death could not
be determined initially. According to Krentz et al. [35], an
autopsy is often superior to postmortem CT for detecting soft
tissue and vascular changes, although CT is more effective
for visualizing skeletal injuries.

When comparing the capabilities of postmortem CT and
MRI, Arthurs et al. [36] found that MRI has higher diagnostic
accuracy than CT in examining fetuses of less than 24 weeks
of gestation and similar accuracy for older fetuses and
newborns. Authors recommend postmortem MRI to visualize
dead fetuses and children because it is the most effective
method for determining brain, heart, and kidney diseases.
Indeed, postmortem MRI allows one to determine the degree
of brain maturity and visualize congenital abnormalities and
abnormal changes [37, 38], assess the condition of lung
tissue to identify those who were live-born and children
with congenital pneumonia, assess the degree of pulmonary
hypoplasia as a component of thanatogenesis [39-41], and
determine the severity of anasarca and the volume of free
fluid accumulated in serous cavities without opening cavities
and tissue incisions [42, 43]. Thayyil et al. [44] reported in
a large prospective study that the accuracy of postmortem
MRI corresponds to the results of autopsies of dead fetuses,
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newborns, and infants and is lower when examining children
over 1 yr of age.

To summarize, postmortem CT is the most informative
method to visualize:

« traumatic, primarily mechanical, injuries, and wound
channels, particularly in areas that are technically
difficult for traditional dissection (bones and tissues of
the facial skeleton, skull base, distal limbs, and spine);

+ hemorrhages and fluid accumulations in organs,
tissues, and cavities;

« air and gas accumulations in tissues, organs, lumen of
blood vessels, and cavities;

- distinguishing dentition,
identification; and

« foreign bodies, including medical probes and catheters.

Postmortem CT is adequate for examining frozen, burned,
and putrefied bodies and corpses in mummification and
saponification. Limitations for postmortem CT include the
low efficiency of unenhanced visualization of injuries and
diseases of soft tissues, parenchymal and hollow organs,
and spinal cord lesions. To assess vessels and cavities of
the heart, including those with congenital abnormalities and
injuries, contrast-enhanced CT should be performed [45, 46].

Postmortem MRI allows the identification of injuries
and diseases of soft tissues and parenchymal organs and
the examination of the brain and spinal cord, bone bruises,
and hemorrhages. Compared with CT, postmortem MRI is
more effective for examining dead fetuses, stillborns, and
deceased newborns.

Limitations of postmortem MRI include insufficient
visualization of respiratory system injuries and diseases in
adult patients, as well as hollow organs, the gastrointestinal
tract, and long bones. MRI images are challenging to interpret
due to artifacts caused by metal elements present in the
body.

Unfortunately, CT and MRI do not allow for microscopic,
biochemical, toxicological, microbiological, virological, and
genetic examinations of tissue and organ specimens, which
are required to determine the histological picture and nature
of the tumor, causative agent of the infectious process,
impaired metabolic pathways, and poisonous substance. To
perform this, a minimally invasive autopsy is recommended,
which includes postmortem radiological examination
and needle biopsy of tissue and organ specimens for the
abovementioned examinations [47, 48]. This method has
proven effective for postmortem diagnostics and protecting
dissection staff from SARS-CoV-2 infection during autopsies
of COVID-19 patients [49, 50]. Moreover, organ or tissue
lesion visualization effectiveness also depends on age, body
weight, and tissue condition [51].

Based on our own thanatoradiology experience [52-54], we
believe that comprehensive postmortem radiology, including
CT for accurate visualization of skeletal abnormalities and
gas accumulations, MRI for tissue and organ assessment,
and contrast-enhanced CT for assessment of blood vessels

including personal
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and the heart, should be used for a complete examination
of stillborn and deceased newborns. However, radiological
procedures are currently selected due to the availability of
the corresponding equipment or the possibility of conducting
such an examination.

Selecting an institution for postmortem
examination

According to Order No. 346n of the Ministry of Health
and Social Development dated May 12, 2010,* the standard
equipment of state forensic medical institutions includes an
X-ray machine and a digital mobile X-ray system so such
institutions can perform radiological examinations.

CT and MRI require particular premises and appropriate
equipment. As for large forensic medical examination
institutions that examine living persons and dead bodies, the
optimal strategy would be creating a radiology office with a
CT and/or MRI scanner based on such an institution. Indeed,
in Switzerland, joint activities of the Institute of Forensic
Medicine and the Institute of Diagnostic Radiology at the
University of Bern led to conducting such postmortem CT
examinations since 2000 [5]. At the Department of Forensic
Medicine at the University of Copenhagen (Denmark) since
2002 and the Victorian Institute of Forensic Medicine in
Melbourne (Australia) since 2005, all incoming corpses
are subject to postmortem CT before autopsy [16, 55]. An
interesting solution is to use mobile scanners, which are
tomographs mounted on special vehicles that can be driven
to the location of a corpse [56].

In Russia, any X-ray examinations are regulated by state
sanitary and epidemiological rules and regulations, such as
SanPiN 2.6.1.1192-03, which has been in effect since May
1, 2003.° These rules establish basic requirements and
standards for ensuring the radiation safety of personnel,
patients, and the general public when conducting diagnostic,
preventive, therapeutic, or research X-ray procedures.
There are no procedures to receive additional approval
from Roszdravnadzor authorities for postmortem X-ray
examinations. This was probably one reason pathologists
participating in the above round table spoke about the need
to conduct such studies in radiology departments of those
healthcare institutions with pathology departments. Some
proposals were made regarding using a separate room
with its entrance and equipment. The above analysis of
four surveys with foreign specialists shows that the same
equipment is commonly used in clinical practice for living
patients. However, in most of these institutions, postmortem
examinations are conducted in the morning, in the evening, or
at specially designated times when there are no appointments
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with living patients; hence, the principle of separating these
flows was complied with.

Even though bodies are delivered and subjected to
postmortem radiological examination in sealed plastic bags,
SanPiN 2.6.1.1192-03 provides for mandatory wet cleaning
of walls, washing floors, and thorough disinfection of
elements and accessories of the X-ray machine, as well as
monthly full-scale cleaning by wiping surfaces of the room,
equipment, and accessories with a 1%-2% acetic acid.

Selecting a specialist for conducting
a postmortem examination and analyzing
the results obtained

As for those who should directly perform postmortem
radiological examinations, all round table participants name
radiologists, X-ray technicians, or radiotherapists. However,
the type and extent of postmortem radiological examination
before autopsy should be determined by a joint decision of a
radiologist and a dissector. Because a pathological autopsy
is performed after evaluating the medical history, which
includes clarification of the clinical course and treatment of
disease and antemortem laboratory tests and investigations,
a radiologist should also be provided with available clinical
information before conducting a radiological examination.
This is confirmed by Fernandes et al. [57], who showed that
awareness about clinical information improved the diagnostic
accuracy of traditional autopsy by 8% and minimally invasive
autopsy (including postmortem imaging and tissue sampling)
by 12%.

In forensic medicine, the algorithm for postmortem
radiological examination should be designed collaboratively
based on the examination statement or decision, considering
information on death circumstances, the postmortem period,
and an external examination of the corpse. However, in 2010,
the Republican Bureau of Forensic Medicine of the Ministry of
Health of the Republic of Tatarstan began to provide special
training in diagnostic radiology for internists and medical
examiners [58].

During the round table, Russian experts agreed that a
radiologist should also analyze and post-process images,
including 3D modeling. From a legal point of view, additional
certificates are not required for such activities, but a
radiologist should have special knowledge of patterns of
nonspecific postmortem changes in internal organs and
associated radiological signs [59, 60]. When introducing
postmortem radiology, a radiologist, pathologist, or medical
examiner should analyze images and prepare a report [61].

Some additional questions occurred when discussing
special aspects of introducing postmortem radiology in the

“ Order No. 346n of the Ministry of Health and Social Development of the Russian Federation dated May 12, 2010 on approval of the procedure
for organizing and conducting forensic medical examinations in state forensic institutions of the Russian Federation. Link: https://base.garant.

ru/12177987 /#friends.

5 Resolution No. 8 of the Chief State Sanitary Inspector of the Russian Federation dated February 18, 2003 on implementation of SanPiN 2.6.1.1192-03.

Link: https://base.garant.ru/4179018.
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Russian Federation. For example, how much postmortem
radiology data (i.e., full description or a summary conclusion)
should be presented in a pathological or forensic autopsy
report and whether particular combined protocols are
required. Most participants agreed that a separate complete
thanatoradiology report with a conclusion should be prepared
even in case of discrepancies with the macroscopic and
microscopic examination of a corpse. However, as with
clinical guidelines, postmortem radiology reports should be
unified, containing technical parameters of equipment and
scanning modes.

A separate discussion is required to determine whether
results of postmortem radiological examinations may or
should be provided to relatives upon their request and to
what extent.

CONCLUSION

Therefore, literature data and opinions of Russian
specialists indicate the feasibility and urgent need to use
postmortem radiology to make traditional autopsy more
objective and accurate. Such examination should be considered
the first stage of a pathological and forensic autopsy.

The key to effective thanatoradiological examination is
close cooperation between radiologists, pathologists, or
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MarHuTHo-pe3oHaHcHas ToMorpadusa B auarHoctmke
PeAKoro reHeTUMECKoro 3abonesaHusa — Hefgep)KaHus
nurMeHTa (cungpom bnoxa-Cynbubéeprepa) —

Ha npuMepe KJIMHUYECKOro cay4as

N.WN. Apmona’, A.B. Aumkmn', [1.A. TaHbKuk?, J1.E. ®omuna’, H.A. XaputoHosa', U.C. ¥anu',
A.A. Mywkos', M.A. bacapruna’, 0.6. Konpaxosa!'

! HaumoHanbHbI MeMLIMHCKWIA UCCel0BaTeNbCKMIA LIEHTP 310poBbsA AeTeit, Mocksa, Poccuiickas Depepaums;
2 |LInKoBCKMit nepuHaTanbHbIl LeHTp, LLEnKoso, Poccuiickas ®epnepauus

AHHOTALMA

Hepnepxanue nurMenta (cungpom broxa-Cynbubeprepa) — pepnKoe HacneAcTBeHHoe 3aboneBaHue, NposBRAloLLEecs
XapaKTEPHBIMU KOXHBIMW BbICHINAHUAMU U MOPaXEHWEM [APYrMX OpraHoB M cuCTeM. MarHUTHO-pe3oHaHcHas ToMorpadus
ABNAETCA NPUOPUTETHBLIM METO,0M AJ1S1 BU3yann3aLumn CTPYKTYPHOM NaToN0rv roloBHOMO MO3ra ¥ NPOrHo3a HEBPOJIOTMYECKOM
MaHuecTauum y pebeHka.

KnioyeBas ponb [AMarHoCTMKM 3aboneBaHMst HeLlepXaHWs MUrMeHTa MpUHALIEXMT [epMaTonory; MoATBepKaatoLuan
[MarHoCTMKa NPOBOAMTCA NYTEM MOJIEKYNAPHO-TEHETUYECKOro aHanu3a reHa IKBKG.

B npepncraBneHHOM KAMHMYECKOM HabmogeHUMM Yy HOBOPOMAEHHOW [LEBOYKM C BbICHINAHUSMU Ha KOMHbIX MOKPOBaX,
TUMWYHBIMKA  anis cuHapoMa brioxa—Cynbubeprepa, W BhissBNeHHOW Aeneuuen B reHe /KBKG npoBogmnach MarHWTHO-
pe30HaHCHas TOMorpadusa roioBHOr0 Mo3ra, rae Obiiv 0bHapyXKeHbl MHOrOYMC/IEHHbIE Oyary MLLEMMU, KPOBOW3JUSHUA
1 NopaKeHue NpoBOASALLMX NyTeil.

MarHuTHo-pe3oHaHcHas Tomorpadus rofioBHOTO Mo3ra Yy NauuMeHToB ¢ cuHapoMoM bnoxa—Cynbubeprepa ucnonb3yertcs
LN OLEHKM TSIKECTU MOpaXKeHWs BELLeCTBa MO3ra, YTO M03BOSISET 06BACHWTb MPUYMHY HEBPONOTMYECKMX CUMMTOMOB,
CKOPPEKTMPOBaTb peabunmuTaLmoHHble MEpPONPUATUSA, @ TaKKe NPOrHO3MpOBaTh pa3BuTUe pebEHKa.

KnioueBble cnosa: HegepxaHue nurMeHTa; cuHpapoM broxa—-Cynbubeprepa; MarHWTHO-pe3oHaHcHas ToMorpadus;
AereHepaums nposogAwmx nyten; reH IKBKG.
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Magnetic resonance imaging for diagnosing

a rare disease: incontinentia pigmenti
(Bloch-Sulzberger syndrome) on the example
of a clinical case

lgor I. Yarmola', Anatoly V. Anikin', Dmitry A. Gankin?, Lyubov E. Fomina',
Nataliya A. Kharitonova', Ilya S. Zhanin', Alexander A. Pushkov', Milana A. Basargina',
Olga B. Kondakova'

! National Medical Research Center for Children's Health, Moscow, Russian Federation;
2 Shchelkovsky Perinatal Center, Schelkovo, Russian Federation

ABSTRACT

Incontinentia pigmenti, also known as Bloch—Sulzberger syndrome, is a rare hereditary disease characterized by typical skin
rashes and involvement of other organs and systems. Magnetic resonance imaging stands as the primary method for visualizing
the structural pathology of the brain and predicting neurological manifestations in an affected child.

Diagnosing incontinentia pigmenti predominantly falls within the domain of dermatologists; verification is performed by
molecular genetic analysis of the IKBKG gene. This study involved magnetic resonance imaging of the brain in a patient with
skin rashes, characteristic of Bloch—Sulzberger syndrome, and deletion in the IKBKG gene, where numerous foci of ischemia,
hemorrhages, and lesions of the tracts were detected.

Magnetic resonance imaging of the brain in patients with Bloch—Sulzberger syndrome is used to evaluate the severity of
damage to the brain substance, which makes it possible to explain the cause of neurological symptoms and correct habilitation,
as well as predict the development of the child.

Keywords: incontinentia pigmenti; Bloch-Sulzberger syndrome; magnetic resonance imaging; white matted tracts
degeneration; IKBKG gene.
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BACKGROUND

Skin, hair, teeth, nails, eyes, and the central nervous
system (CNS) are all damaged by incontinentia pigmenti
(OMIM 308300: Familial male-lethal type Bloch—Sulzberger
syndrome; incontinentia pigmenti type Il). The condition
typically appears in the first few days or weeks of life.

In the global literature, 2,000 cases of incontinentia
pigmenti have been described, and the number is increasing.
The global prevalence of incontinentia pigmenti is estimated
to be 0.7 cases per million people. The incidence in Europe is
1.2 cases per 100,000 neonates [1]. Mutations in the inhibitor
of kappa B kinase gamma (/KBKG) gene at position Xq28 on
the X chromosome’s long arm cause the disorder. The gene
regulates apoptosis, cell cycle, inflammation, immunology,
and other processes [2-4].

The condition has a wide spectrum of clinical
manifestations, ranging from a mildly reduced quality of life
to deadly results. The changes in the nucleotide sequence
in the gene result in structural changes in the brain [5].
Magnetic resonance imaging (MRI) can detect anomalies,
which is useful in identifying various monogenic [6] and
multifactorial inherited disorders [7].

Incontinentia pigmenti is inherited in an X-linked dominant
trait that kills most male embryos during development. The
affected girl-to-boy ratio is 20:1.

Multiple organs and systems are involved in
incontinentia pigmenti, most of which emerge from
the ectoderm. In 100% of cases, several skin eruptions
are found. The disease is distinguished by the linear
alignment of the vesicles and pustules along the lines of
Blaschko. Patients with inconintentia pigmenti have been
documented to have alopecia, oral development anomalies,
and fingernail dystrophy. Furthermore, affected patients
are more likely to develop ocular pathologies, such as
retinal hypervascularization, which can lead to retinal
detachment if left untreated (typically occurs during the
first 6 yr of life) [8]. Strabismus, cataracts, optic atrophy,
retinal pigmentation, and microphthalmia have also
been reported. According to several authors, the CNS is
involved in 10% to 30% of cases [9], resulting in seizures
of varying severity (cases ranging from a single seizure
episode to chronic epilepsy), cognitive impairment, mental
retardation, and spastic paresis. Less common disorders
include breast aplasia, supernumerary nipples, primary
pulmonary hypertension, and leukocytosis.

Molecular genetic testing identifies IKBKG mutations, and
histological examination of the skin tissue samples is used
to diagnose the condition. There is a clinical indication [10] to
suspect pigmentary incontinence.

The treatment is symptomatic to prevent skin infections,
retinal detachment, and epileptic seizures. Dental implants
or orthodontic correction are recommended for dental
problems, whereas therapy is recommended for spastic
activity or paresis.
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A 14-day-old girl was taken to the Neonatal and Early
Age Pathology Department of the National Medical Research
Center for the Children’s Health of the Ministry of Health of
the Russian Federation.

Prenatal history

In the first and second trimesters of pregnancy, there
was a threat of miscarriage due to cytomegalovirus infection
(confirmed by polymerase chain reaction) in the first trimester;
the mother had inpatient therapy. The mother experienced
three episodes of acute respiratory virus infections in the
third trimester and herpetic eruptions twice.

The infant was delivered at 38 weeks gestation as the
second full-term spontaneous childbirth: body weight at
birth, 3,470 g; body length, 53 cm; and Apgar score: 9/9.

The post-natal condition was satisfactory. Extensive
exanthema covered the entire body, including the trunk, face,
and limbs (Figure 1). The eruption had been removed from
the scalp. The laboratory results were age-appropriate; the
inflammatory indicators were not present.

The general condition began to deteriorate on Day 4:
cyanotic spots appeared on the limbs; the skin was icteric,
with a grayish hue; the breathing became weakened, with a
tendency to tachypnea; low blood oxygen saturation (Sp0,:
81%-95%) was determined; hyperexcitability at examinations
and depressed consciousness at rest were observed; upper
and lower limb muscles were hypertonic; and head lag as
well as seizures were demonstrated.

Fig.1. Vesicles aligned with the lines of Blaschko.
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Laboratory data showed the following changes: blood pH
reduced to 7.242, blood lactate increased to 6.4 mmol/L, and
HCO, decreased to 16.7 mmol/L (metabolic acidosis).

Dermatological examination revealed that the skin lesions
had receded and that linear brown-to-light pink pigmentation
had appeared, which had turned to hypopigmentation
during the follow-up. Bloch—Sulzberger syndrome was the
preliminary diagnosis.

Molecular genetic testing was run to identify exons 4-10
deletion in IKBKG: multiplex allele-specific polymerase chain
reaction with primers as described by Haque et al. [11] was
used. The findings revealed heterozygous deletion of IKBKG
exons 4—10 in patients with the Bloch—Sulzberger syndrome,
as published in the Human Gene Mutation Database
Professional. This frequent mutation in incontinentia pigmenti
occurs in 65% of patients [12].

On Day 4, the girl's condition was assessed as
moderately severe due to the syndrome of CNS depression.
Neurosonography revealed extensive ischemia abnormalities
in the brain parenchyma and numerous focal changes in the
parasagittal and periventricular areas.

On Day 7, an MRl indicated large areas of tiny focal lesions
in the cerebral hemispheres, with secondary involvement
of the corpus callosum and the corticospinal tract. The
findings were interpreted as the result of repeated ischemic
strokes induced by incontinentia pigmenti (Bloch—Sulzberger
syndrome).

DISCUSSION

Bloch—Sulzberger syndrome is caused by a genetic
abnormality that increases the sensitivity of cells developing
from ectoderm to cytokine effects, resulting in apoptosis
[13]. The skin and its derivatives (nails, hair, and teeth) and
the nervous system are formed from the ectoderm. Disease
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symptoms commonly arise within the first 10 days of life.
Because the disease stage at birth varies, the previous
stages are assumed to occur in utero.

The disease manifested in the described patient in a
typical manner during the first days of life, beginning with
linear skin eruptions, which later experienced incremental
modifications in accordance with the disease pathomorphosis
and were accompanied by neurological symptoms.

Multiple small (min. 2 mm) restricted diffusion lesions
were found in the deep white matter, in and under the
cortex, in the corpus callosum, posterior limb of the internal
capsule, cerebral peduncles, along the corticospinal tract,
and other tracts (Figure 2). Changes in the spinal pathways
can be interpreted as either direct injury from incontinentia
pigmenti or an early indicator of Wallerian degeneration (pre-
Wallerian condition). The latter is characterized by spinal tract
injury caused by neuron death and the degradation of the
myelin sheath [14]. Small patches of restricted diffusion were
regarded as tissue necrosis (infarctions).

There are reports in the literature of minor focal brain
infarctions caused by injury to the walls of small and
medium-sized arteries, resulting in microhemorrhages
and thrombosis. There have also been reports of extensive
bilateral hemorrhagic necrosis cases with broad brain tissue
damage [15].

Among the numerous lesions in the presented instance, the
brain MRI revealed single regions with hemorrhagic features
compatible with ischemia (Figure 3a). This suggests that not
all ischemia foci were accompanied by bleeding. Although
necrotic areas eventually turn into encephalomalacia areas,
some areas with minimal damage may recover entirely
and even be consistent with the normal structure of brain
matter in MRI [16]. The hyperintense signal was seen in the
cortical area and at the gray/white matter interface in the
frontal and parietal lobes in T1-weighted images (T1-WI)

Fig. 2. Diffuse-weighted brain images in the axial plane: (g) the arrow shows the hyperintense signal from the spinal tracts in the brain
peduncles and (b) multiple lesions and involvement of the corpus callosum.

DAl https://doiorg/10.17816/DD430154

388


https://doi.org/10.17816/DD430154

CASE REPORTS

Vol. 4 (3) 2023

Digital Diagnostics

Fig. 3. Magnetic resonance imaging (MRI) of the brain: (a) susceptibility-weighted images (the arrows show microhemorrhages) and (b)
T1-weighted images (the arrows indicate hyperintense areas of the cortical necrosis).

(Figure 3b). These areas resemble cortical necrosis, which
occurs after ischemia damage to the cortex, resulting in
monocyte infiltration and phagocytosis of cell fragments in
the damaged structures. T1 images are hyperintense due to
deposits of denatured protein of the dead cells and/or lipid-
loaded macrophages [17].

Furthermore, histologically validated cases of
inflammatory changes of the arachnoid mater and the brain
with eosinophilic infiltration in patients with incontinentia
pigmenti have been documented, mimicking infection-related
damage without evident vascular disorders [18].

First, an MRI-based differential diagnosis is made
for encephalitis and neonatal hypoxic—ischemic damage.
Encephalitis is distinguished by alternating short and long
areas of hyperintense signal in T2-WI with possible restricted
or hyperintense diffusion, whereas incontinentia pigmenti
is distinguished by chaotic small-lesion damage primarily
localized in the white matter. The perinatal ischemia image
corresponds to brain structural development patterns; full-
term neonates generally have periventricular leukomalacia,
basal ganglia damage, or violations that follow the artery
patterns. Differential diagnosis of embolic stroke is complex
and requires a comprehensive approach, with medical history
collection and patient examination.

Vesicular rash and neurological signs may be mistaken
for manifestations of herpes infection. In this case, MRI
results, typical skin eruptions with evident stages of
pathomorphosis, and a negative test for herpes infection
should prompt clinicians to consider incontinentia pigmenti.

CONCLUSION

Because the skin eruptions are specific and follow clear
stages, a dermatologist is essential in identifying incontinentia

DAl https://doiorg/10.17816/DD430154

pigmenti. The molecular genetic test for IKBKG mutations is
also important in diagnosis.

Brain MRl is the first imaging tool to assess brain matter
injury when patients with Bloch-Sulzberger syndrome
develop neurological symptoms. This method is safe for
dynamic follow-up and enables objectively assessing
rehabilitation potential, correcting the rehabilitation plan, and
predicting the child’s development.
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KOMI‘IbI'OTepHaH TOMOI'paq)MSI B AMAarHoCTukKe
JINXOPaAKM HeACHOro reHe3a: onucaHuve ciayyvyas

10.0. LLymckas', H.B. Koctukosa?, [I.A. Axmen3saHosa', M.M. CyneiiMaHoBa?,
E.B. ®oMuHbIxZ, M.[. MHauakaHsH?, P.B. PewweTHukoB'

! Hay4HO-NPaKTUYECKNIA KIMHUYECKUIA LLEHTP AMarHOCTMKM 1 TeNeMeMUMHCKIX TexHonorui, Mocksa, Poccuiickas ®epepauns;
2 Mepsblit MOCKOBCKMIA rocyapCTBEHHbIN MeAULMHCKUIA yHuBepcuTeT uMeHn WM. CeuenoBa (CedeHoBCKuiA YHMBEpCUTET),
Mocksa, Poccuiickas Qepepauvs

AHHOTALIMA

Mof MacKoli NMXxopajKu HeACHOro reHesa MoryT MpoTekaTb bonee fAByxcoT 3aboneBaHwi. M03MTPOHHO-3MUCCUOHHAA TO-
Morpadusi, COBMELLEHHAsA C KOMMbIOTEPHOK ToMorpaduent, SBnseTca MHOOPMaTUBHBIM, HO He BCEraa AOCTYMHLIM METO[0M
LMarHOCTUKW NpUYMH JIMXOPAJKM HEACHOro reHesa. B faHHoOI paboTe npeAcTaBneH Ciyyait NaLUMEHTKM C JIMXOPaAKOW He-
ICHOrO reHesa, Y KOTOpoi AaHHble KOMMbIOTEPHOW TOMOrpadui cbirpany KIKYeBYH posib B AUAarHOCTUKE MMraHTOKIETOYHOMO
apTepuuTa.

MaumeHTKa, 61 rog, c anobamu Ha NoBLILLEHME TeMMepaTyphl TeNa B BeuepHue Yackl fo 39,5°C, 6onm B npekapananbHom
1 MeXJI0naToyHoit 0bnactsx, CHUXeHWe Maccol Tena Ha 10 Kr 3a 3 Mecsua. B pamkax anddepeHumnansHo-aUarHoCTUYECKOro
MOUCKa UCKIIoUeHbl MHBEKUMOHHbIE U nuMdonponudepaTuHble 3aboneBaHus. Kak npuumHa nuxopafiku HEACHOrO reHesa
paccMaTpuBasICs 3PO3WBHbLINA KOMUT, PaHEE BbISABNEHHbIN MPW SHLOCKONUYECKOM UCC/Ie0BaHUM, N0 NOBOAY Yero NaLMeHTKa
Bbina rocnuTanuavpoBaHa B racTpo3HTeposioruyeckoe otaeneHue. [py NoBTOPHOI KONOHOCKONWM Habntofanack HopManbHas
3HAOCKONMYecKas KapTuHa. Mo AaHHBIM KOMMbloTepHoW ToMorpadum opraHoB rpyAHOW KIETKU U BPIOLLHOW MOnoCTH C BHY-
TPUBEHHBIM KOHTPACTUPOBaHWEM BbISIBIEHO BbIPaXKEHHOE YTONLLEHME CTEHOK aopTbl M €€ BETBEW C aKTUBHBIM HAKOMJIEHUEM
KOHTPACTHOrO BELUECTBa, YTO SBJIANOCH OTPaXKEHWUEM BbICOKOAKTUBHOMO apTepunTa. B pamMKax fononHutensHoro obcnenosa-
HWA UCKIIOYEH cneumduyeckuii aptepumt. [lnarHo3 chopMynmMpoBaH Kak MMraHTOKIETOUHbI apTepUUT C NopaxeHneM bpa-
xvouedansHoro CTBosa, MOLKIYUYHBIX apTepUi, YpeBHOMO CTBOMA. MaLMeHTKe Ha3HayYeH NpeLHU30SIOH C MOCNeayoLLMUM
PerpeccoM KJIMHUYECKON CUMMTOMATUKM.

HecMoTps Ha To, 4To KoMMbloTepHas ToMorpadus He SBSETCA 30/10TbIM CTAaHAAPTOM B OMArHOCTUKE NIMXOPAAKU HESICHO-
ro reHesa, NpUMMeHeHWe AAHHOrO METOAA B PaMKax KOMIIEKCHOrO 0bCiej0BaHUA MO3BOSIUIO YCTaHOBUTb OKOHYATENbHBIN
AMarHo3 MauMeHTKEe C HEKNTAaCCMYECKUM TEYEHWEM TUTraHTOKNIETOYHOMO apTepUMTa U AJMTENBHO CYLLECTBYHLLEH NMXOPaaKou
HeACHOro reHesa.

KnioueBble cnoBa: nMxopagka HEACHOTO reHe3a; KOMMbloTepHas TOMOrpadus; rMraHTOKETOYHbIA apTepuuT; OnucaHue
cnyyas.
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Computed tomography in the diagnosis of fever
of unknown origin: A case report

Yuliya F. Shumskaya', Nina V. Kostikova?, Dina A. Akhmedzyanova', Maria M. Suleymanova’,
Ekaterina V. Fominykh?, Marina G. Mnatsakanyan?, Roman V. Reshetnikov'

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

ABSTRACT

Fever of unknown origin can be a symptom of at least 200 diseases. Positron emission tomography-computed tomography,
although highly informative, may not be readily available as an imaging tool. We present a clinical case of giant cell arteritis
where computed tomography played a key role in arriving at a diagnosis.

A 61-year-old woman presented to the hospital with a nocturnal fever up to 39.5°C, accompanied by chest and scapular
pain, and substantial weight loss (10 kg over 3 months). Lymphoproliferative and infectious diseases were excluded.
Baseline colonoscopy had revealed erosions in the colonic mucosa, leading to a preliminary diagnosis of ulcerative colitis,
and subsequently, the patient was admitted to the gastroenterology department. Follow-up colonoscopy had excluded this
diagnosis. Additional imaging via chest and abdominal computed tomography scan revealed wall thickening of aorta and its
branches with subtle contrast enhancement.

Conditions, such as tuberculous aortoarteritis and syphilitic aortitis, were excluded. The patient was diagnosed with giant cell
arteritis involving brachiocephalic trunk, subclavian arteries, and celiac trunk. Prednisolone was administered with subsequent
reduction in symptoms.

Although computed tomography may not be regarded as the gold standard for the differential diagnosis of fever of unknown
origin, this case underscores its valuable contribution in establishing a definitive diagnosis.

Keywords: fever of unknown origin; tomography; X-ray computed; giant cell arteritis; case report.
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BACKGROUND

Over 200 disorders can produce fever of unknown
origin (FUO) [1]. Infections, noninfectious inflammatory
conditions (e.g., systemic lupus erythematosus and systemic
vasculitis), and malignant disorders are the most common
(2, 3]. Furthermore, up to 50% of FUO cases go untreated
[4, 5]. Most clinicians find the diagnostic search challenging
because the disorders that might induce FUO are so diverse.
A time-consuming diagnostic search results in longer
inpatient stays, which increases the risk of hospital-acquired
infections and medical examination costs [6].

Diagnostic search and differential diagnosis procedures
include positron emission tomography—computed tomography
(PET/CT), computed tomography (CT), and ultrasound scan
(US). The procedure is chosen depending on the symptoms and
likely involvement of the systems and organs [7]. According to
a retrospective study [4], PET/CT provided the best informative
value in establishing the final diagnosis in 54% of patients with
FUO. In contrast, detecting rheumatic diseases and infections
with fever as the only symptom does not necessitate this costly
and limited-available technology. Alternative imaging methods
are more appropriate in this case.

This study presents a case of giant cell arteritis with
an unusual course that did not affect the temporal artery.
With a diagnosis of ulcerative colitis and a long-term fever,
the patient was referred for additional diagnostics, and the
decisive evidence for the final diagnosis was established with
CT with intravenous contrast. This case report was prepared
in line with CARE guidelines [8].

CASE REPORT

Patient

In November 2020, the 6é1-year-old female patient
was admitted to the Gastroenterology Department of the
Clinical Center at the Sechenov First Moscow State Medical

Fig. 1. Thoracic computed tomography scan (August 2020); axial plane: the red arrows show (a) subsegmental compression atelectasis
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and (b) mild pleural effusion.
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University (Sechenov University UCH1) with complaints of
general weakness, febrile body temperature up to 39.5°C in
the evenings, pain in the pericardiac and interscapular areas,
and a 10-kg weight loss over the previous 3 months.

Disease

The patient was generally well in August 2020, but she
began experiencing daily elevations in body temperature
to 38.5°C-39°C, followed by muscular and joint pain.
Antipyretics had no effect; therefore, the patient was
admitted to the Infection Department inpatient unit and
received antibiotics and oral and intravenous detoxification
medications. The medication improved the overall condition,
although the subfebrile body temperature continued in the
evenings. The thoracic CT scan revealed modest effusion in
the pleural cavities, bilateral bands of peribronchovascular
thickening, small subsegmental compression atelectasis in
the basal regions of both lungs, and elevated hemidiaphragm
(Figure 1).

Upper gastrointestinal tract esophagogastroduodenoscopy
revealed no abnormalities. A colonoscopy revealed erosive
lesions of the descending colon, sigmoid, and rectum
mucosa. The histology of the colon biopsy samples revealed
catarrhal colitis. Abdominal CT with intravenous contrast
(Figure 2) showed several abdominal lymph nodes (para-
aortic and superior mesenteric lymph nodes, up to 10-mm
short-axis diameter) during the patient’s stay in the Infection
Department inpatient unit.

The findings were classified as lymphadenopathy, and the
patient was referred to a hematologist in September 2020.
A bone marrow trephine sample was conducted, followed by
histological examination; no indication of the hematopoietic
system was identified. Compared with the earlier scan in
August 2020 (see Figure 1), follow-up thoracic CT (Figure 3)
revealed effusion resorption from the pleural cavities and
partial regress of hypoventilatory changes in the basal parts
of the lungs. Otherwise, no significant changes were found.
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Fig. 2. Abdominal computed tomography scan with intravenous contrast (September 2020); axial plane: the red arrows show intraperitoneal

lymph nodes.

Fig. 3. Thoracic computed tomography scans (September 2020); axial plane: the red arrows show (a) the area with partial regression of
the hypoventilation changes and (b) lack of pleural effusion.

The patient was hospitalized in the inpatient unit several
times in November 2020 for body temperature rises to 39°C
in the evenings and copious nocturnal sweating. Ulcerative
colitis was suspected as a cause of fever in the context of the
colonoscopy results from August 2020. Due to the positive
PCR test for COVID-19, the patient was discharged from
the inpatient unit and advised to continue the examinations
once she was convalescent. The patient was also given a
mesalazine medication at 4 g/day for ulcerative colitis, which
worked well. However, after experiencing persistent fevers,
the patient terminated the product without visiting a doctor.

The patient was sent to a coloprotologist in November
2020 after two consecutive negative COVID-19 swabs; the
outpatient examination revealed fecal calprotectin increased
to 213 pm/g (N: max. 50 pm/g). The patient was hospitalized in
the Gastroenterology Department of Sechenov University UCH1
for examination and a decision on further treatment tactics.

Physical examination, laboratory tests,
and investigations

The primary physical examination in the department
showed an increased body temperature of 37.5°C, pallor of

DOl https://doi.org/10.17816/DD472068

the skin and visible mucosae, rales in the posterior basal
part of the left lung, tachycardia at 98 bpm, and moderate
abdominal tenderness in the periumbilical area. The
peripheral pulses remained intact and adequate. The rest of
the show was unimpressive.

The laboratory studies revealed a significant increase in
nonspecific inflammatory markers (Table 1).

The abdominal US scan revealed no lymphadenopathy or
inflammation in the liver, pancreas, and biliary ducts. The
patient had a follow-up fibro colonoscopy, which showed

Table 1. Pretreatment inflammatory markers measured during
hospitalization

Parameter N November | December
24, 2020 01, 2020

Erythrocyte
sedimentation rate 1-20 71 55
(mm/h)
Fibrinogen (g/L) 1.8-4 10.16 10.97
C-reactive protein .
(mg/L) 0-5 119 130
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that the colon and distal jejunum mucosae were in the same
condition. The histological examination of the biopsy samples
of the colon mucosae failed to find any evidence of structural
and inflammatory changes.

Because there was no evidence of ulcerative colitis, the
patient with FUO and high levels of nonspecific inflammatory
markers was tested for the extractable nuclear antigens
panel, which revealed no Jo-1, RNP/Sm, Scl-70, Sm, SS-A
(Ro), SS-B (La), pANCA, or cANCA.

The follow-up thoracic and abdominal CT with iv.
contrast showed pleural thickening in the apical area of the
lungs; aortic wall thickening up to 5 mm and lamellar, poorly
defined contours of the aortic wall were remarkable, and they
actively accumulated the contrast agent. Similar changes
were visualized in the brachiocephalic trunk, subclavian
arteries, and celiac artery walls. In addition, fibromuscular
dysplasia of the renal arteries was discovered. The CT
findings were consistent with active arteritis.

Diagnosis
Based on the findings, the differential diagnosis was carried

out for giant cell arteritis or specific arteritis. Because of the
patient's age and atypical aortic lesion, Takayasu's arteritis

Vol. 4 (3) 2023
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was overlooked. The syphilis serology test came out negative.
The patient also consulted a tuberculosis specialist and had
a T-SPOT.TB test, the result of which was consistent with
functional incompetence of lymphocytes. A rheumatologist
reviewed the examination results and diagnosed the patient
with giant cell arteritis involving the aorta, brachiocephalic
trunk, subclavian arteries, and celiac artery. Anti-inflammatory
therapy was started with 60-mg/day prednisolone, which was
co-administered with the antituberculosis medication of 0.3-g/
day isoniazid + 0.03-g/day pyridoxine hydrochloride.

Changes over time and outcomes

The patient was advised to have 18F-FDG PET/CT to
evaluate the length of arterial lesions, but she refused due
to the significant clinical improvement with glucocorticoids.

A good response was noted while on therapy—the fever
subsided; chest pain and overnight sweats did not return;
and a trend toward normalized laboratory results was
demonstrated (ESR { to 42 mm/h; CRP { to 16 mg/L; and
fibrinogen  to 6.76 g/L). Subjectively, the patient experiences
improved general health and normalized appetite. At
discharge, complaints of weakness and palpitations related
to physical exertion or emotional distress persisted.

Fig. 4. Thoracic and abdominal computed tomography scan with i.v. contrast (November 2020): the red arrows show changes in the walls
of the brachiocephalic trunk and subclavian arteries (a, axial plane); aortic wall thickening (b, axial plane); lamellar image if the aortic
walls with contrast accumulation (c, sagittal plane); and occlusion of the celiac artery mouth (d, sagittal plane).
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The patient had a follow-up appointment after 3 months.
The general condition was satisfactory, with no complaints,
and the therapy with 4-mg/day methylprednisolone was
ongoing.

DISCUSSION

The case report highlights how challenging it is to establish
the diagnosis in patients with large vessel involvement who
mainly present with FUQ. Our patient arrived with nonspecific
symptoms, such as increased body temperature, weight
loss, asthenia, autonomic nervous system problems, and
pain syndrome, but she lacked characteristic temporal
arteritis signs. Furthermore, the patient exhibited no signs
and symptoms of vascular insufficiency, which could have
suggested large vessel vasculitis, contributing to the delayed
diagnosis. Moreover, abnormalities associated with ulcerative
colitis were discovered during a colonoscopy and biopsy
sample analysis, which was regarded as a likely cause of FUO
and for which the patient was referred to a coloproctologist
and was hospitalized in the Gastroenterology Department.
However, the absence of gastrointestinal symptoms initially
hampered the diagnosis of ulcerative colitis. Given the above,
the patient had a follow-up colonoscopy, tissue samples
were collected, and their analysis revealed no indication of
colon inflammation.

The literature describes less than 10 cases of ulcerative
colitis onset accompanied by isolated FUO without any relevant
colon symptoms. A 71-year-old patient with ulcerative colitis
was treated with FUO alone without any gastrointestinal
problems. The final diagnosis was based on the PET/CT
scan that revealed increased 18F-FDG accumulation in the
colon walls, indicating active inflammation [9]. Soliman et
al. [10] presented another example of Crohn's disease, an
inflammatory bowel disease (IBD), in a 29-year-old patient
with long-term persistent fever and mild gastrointestinal
symptoms. The thickening cecum wall was visible on the
abdomen CT scan; the diagnosis was later confirmed by
colonoscopy and tissue biopsy.

In our case report, we interpreted historical data on colon
mucosa lesions as the outcome of reactive colitis as part of
a systemic inflammatory response that did not originate in
the colon. It was indicated by the resolution of inflammation
with short-term therapy with 5-aminosalicylic acid products.
Interestingly, some patients are diagnosed with an IBD after
the diagnosis of giant cell arteritis has been established. A
prospective study by Yavne et al. [11] showed that patients
diagnosed with giant cell arteritis often have a secondary
diagnosis of an IBD, such as Crohn's disease or ulcerative
colitis (hazard ratio: 2.63; p < 0.001). As a result, doctors
should be on the lookout for the beginning of an IBD in
patients with giant cell arteritis.

There were no studies that compared the value of CT with
PET/CT in diagnosing FUO. CT provides several advantages,
including shorter scan duration, high availability, a lower
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cost, and a lower radiation dose. In our case report, it was
CT with iv. contrast that provided decisive evidence for the
final diagnosis. A similar case was described by Schafer et al.
[12]: a 79-year-old patient presenting with FUQ, underweight,
and elevated inflammatory markers underwent thoracic and
abdominal CT with iv. contrast, which showed thickened
aortic walls and major aortic branch walls; the temporal
artery was intact. The temporal artery remained unchanged
despite thicker aortic walls and major aortic branch walls.
Giant cell arteritis was diagnosed in the patient. Later, PET/CT
was used to rule out cancer, and glucocorticoid medication
was started, which had a beneficial effect. Al Nuaimi et al.
[13] also described a 63-year-old patient with recurrent
fever, rapid weight loss, and high inflammatory markers
who unexpectedly developed recurrent vision loss episodes.
He was referred to an inpatient care facility for a brain MRI,
which revealed an MRI presentation compatible with an
ischemic stroke of the right occipital area. Later, the patient
had a thoracic and abdominal CT scan with i.v. contrast was
visualized to identify the cause of FUO and diffuse thickening
of the aortic walls and primary aortic branch walls with
contrast accumulation. An ultrasound examination was
performed, followed by a temporal artery tissue examination,
because giant cell arteritis was suspected. As a result, giant
cell arteritis involving the temporal artery was confirmed.
The lesion length was measured by '®F-FDG PET/CT, and
glucocorticoid medication was started, which had a positive
effect [13]. However, CT may not always entirely or partially
substitute PET/CT to diagnose giant cell arteritis. For example,
Grazioli-Gauthier et al. [14] described giant cell arteritis
with an atypical course, with FUQ as the most prominent
symptom. In a 73-year-old patient with fever and increased
acute inflammatory markers, thoracic and abdominal CT was
inconclusive; thus, PET/CT was performed. PET/CT revealed
minimally active inflammation in the ascending aorta.
Metabolic activity was visualized in the ascending colon (later
colonoscopy ruled out bowel diseases). The temporal artery
tissue investigation was used for the final diagnosis [14].

In contrast to the examples in the literature, where the
diagnosis was based on PET/CT and/or temporal artery tissue
examination, we relied on CT with iv. contrast to diagnose
giant cell arteritis. It was feasible due to the increased
activity and spread of inflammation and the disease’s typical
trajectory without temporal artery involvement.

CONCLUSION

Several key conclusions can be drawn from the case
report. Giant cell arteritis may cause a fever of unknown
origin (FUO) and have an unusual course without the temporal
artery involvement, hindering the correct diagnosis. CT with
intravenous contrast may aid in diagnosing arteritis, including
giant cell arteritis with temporal artery involvement. In some
cases, CT with intravenous contrast may be an alternative to
PET/CT in the diagnostic search for the cause of a FUO.
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XpOHUYECKUU NULLEBOAHDbIA CBULL,
KaK peAKas NpU4YMHA BTOPUYHOrO OCTEOMMENUTA
rPyAHOro otaesia N03BOHOYHMKA

B.A. 3aps, [1.B. laBpunos, M.E. MakoroHoBa, A.P. Ko3ak, A.A. BUuluHeBCcKum

CaHKT-IMeTepbyprekuin HayuHo-UCCNef0BaTENbCKMIA MHCTUTYT dTU3UoNynbMoHonoruuy, CaHkT-Tletepbypr, Poccuiickas Oepepaums

AHHOTALINA

NHbekumoHHble 3aboneBaHns NMO3BOHOYHWKA MPeACTaBNAT coboii BocnanuTeNbHble AECTPYKTUBHbIE 3abonieBaHus opraHa
W €ro CTPYKTYPHbIX 3/IEMEHTOB B pe3y/bTaTe MHOMLMPOBAHUS FreMaToreHHbIM, TMMQOreHHbIM UM KOHTAKTHBIM NMYTEM, B TOM
uucne MOryT ABNATLCS OCNOMHEHUEM XUPYPrUYECKOr0 BMeLLITeNbCTBA. [1pn NocTaHOBKe [AUarHo3a KpaiiHe BaHO OLEHMBATh
B COBOKYMHOCTM aHaMHE3, KITMHWUYECKYI0 KapTUHY, a TaKKe AaHHble IabopaTopHbIX UCCNeA0BaHUA U IYYEBONA AMArHOCTUKM.
B paboTe npencTaBneH KIMHUYECKUIA Cry4alt BTOPUYHO pa3BuBLLEroca cnoHamnmuta no3soHkoB ThVII-ThVIII scneacteue nu-
LeBoAHoro ceuwa. Mpu nepeUYHON AMArHOCTUKE CMOHAMAWUT CBA3ANIW CO CMIMHAMNBHOW aHecTesWeid, KoTopas NpoBOAMNIach
3a 6 MecsiLeB [0 Hayana 3aboneBaHus, TaK Kak MMen MecTo CBULLEBOW AedeKT Ha KoKe B NOSCHUYHOM obnactu. o aTomy
MoBOJYy TPWK bl NPOBOAMIMCL ONEPATUBHbIE BMELLATENbCTBA B XUPYPIMYECKOM CTaLMOHape Mo MecTy XUTeNbCTBa. [laHHble
3H[,0CKOMMYECKOro UCCNe0BaHNSA W Xanobbl NALMEHTKW Ha CBSA3b MEXAY NPUEMaMM MULLM, NOABNEHUEM Bonel 1 xapaKTe-
POM OTZENSEMOr0 U3 CBULLA He bW NPUHATHI BpadyaMu U3HaYanbHO BO BHUMaHMe. C MoMOLLbio A0NONHMTENBHOTO 0bcne-
L0BaHNA, BKIIOYAIOLLET0 KOMMLIOTEPHYH TOMOrpauio NULLEBOAA C NepopanbHbIM KOHTPACTUPOBAHWEM M KOMIbHOTEPHO-TO-
Morpaduyeckyio puctynorpaduio, bbin yCTaHOBMIEH OCHOBHOM AnarHo3 «CBWLL NULLEeBOAa», @ CMOHAMANT rPYLHOr0 OTAeNa
M03BOHOYHMKA OKa3ascs MMLLb BTOPUYHBIM OCNIOXKHEHUEM.

TakuM 06pa3oM, OKOHYaTeNbHBIM AWarHo3 Npu bonsx B CiMHE, 0BYCNOBNIEHHBIX HE TObKO WHGWLMPOBAHWEM, HO W SIBNISIO-
LUMXCS OCTIOXHEHWUEM XWUPYPrMYECKOro BMeLLATeNbCTBa, JOMKEH (OPMYNMpoBaTLCa nocne npoBefeHus auddepeHLmansHoi
AMarHOCTUKM C anbTepHATUBHBIMU 3300N1eBaHUAMU NO3BOHOYHMKA.

KnioueBble ciioBa: 0CTEOMUENIUT; CMOHAMIIUT; CBULL, NULLEBOAA.
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Chronic esophageal fistula as a rare cause
of secondary osteomyelitis of the thoracic spine

Valeriya A. Zarya, Pavel V. Gavrilov, Marina E. Makogonova,
Andrey R. Kozak, Arkadiy A. Vishnevskiy

Saint-Petersburg State Research Institute of Phthisiopulmonology, Saint Petersburg, Russian Federation

ABSTRACT

Infectious diseases affecting the spine are inflammatory destructive diseases that involved the organ and its structural
elements as a result of infection by hematogenic, lymphogenic, or contact pathways, including may be a complication of
surgical intervention. In arriving at an accurate diagnosis, it is extremely important to evaluate the anamnesis, the clinical
picture, as well as the data of laboratory studies and radiation diagnostics in the aggregate.

This article presents a clinical case with the development of secondary ThVII-ThVIII vertebral spondylitis due to esophageal
fistula. At the initial diagnosis, spondylitis was associated with spinal anesthesia performed six months prior to onset of the
disease, as there was a fistulous defect on the skin in the lumbar region. Consequently, surgical interventions were performed
three times in a surgical hospital at the place of residence. The data from the endoscopic examination, as well as the patient’s
complaints regarding the relationship between meals, the appearance of pain, and the nature of the discharge from the fistula
were not taken into account by doctors initially. With the help of an additional examination, including computed tomography
of the esophagus with oral contrast and computed tomography fistulography, the main diagnosis was esophageal fistula.
Thoracic spondylitis was only a secondary complication.

Thus, the final diagnosis of back pain and fistula in the lumbar region should be formulated after differential diagnosis with
alternative diseases of the spine.

Keywords: osteomyelitis; spondylitis; esophageal fistula.
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BACKGROUND

Spinal infections are inflammatory destructive disorders
of the spine and its structural components (vertebral
bodies, intervertebral discs, ligaments, and intervertebral
joints). They can be caused by any bacterial agent due to
a hematogenous, lymphogenous, or contact infection, or
they can be surgical complications (e.g., postoperative and
iatrogenic infections) [1].

Spondylitis can be infectious or non-infectious (aseptic).
Infectious spondylitis is caused by bacterial, fungal, or
parasitic invasions. Spondylitis can cause hematogenous
(septic) or contact infections [2-4], as well as postoperative
(iatrogenic) complications [5-8]. Some authors reported
that spondylitis caused by esophageal perforation can
spread posteriorly, resulting in secondary damage to
cervical or thoracic vertebrae. For example, Janssen et al.
[9] presented cervical and thoracic spondylodiscitis cases
caused by esophageal perforation in patients with a history
of esophageal cancer who underwent combination therapy.
Some of these patients had a recurrence of esophageal
fistula after previous nonsurgical and surgical treatment.
The authors also reported a female patient who ingested
and independently retrieved a toothpick 2 months before the
onset of spondylitis, which was accompanied by an epidural
and paravertebral abscess. According to Fonga-Djimi et
al. [10], an esophageal perforation caused by a foreign
body (a toy car wheel) was worsened by mediastinitis and
spondylodiscitis. Wadie et al. [11] presented a clinical case of
a child with cervical spondylodiscitis and paravertebral soft
tissue phlegmon caused by pin ingestion, which resulted
in perforation of the posterior pharynx at the level of the
laryngeal aperture. Van QOoij et al. [12] described a female
patient with cervical spondylitis caused by a fish bone trapped
in the esophagus.
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When an infection spreads to the chest, it causes
empyema, pericarditis, and mediastinitis. As a result
of spondylitis, empyema and pericarditis may reoccur.
Infections of the anterior thoracolumbar and lumbar spines
can result in subdiaphragmatic abscess, peritonitis, and
psoas abscess.

Appropriate treatment of infectious spondylitis requires
an accurate diagnosis of the etiology and pathogen. The
use of X-ray diagnostics is important in the diagnosis of
spondylitis. However, X-ray results do not guarantee that the
nature and etiology of the infection are accurately identified.
Thus, it is necessary to consider the medical history, clinical
presentation, laboratory findings, and X-ray findings when
diagnosing.

This study presents a rare secondary thoracic spine lesion
caused by a chronic esophageal fistula.

CASE REPORT

Patient

The patient is a 42-year-old female. Back pain and
lumbar fistula complaints initially appeared 3 yr ago.
According to the medical history, the patient received spinal
anesthesia for a cesarean section 6 months prior. The
patient experienced fistula relapses approximately three to
five times a year. At the presentation, a magnetic resonance
imaging (MRI) revealed bony and fibrous ankylosis ThVIl-
ThVIII (Figure 1), which could indicate both spondylitis in
remission and contact spinal infection.

At different outpatient facilities, the patient had surgery
(fistulotomy and abscessotomy) three times. The surgical
specimen contained hemolytic streptococcus susceptible to
amoxiclav, ampicillin, cefotaxime, vancomycin, doxycycline,
and meropenem. The patient received targeted antibiotic
medication with no effect. Before admission to the

Fig. 1. Thoracic spine MRI: (a) STIR mode, sagittal plane; (b) TTWI mode, sagittal plane; and (c) TIWI mode, coronal plane. The arrows

indicate bony and fibrous ankylosis ThVII-ThVIII.

DAl https://doiorg/1017816/DD430128
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Fig. 2. Lumbar spine MRI: (a) soft tissue mode, axial plane, and (b) soft tissue mode, coronal plane. The arrows indicate the right psoas

muscle abscess.

Fig. 3. (a) CT esophagography with oral contrast, coronal plane and (b and c) CT fistulography, multiplanar reconstruction (MPR),
coronal and sagittal plane. The arrows indicate the fistula tract from the esophagus to the right paravertebral space, from the ThVII

to the ThX level.

St. Petersburg Research Institute of Phthisiopulmonology,
a computed tomography (CT) revealed symptoms of prior
spondylitis ThVII-ThVIII and a right-sided psoas abscess
(Figure 2).

During the additional history taking, the patient reported
an association between his food intake (mostly liquid food),
the onset of pain, and the type of discharge from the lumbar
fistula tract. Due to these symptoms, a CT esophagography
with oral contrast revealed a fistula tract at the ThVII level
extending from the esophagus to the right paravertebral space
up to the ThX level and loculated empyema on the right. An
additional CT fistulography was performed to determine the
length of the fistula tract, with a contract solution (iopromide
370) injected into the lumbar fistula located on the right at
the LIl level. The CT fistulography revealed a fistula tract
extending from the right psoas major muscle to the ThVIl
level. The fistula tract linked with the esophageal lumen
at the same level, where the contrast agent was visible
(Figure 3).

A follow-up thoracic and lumbar spine MRI performed
in the hospital revealed stable changes in the ThVII-ThVIII
vertebral bodies and bhilateral paravertebral abscesses
(Figure 4).

DAl https://doiorg/1017816/DD430128

All laboratory findings were unremarkable, except for
the erythrocyte sedimentation rate (30 mm/h). To determine
further treatment strategy, an esophagogastroduodenoscopy
(EGD) was performed, which revealed a fistula tract along the
left posterior wall, up to 0.5 cm long, bordered with esophageal
epithelium and covered by granulation tissue. The diagnosis of
an esophageal fistula in the middle third was confirmed. A post
hoc analysis of earlier EGD findings showed that the observed
esophageal defect had previously been identified and classified
as a diverticulum. However, this information was not taken into
consideration in other outpatient facilities.

Thus, a multidisciplinary team made the following
diagnosis based on the clinical and X-ray findings:
esophagopleural fistula of the lower third of the esophagus.
On the right, there is chronic loculated empyema. Chronic
contiguous osteomyelitis ThVII-ThVIIl with a fistula. The
patient was sent to the thoracic surgery department for the
excision of an esophageal fistula.

DISCUSSION

Spondylitis infections can be caused by various
factors, including dental caries, ENT infections, phlegm,
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Fig. 4. Thoracic and lumbar spine MRI: T2WI mode, coronal plane. Bony and fibrous ankylosis ThVII-ThVIIl and paravertebral abscesses

(arrows) on the left (a), with air bubbles on the right (b).

and endocarditis. Structural damage to the spine can be
caused by hematogenous or contact infections, including
penetrating injuries, such as iatrogenic injury. Given the
available data, the following questions arise: why was the
therapy ineffective, and was the primary cause spondylitis
or esophageal fistula?

A history of epidural anesthesia is the main reason
supporting infectious spondylitis as the primary process. In
such cases, epidural anesthesia is administered at the LIlI-
LV level. The affected vertebrae in our case are significantly
higher. Another factor suggesting spondylitis as the causative
cause is a paravertebral abscess on the left (contralateral
to the esophageal fistula). Simultaneously, there was
no explanation for the severe inflammatory changes in
paravertebral tissues. This clinical presentation of spondylitis
is not typical. In general, vertebrae are more affected than
soft tissues around them. Furthermore, the patient denied
any esophageal injury that may lead to a fistula.

Another factor suggesting an esophageal origin of the
process was a fistulous contact between the paravertebral
abscess and the esophagus (fistula tract diameter up to
5 mm). Endoscopy revealed an esophageal diverticulum
and an intact esophageal wall (which was not involved in
the inflammatory process); the fistula was bordered by
esophageal epithelium. Moreover, the patient associated the
pain syndrome with food intake, and the discharge from the
lumbar fistula tract resembled previously ingested food or
drink.

The long-term disease makes determining the primary
process impossible. Considering all available data,
esophageal perforation is proposed as the leading cause,
followed by spondylitis and paravertebral abscess. Despite
the patient denying any esophageal injury, the endoscopic
results are most consistent with an esophageal injury caused
by an ingested foreign body (such as a fish bone).

DAl https://doiorg/1017816/DD430128

CONCLUSION

The cause of the pathological process (esophageal fistula)
was unknown, and the patient was treated symptomatically
(surgery and antibacterial medication) while in the hospital.

The availability of several modern imaging and surgical
procedures does not eliminate the need for a thorough history
taking and clinical presentation examination.

Previous diagnoses should be reviewed for compliance
with diagnostic criteria in cases when appropriate therapy
is ineffective.

Differential diagnosis is critical for systematically
assessing possible alternative diagnoses before concluding.

The common logical fallacy of post hoc ergo propter
hoc (a false conclusion that confuses co-occurrence with
causality) should also be considered.
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lpeuusmoHHas 6paxuTepanusa paka npeacraTenbHOM
ene3sbl noa KoutponeM MCMA-peuentopHoM
MOJIEKYNIAPHOU BU3YaNU3aLUM

M.B. Ceupupos', N1.0. Pymsaxues?, M.B. flertapes®, C.C. Cepxenro®, [1.5. Caunn™*,
C.B. Crbipos!, [1.10. Arnbanos', C.B. KopeHes®

! MeauumHckmit ueHTp «foktop Mntoc», 06HMHCK, Poccuiickas Qepepauns;

2 [pynna KMHUK «Molt MeaMUMHCKWIA LeHTp», CankT-MeTepbypr, Poccuiickas ®epnepaums;

% HaumoHanbHbIi MeAMLMHCKWIA UCCTIe[loBaTENLCKUI LIEHTP 3HAOKpUHOMOrM, Mocksa, Poccuiickas Qenepauns;
* HaumoHanbHbIA MeMUMHCKWIA UCCNe0BaTENbCKMA LIeHTP paauonorui, 0BHUHCK, Poccuiickas Qenepauns;

5 banTuiickuit heaepanbHbIi yHuBepcuTeT uMenn Mmmanyuna Kawxta, Kanununrpag, Poccuiickan ®enepaumst

AHHOTALIUA

OpHMM 13 MeTOJO0B NEYEHMS JIOKANM30BaHHOTO paKa NpencTaTenbHON enesbl 6e3 NpU3HaKOB NpopacTaHus Kamncynbl JKe-
Ne3bl U B OTCYTCTBUM NPU3HaKOB MeTacTa3oB (cTapmus cT1-T2NOMO) senseTca bpaxutepanus ¢ UMMIaHTaLMEN MUKPOMCTOY-
HMKOB Ha OCHOBe M30Tona '2’l. MeTofbl CTPYKTYpHOW BU3yanusaumu (ynbTpasByKOBOE WCCNe[0BaHWe; KOMMbITEPHas To-
Morpacdwms, KT; MarHuTHo-pe3oHaHcHas ToMorpagus, MPT) He 0651afaloT BbICOKOI cneunduyHocTbio B anddepeHLmanbHoi
AVArHoCTUKe paka npeacTaTeNbHoi xenesbl. [MbpuaHbIe TEXHONOTWM y4eBoi BU3yanu3aumun (04HOPOTOHHAA IMUCCUOHHAS
KOMMbloTepHas ToMorpadms + KoMnbtoTepHas Tomorpadms, OO3KT/KT; no3uTpoHHo-3M1CCHOHHAs ToMorpadus + KOMMbIo-
TepHas Tomorpadus, M3T-KT; no3uTpoHHO-3MUCCHOHHas ToMorpadus + MarHUTHO-pe3oHaHcHas ToMorpadms, M3T/MPT) co-
YeTaloT B cebe JOCTOMHCTBA BbICOKOM YyBCTBUTESIBHOCTH KPOCC-CEKLMOHHBIX METOZ0B CTPYKTYpHOM Buayanusauum (KT n MPT)
1 BbICOKOM cneuuduyHoCTM MeTOA0B MoneKynsapHoii Busyanusaumm (0O3KT, M3T) ¢ TyMopoTponHbIMM paanodapMaLeBTUYe-
CKWUMM JIEKApCTBEHHBIMM MpenapaTtamu.

B AaHHoI paboTe Ha 7 KNMHMYECKUX HabNOLEHMSX TOKaSM30BaHHOTO paKa npeacTaTenbHoi enesbl (WKana MucoHa 6—7)
MOKa3aHo, YTO MPELM3MOHHOCTb HU3KOA03HOM BpaxuUTEPaniM MUKPOMCTOUYHMKAMM 12| IOKaNM30BaHHbIX KapUMHOM NpeacTa-
TENbHOM JKenesbl, PaBHO KaK M MpULENbHOM bruoncuu, MoxeT BbiTb MOBbILLEHA NpU UCMONb30BaHUW TMOPULHBIX METOAOB
MCMA-peuenTopHoi (npocTtatcneunduyecknii MeMOpaHHbIA aHTUreH) MonekynapHoi Busyanusaumu (OO3KT/KT, NIT/KT).
MeToa O®3KT/KT 6onee goctyneH, yem M3T/KT, u npu Hanuummu xonoaHbix HabopoB (HYNIC-PSMA) no3sonsieT BbIMOHATb
uccnenoBaHue B Noboi nabopaTtopum pasuoM30TONHON AMArHOCTUKM, PacnonaraoLLei COOTBETCTBYIOLMMI CKaHEPaMK.
WNHHoBaumoHHas TexHonorvs NCMA-HaBuraumMoHHol buoncun u bpaxutepanuu NoA KOHTPOAEM rMOpUAHOKA MoNEKYNSApHOM
BM3Yya/in3aLmMu MOXET NPUMEHSATBLCA NPU MEPBUYHBIX M PELMAMBHBIX ClyyasX JIOKaAM30BaHHOTO paKa NpeAcTaTesibHoN Je-
nesbl, YBENUYMBAET TOYHOCTb M CHUMAET TPaBMaTMYHOCTb MpoLiefyp, NOBbILIAET MeAUKO-3KOHOMUYECKYI0 3hdEKTUBHOCTL
HM3KO/I03HOM BpaxuTEPanun MUKPOUCTOUHMKaMN 2],

HeobxoanMbl aanbHemlume UCCNe0BaHUA A1S COBEPLLEHCTBOBAHMUSA TEXHONOMMU U OLLEHKM OTAANEHHBIX Pe3yNbTaToB neye-
HWS Ha MHOTOYMUCNIEHHO FpyNne NaLWEeHTOB.
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Precision low-dose brachytherapy of prostate cancer
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ABSTRACT

Brachytherapy with implantation of micro sources based on isotope '?| is a preferred treatment for localized prostate
cancer without signs of germination of the gland capsule and in the absence of signs of metastases (stage cT1-T23aNOMO).
Structural imaging methods (ultrasound, computed tomography, and magnetic resonance imaging) do not have high
specificity in the differential diagnosis of prostate cancer. Hybrid technologies of radiation imaging (single-photon emission
computed tomography/computed tomography, positron emission tomography/computed tomography, and positron emission
tomography/magnetic resonance imaging) combine the advantages of high sensitivity of cross-sectional structural imaging
methods (computed tomography and magnetic resonance imaging) and high specificity of molecular imaging methods
(single-photon emission computed tomography and positron emission tomography) with tumorotropic radiopharmaceuticals.
In this original clinical study, based on seven observations of localized prostate cancer (Gleason 6-7), it was shown that
the precision of low-dose brachytherapy using '?°I micro sources of localized prostate carcinomas, along with targeted
biopsy, can be increased using hybrid methods of PSMA-receptor molecular imaging (single-photon emission computed
tomography/ computed tomography, positron emission tomography/ computed tomography). The single-photon emission
computed tomography/ computed tomography method is more accessible than positron emission tomography/ computed
tomography. Moreover, when coupled with cold kits (HYNIC-PSMA), it allows research within any radioisotope diagnostics
laboratory equipped with single-photon emission computed tomography/ computed tomography. The innovative technology
of PSMA-navigation biopsy and brachytherapy, under the control of hybrid molecular imaging, can be used in primary and
recurrent cases of localized prostate cancer, increases the accuracy and reduces the traumatic nature of procedures, and
increases the medical and economic efficiency of low-dose brachytherapy with '2I micro sources. Further research is
needed to improve the technology and evaluate its long-term results.

Keywords: brachytherapy low-dose rate precision; '°l; prostate-specific membrane antigen; PSMA; single-photon emission
computed tomography / computed tomography; positron emission tomography / computed tomography.
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BACKGROUND

Prostate cancer is the second most common malignant
neoplasm in males and the fifth most common cause of death
in the world [1]. Screening for prostate cancer based on the
level of prostate-specific antigen (PSA) in the blood increases
the number of prostate carcinomas detected at an early stage,
significantly improving the prognosis of patient survival [2].

One method for treating localized prostate cancer without
signs of capsule germination and without metastases (cT1-
T2NOMO) is brachytherapy with implantation of '%|-based
microsources [3-8].

In brachytherapy, the radiation dose is achieved by spatial
distribution of microsources during implantation in the
projection of primary prostate carcinoma guided by computed
tomography (CT) or ultrasound (US). Implanted microsources
are fixed in the tissue, protecting surrounding healthy tissue
from irradiation. Simultaneously, safe irradiation borders
(2-3 mm) along the periphery of microsources do not
lead to side irradiation of risk organs, such as the urethra,
bladder, and rectum, which are inevitably affected during
prostatectomy, external beam radiation therapy, and high-
dose brachytherapy. Some studies of prostate cancer patients
at low and moderate risk of tumor recurrence showed better
tumor ablation than external beam radiotherapy [4, 5]. The
effectiveness of low-dose brachytherapy in patients with
localized prostate cancer (pT1-2NOMO) is at least noninferior
compared with any other current treatment method, whereas
patient tolerability and quality of life are significantly higher
[9]. While in the early 2000s, low-dose brachytherapy was
combined with external beam radiation therapy for boosting
in @ moderate risk group, in recent decades, this method has
been used more frequently [10].

The brachytherapy method has several advantages,
including its low invasiveness (puncture technology), the
ability to control the process of installing microsources using
structural imaging methods (ultrasound and CT), and the low
frequency and low severity of adverse effects [11].

Hybrid radiation imaging technologies, such as single
photon emission CT combined with CT (SPECT/CT), positron
emission tomography combined with CT (PET/CT), and
positron emission tomography combined with magnetic
resonance imaging (PET/MRI), combine the high sensitivity
of cross-sectional structural imaging methods (CT and MRI)
and high specificity of molecular imaging methods (SPECT
and PET) with tumor tropic radiopharmaceuticals (RPs).

Prostate-specific membrane antigen (PSMA) in humans
is encoded by the FOLHT gene, which is involved in folate
metabolism. It is a zinc-containing transmembrane
glycoprotein produced in prostate epithelial cells and known
as N-acetyl-L-aspartyl-L-glutamate peptidase or glutamate
carboxypeptidase Il. Its expression is significantly higher in
malignant cells and closely related to tumor aggressiveness,
particularly in castration-resistant and metastatic prostate
cancer [12].
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PSMA-receptor molecular imaging techniques (SPECT and
PET) provide additional advantages in determining tumor stage
and selecting targets for precision biopsy and brachytherapy
of prostate carcinoma [13]. PET/CT with %8Ga-PSMA-11
and '"®F-PSMA-1007 and SPECT/CT with *™Tc-HYNIC-
PSMA (small-molecule PSMA inhibitors) are accessible in
Russian clinical practice. The latter appears highly promising
because of its greater availability (significantly more SPECT/
CT scanners than PET/CT scanners), easy operation, lower
cost, and technological advantages to ensure high precision
in biopsy and brachytherapy of localized prostate cancer.

CASE REPORTS

Patients

The study examines treatment outcomes in seven patients
aged 65-84 yr (mean: 73 yr; 95% confidence interval [95%
Cl], 66.8—79.2]) with histologically diagnosed prostate cancer
who underwent brachytherapy using '?I-based microsources
at the Doctor-Plus clinic in Obninsk, Kaluga region, Russia.
All patients had histologically confirmed prostate carcinoma
with no signs of regional and/or distant metastases. Five
patients had primary tumors. Another two patients had
local tumor recurrence in 21 and 28 months after receiving
brachytherapy with '%|-based microsources. The tumor
stage in two patients was TINOMO, whereas the stage in
four patients was T2NOMO. The stage in one patient was
T3aNOMO. In the other case, the patient refused the proposed
surgical treatment, which included combined external beam
radiation and androgen deprivation therapy.

The Gleason score was 6 (3 + 3) in five cases and 7 (3 + 4)
in two cases. Before brachytherapy, blood PSA levels ranged
from 2.8 to 12 ng/mL (mean: 8.2 ng/mL).

Methods

Patients with local tumor recurrence were treated with
interstitial radiation therapy using '%|-based microsources
in the first stage. The time to progression ranged from 12 to
29 months (24.2 [95% Cl, 17.8-30.5]).

Clinical examination included standard measurement of
serum PSA levels. A venous blood sample was collected in the
morning under fasting conditions and prepared in accordance
with study protocols. Serum PSA levels were measured
using a chemiluminescent immunoassay (sensitivity limits:
0.008-30.0 ng/mL).

Transrectal ultrasound diagnostics was performed using
a B/K Medical scanner (USA) to determine the prostate
volume and residual urine. Uroflowmetry was performed to
assess the maximum volumetric urine flow rate.

In the excretory phase, a pelvic CT with intravenous
contrast enhancement (Omnipaque 350 mg/mL, 30 mL)
was performed to better visualize the anatomy of organs
at risk using a Somatom Scope multidetector (32 slices) CT
scanner (Siemens, Germany) with subsequent data transfer
for planning interstitial radiation therapy.
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A radionuclide study with “™Tc-HYNIC-PSMA was performed
using a General Electric Discovery NM/CT 670 hybrid scanner.
The finished RP was administered intravenously with a vent visor
(intranasal control) at a 6.3 MBg/kg b.w rate. A pelvic area was
scanned 2 h after RP administration using a SPECT/CT gamma
camera; 60 projections with 30-s exposures per projection,
matrix 256 x 256. CT data acquisition parameters were as
follows: tube voltage, 120 kV; current (modulated), 80-400 mA;
slice thickness, 3.75 mm with 1.25-mm reconstruction; and
couch increment, 1 mm. The resulting 3D SPECT/CT image was
analyzed using the General Electric Xeleris 4DR data workstation.
The identified prostate lesions of focal RP accumulation were
indicated on a schematic PI-RADS prostate sector map.

Without anesthesia, a US-guided biopsy was performed
transperineally (using SPECT/CT data with #™c-HYNIC-
PSMA) with a Promag 2.0 biopsy needle and gun. If required,
a CT-guided biopsy of the prostate gland and seminal vesicles
was performed under spinal anesthesia through pararectal
access. Histological biopsy specimens were examined in
pathological laboratories with Gleason score determination.

Planning and conducting brachytherapy
with 'l sources

Topometry and dosimetry planning were performed for
pre-implantation planning using a VariSpeed dosimetry
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planning system (Varian, USA). That system allowed
the DICOM format images of different modalities to be
combined.

12%|-based microsources were implanted under a CT
guide using a Siemens Somatom Scope (Germany) using a
3D stereotactic machine with a hole increment of 2.5 mm to
perform targeted brachytherapy. Under spinal anesthesia, the
procedure was performed via pararectal access.

Figure 1 shows an example of pre-implantation
brachytherapy planning using 'l sources. Crosses
indicate virtual holes in the stereotactic array, which fully
corresponds to the array implanted in a patient. Red dots
indicate microsources, whereas colored lines indicate
isodose distribution.

125 microsources in the form of grains (BEBIG LLC, Russia)
were used for interstitial implantation. Each source measured
4.5 mm in length and 0.8 mm in diameter. According to the
comprehensive examination results and dosimetry planning,
the number of sources was ordered individually for each
patient (Table 1).

Brachytherapy requires bowel preparation and antibiotic
therapy. Spinal anesthesia with lidocaine/bupivacaine was
administered to relieve pain.

The implantation was performed in accordance with
2014 recommendations [12]. During control scans and

nnnnnnn

Fig. 1. Stages of dosimetry planning of brachytherapy localized prostate cancer using '’ microsources considering SPECT/CT with *™Tc-
HYNIC-PSMA: (a) topometric marking and (b) topometric marking and dosimetry planning of brachytherapy.
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Table 1. Demographic data and clinical and morphological characteristics of patients

Tumor Prostate Planned number Planned number
Ade® vr : volume/ Localization of 15| of %]
g9e%y Stage, | Primary case | Gleason | prostate tumor | in pancreas® |microsources/length | microsources/length
TNM? or relapse® | score volume, mL of procedure® of proceduref
Patient 1 . Right lobe TZa 60 60
BLyearsold 1ZNOMO  Primary 7 (h+3) - A0/40 (mid) 75 min 75 min
Right lobe
Patient 2 . TZa (apex), 60 20
79 years old T2NOMO Primary 6G+3) 38/15 Left lobe 75 min 25 min
TZp (mid)
Right lobe
, TZa (apex),
Patient 3 TINOMO  Primary  6(3+3)  36/14 Left lobe 0 32
73 years old 87 min 45 min
PZpl (base)
PZpl (mid)
: Right lobe 20
Patient 4 TINOMO  Relapse  7(+3)  38/15 TZp, PZpl 60 25 min
68 years old 75 min
(base)
Patient 5 Right lobe 70 30
70 years old TZNOMO Relapse 6G+3) 30115 PZpl (mid) 87 min 40 min
Patient 6 . Right lobe 90 30
65 years old TINOMO Primary T+3) 6015 TZa (mid) 112 min 40 min
Right lobe
_ TZa (apex),
Patient 7 TINOMO  Primary  6(3+3)  78/78 Left lobe 32 90
69 years old 45 min 112 min
PZpl (base)
PZpl (mid)

Note. PSMA, prostate-specific membrane antigen; PZpl (mid/base), posterior zone (middle/basal part); SPECT/CT, single photon emission computed
tomography combined with computed tomography; TZa (mid/apex), anterior transition zone (middle/apical part); TZp (mid), posterior transition zone

(middle part).
3Age of patients at the time of treatment.

bUICC, 8th ed. (https://oncology.ru/specialist/treatment/thm/thm8_summary.pdf).

‘Method of primary treatment.

‘International standard.

#Without tumor visualization using SPECT/CT.
fUnder PSMA/SPECT/CT guide.

reconstruction of the resulting images, the placement of 12|
microsources was visually monitored.

Patients were discharged 1 day after brachytherapy and
were able to return to normal activities within 3-5 days.
None of the patients required bladder catheterization or
epicystostomy. Mild difficulty urinating was relieved using
alpha-blockers in generally accepted doses. There were no
reports of early or late radiation effects.

The duration of the brachytherapy procedure depended
on the number of implanted '%I microsources and ranged
from 25 to 112 min (mean: 51.7 min), which was 34.8% less
than the average estimated time (79.4 min) using a standard
procedure (without PSMA-SPECT/CT guide).

No severe complications were observed in the early and
long-term post-procedure periods (mean: 24.5 months). Mild
dysuric symptoms were reported in two patients for several
post-procedure days, but they did not require catheterization
or drug therapy and resolved spontaneously.

DOI: https://doiorg/1017816/DD340815

Case report 1

Patient Zh., 84 years old, was admitted with prostate
cancer (PSA of 20 ng/mL; adenocarcinoma, Gleason 7
[4 + 3]). On October 9, 2020, CT-guided interstitial radiation
therapy with 'l microsources and pararectal access was
performed using SPECT/CT data. PSA levels were 0.16 ng/
mL 2 yr later, indicating tumor remission. PSA was 0.1 ng/
mL on January 14, 2023.

Figure 2 shows SPECT/CT data with *™Tc-HYNIC-PSMA.

Case report 2

Patient Z., 79 years old, was admitted with diffuse prostatic
hyperplasia. PSA level was 4.5 ng/mL. No abnormal lesions
were found in the prostate tissue using ultrasound, TRUS, and
contrast-enhanced MRI. SPECT/CT with **™Tc-HYNIC-PSMA
revealed 15-mm? sites of RP accumulation in the prostate
tissue (Figure 3). Because rectal amputation made US-guided
prostate biopsy impossible, a targeted CT-guided biopsy
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2mm 1.375:1 /0.6sp
iFOV 50.0 cm
150.38

Fig. 2. Patient Zh., 8 years old, SPECT/CT with *™Tc-HYNIC-PSMA,
axial projection: Site of radiopharmaceutical accumulation in the
transition zone of the middle part of the right prostate lobe.

was performed pararectally. A morphological diagnosis was
adenocarcinoma, Gleason 6 (3 + 3).

On January 28, 2021, '| sources were implanted
pararectally under a CT guide. In the follow-up examination,
PSA levels were 0.2 ng/mL (September 2022) and 0.1 ng/mL
(January 14, 2023).

In this case, two problems were revealed: an unknown
cause of increased PSA over time and the inability to perform
a targeted prostate carcinoma biopsy under US guide. Both
problems were successfully resolved using hybrid SPECT/
CT with ”™Tc-HYNIC-PSMA followed by CT-guided RP
accumulation site biopsy, and precision brachytherapy was
performed with a smaller number of '?| microsources due
to the SPECT/CT pattern.

Case report 3

Patient K., 73 years old, was admitted with diffuse
prostatic hyperplasia, urinary retention, an epicystostomy,
and a 12.7-ng/mL PSA. A multisite biopsy performed under

1.:"‘5:! 1.0sp
SFOVOUN cm
_17 &R
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2mm 1.375:1 /0.6sp
iFOV 50.0 cm
135.25

Fig. 3. Patient Z., 7 years old, SPECT/CT with **Tc-HYNIC-PSMA:
Sites of radiopharmaceutical accumulation in transitory zones of
both lobes at the border of the middle third and the apex of the
prostate gland.

US guide revealed no evidence of malignant development.
SPECT/CT data with ?Tc-HYNIC-PSMA are shown in Figure 4.
SPECT/CT revealed a 14-mm? site of RP accumulation in the
prostate tissue. A CT-guided targeted biopsy was performed
using pararectal access. A morphological diagnosis was
adenocarcinoma, Gleason 6 (3 + 3).

On November 28, 2020, CT-guided focal implantation
of 12| sources was performed pararectally. Transurethral
resection of the intravesical component was performed, and
the epicystostomy was removed. The follow-up examination
(November 28, 2022) showed a PSA level of 0.13 ng/mL,
spontaneous urination, and 15-cm? residual urine.

In this case, problems were as follows: inability to
identify the cause of elevated PSA, a “large” volume of the
prostate gland, and epicystostomy. Considering data on RP
accumulation patterns and biopsy results, we were unable
to successfully solve these problems and perform successful
focal brachytherapy using a hybrid diagnostic use of RP CT-
guided biopsy.

Fig. 4. Patient K., 73 years old, SPECT /CT with #™Tc-HYNIC-PSMA, (a) frontal and (b) axial sections: Sites of radiopharmaceutical
accumulation in the anterior part of the transition zone in the apex of the right lobe, posterolateral part of the peripheral zone at the level
of the base of the left lobe, and posterolateral part of the peripheral zones at the level of the base and middle third of the left lobe of the
prostate gland; physiological accumulation of radiopharmaceuticals in the bladder.
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Im: 280
DFOV 40.5 cm
STND

1.2mm 1.375:1 /0.6sp
SFOV 50.0 cm.
25.62

Fig. 5. Patient F., 68 years old, SPECT/CT with #™Tc-HYNIC-PSMA:
Sites of radiopharmaceutical accumulation at the border of the
central zone and the posterolateral part of the peripheral zone on
the right side at the level of the base of the right prostate lobe.
The scan visualizes multiple rods in the prostate gland, implanted
during previous brachytherapy.

Case report 4

Patient F., 68 years old, was admitted with prostate
cancer, T3a, which had spread to the prostate gland capsule.
In 2013, %I sources were implanted into the prostate tissue
and the extracapsular area. PSA has increased since the end
of 2020. SPECT/CT was performed using *"Tc-HYNIC-PSMA
due to an increased PSA level of 0.95-2.8 ng/mL after the
previous treatment (Figure 5). SPECT/CT revealed a 15-mm?
site of tumor tropic RP accumulation, which was biopsied
under the CT guide. A histological diagnosis was prostate
adenocarcinoma, Gleason 6 (3 + 3). Dosimetry planning
for low-dose brachytherapy was performed using SPECT/
CT. On November 03, 2021, ' microsources were re-
implanted according to topometric markings to implement
the dosimetry plan. The PSA level was 0.05 ng/mL during the
follow-up examination (January 23, 2023).

1.2mm 1.375:1 /0.6sp

SFOV 50.0 cm
7

Fig. 6. Patient G., 70 years old, SPECT/CT with **™Tc-HYNIC-PSMA:
Site of radiopharmaceutical accumulation in the posterolateral part
of the peripheral zone of the middle part of the right prostate lobe.
Multiple rods in the prostate gland were implanted during previous
brachytherapy.
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In this case, SPECT/CT with *"™Tc-HYNIC-PSMA allowed
for a precision biopsy, which confirmed the local recurrence
of prostate cancer and subsequently enabled brachytherapy
to be repeated (salvage) under the CT guide.

Case report 5

Patient G., 70 years old, was admitted with prostate cancer
(diagnosed in 2005), T2a, adenocarcinoma, Gleason 6 (3 + 3).
CT-guided brachytherapy was successfully performed in 2005.
The PSA level has increased (1.94-2.31 ng/mL) since 2017.
Because of this growth, ultrasound, TRUS, CT, and contrast-
enhanced MRI were performed; no data for a local recurrence
or another cause of PSA growth were obtained. When the
PSA level reached 2.63 ng/mL, SPECT/CT with *™Tc-HYNI-
PSMA was performed (Figure 6). Results showed a 15-mm?
site of RP accumulation, and a targeted biopsy of a recurrent
prostate carcinoma lesion was performed based on its SPECT/
CT location. Adenocarcinoma was confirmed histologically,
Gleason 6 (3 + 3). On March 10, 2020, a brachytherapy with
reimplantation of '?°| microsources was performed. The
follow-up examination (December 2022) showed a PSA level
of 0.21 ng/mL.

In this case, SPECT/CT with ""™Tc-HYNIC-PSMA
enabled prostate carcinoma—targeted biopsy and precision
brachytherapy.

Case report 6

Patient M., 65 years old, was diagnosed with benign
prostatic hyperplasia. Due to an increased PSA level of
4.5 ng/mL, a US-guided multifocal biopsy was performed
with no histological evidence of cancer. A repeat biopsy
was performed 3 months later and revealed no malignant
tumor. SPECT/CT with #™Tc-HYNIC-PSMA revealed a site
of RP accumulation in the prostate tissue (Figure 7). A CT-
guided targeted biopsy was performed, and the following
diagnosis was morphologically confirmed: adenocarcinoma,

1.2mm 1.375:1 /0.6sp
SFOV 50.0 cm
-102.50

Fig. 7. Patient M., 65 years old, SPECT/CT with #™Tc-HYNIC-
PSMA: Site of radiopharmaceutical accumulation in the transition
zone (at the border of the middle third and the base) of the left
prostate lobe.
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Fig. 8. Patient M., 69 years old, PET/CT with 68Ga-PSMA-11:
Sites of radiopharmaceutical accumulation in the prostate gland,
multifocal tumor.

Gleason 7 (4 + 3). When planning low-dose brachytherapy
using '?I microsources, SPECT/CT data were entered into
the dosimetry planning system. On October 4, 2020, the
focal implantation of 'l microsources was performed
under a CT guide using pararectal access based on data
on local isotope accumulation in the prostate tissue. The
follow-up examination (January 2023) showed a 0.11-ng/
mL PSA level.

Case report 7

Patient M., 6 years old, had an increased PSA level of
6.8 ng/mL and underwent a multifocal prostate biopsy at a
local clinic. The diagnosis was confirmed morphologically as
adenocarcinoma, Gleason 6 (3 + 3), based on data from the
transitory zone of the right prostate lobe. Adenocarcinoma
elements were not found in other prostate biopsy specimens.
Considering MRI evidence of changes in the same zone,
implantation with 30 '2| sources with a 32-cm® volume was
proposed.
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SPECT/CT with #™Tc-HYNIC-PSMA revealed diffuse focal
RP accumulation under the base of the bladder. PET/CT with
68Ga-PSMA-11 was additionally performed to more accurately
visualize prostate lesions. PET/CT revealed multiple sites of
RP accumulation in the prostate gland, indicating that the
tumor was multifocal (Figure 8). Implantation planning was
adjusted to include the total volume of the prostate gland
(78 cm?) using 90 "I microsources (instead of preliminary
30 microsources).

On February 25, 2022, implantation was performed for
the total volume of the prostate gland. The initial prostate
volume for brachytherapy was 32 cm®. PET/CT revealed a
volume of 72 cm?® for implantation. The PSA level decreased
to 0.31 ng/mL within a year after brachytherapy.

Changes in PSA levels in all patients included are shown
in Figure 9.

All patients are under clinical supervision and have
regular follow-up examinations.

DISCUSSION

A biopsy of prostate lesions is required to confirm the
diagnosis and select a management strategy. This procedure
is often performed under a US or MRI guide [14-15]. Because
radiological structural diagnostics methods (ultrasound, CT,
and MRI) do not always visualize lesions of the primary
tumor, traumatic multifocal biopsies are often required [15].
False-negative biopsy results are reported in up to 49% of
cases. If blood PSA levels increase, a biopsy is repeated [16].
A repeat biopsy is typically performed within 3 months after
the initial [16]. Conventional diagnostic methods (ultrasound,
CT, and MRI), particularly multiparametric MRI, visualize
structural abnormalities but do not differentiate between
benign and malignant tumors or assess the borders of a
malignant tumor and its multifocal nature [15-17].
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Fig. 9. Changes in prostate-specific antigen levels in individual patients.
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The morbidity and false-negative results of conventional
prostate biopsy can be reduced with PSMA-receptor imaging
guidance using SPECT/CT and/or PET/CT [18-21].

For prostate carcinomas with a low and moderate risk
of recurrence (Gleason <7), no growth beyond the organ
capsule, and evidence of metastases, brachytherapy with
125 microsources is the least traumatic of all recommended
treatment options, demonstrating not only high effectivity but
also high quality of life [22].

Molecular imaging methods (SPECT and PET) combined
with cross-sectional imaging (CT and MRI) differentiates
between lesions of malignant prostate tumors with high
expression of PSMA receptors and benign structural
lesions. As a result, it is possible to perform a US-guided
targeted biopsy of positive lesions (considering molecular
imaging data) and accurately plan and provide CT-guided
brachytherapy.

The paper presents original clinical experience proving the
feasibility of precision biopsy and brachytherapy of localized
nonmetastatic prostate cancer (pT1-3NOMO) guided by PSMA-
receptor molecular imaging (SPECT/CT with #™Tc-HYNIC-
PSMA and PET/CT with Ga-PSMA-11). Topometric marking
and dosimetry planning of brachytherapy of tumor lesions
using 2| microsources was also based on the above hybrid
molecular imaging data. As a result, topometric imaging of
prostate carcinoma lesions enabled us to accurately plan and
perform brachytherapy while reducing radiation exposure to
healthy tissue and surrounding adjacent organs at risk, hence
improving the patient’s quality of life after treatment.

Due to the selective overexpression in prostate cancer
tumor cells, PSMA-receptor molecular imaging using positron
emission tomography (PET) has been used effectively in
clinical practice. If PET/CT with ®®Ga-PSMA-11, '8F-DCFPyL
(piflufolastat F-18), and '8F-PSMA-1007 is not achievable,
SPECT/CT with #™Tc-HYNIC-PSMA may be performed. There
are no significant differences in the specificity of PSMA-
receptor imaging using PET/CT and SPECT/CT, but the
sensitivity of PET/CT is significantly higher; therefore, this
method is recommended when results of PSMA-receptor
SPECT/CT are negative or questionable [23-25]. However,
a valuable advantage of SPECT/CT with *"™Tc-HYNIC-PSMA
is the ability to improve molecular imaging of tumor lesions
in the second phase (delayed, =15 h after RP administration)
[26].

At the current stage of personalized and precision
oncology development, molecular imaging (SPECT and PET),
particularly when combined with structural cross-sectional
pictures (CT and MRI), enables the detection of tumor lesions
based on receptor characteristics or intracellular metabolism.
This is especially true for increased precision of external
beam radiation therapy, which includes brachytherapy [27].

In our patients, the average implantation time was
reduced by one-third (34.8%), proportionally to decreased
implanted microsources. Approximately 15-20 min was
spent positioning the patient on the tomograph table
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after spinal anesthesia and installing and positioning the
stereotactic attachment to the CT scanner. The length of this
process is determined by the patient’'s weight and general
condition rather than the number of implanted sources. On
average, it takes about one and a half minutes to install
one needle, position it under CT control, remove styles,
load sources, and remove the needles with a control scan.
Decreased implantation time is also associated with greater
preparedness of the implantation plan due to more accurate
visualization of the affected area and its configuration.
Therefore, in most cases, there was a significant decrease
in the number of microsources, procedure time, personnel
radiation exposure, CT scanner occupancy, and rate of injury
and subsequent prostate gland swelling (six out of seven).
In another case, there were indications for increasing the
number of implanted microsources based on PET/CT data
using ®®Ga-PSMA-11, which was considered when planning
and performing the procedure.

Brachytherapy can provide high doses of radiation at
tumor sites (average: 160 Gray) and is associated with
minimal irradiation of surrounding healthy prostate tissue,
including the urethra. It does not irradiate adjacent organs at
risk (bladder and rectum).

When SPECT/CT with *™Tc-HYNIC-PSMA and PET/CT with
%8Ga-PSMA-11 were used in a clinical population of seven
patients with primary (n = 5) and recurrent (n = 2) prostate
carcinomas of low and moderate risk, a total number '2|
microsources implanted were less (by 36%; 404/282) than
the potential number of microsources implanted using
standard technique without PSMA-receptor hybrid molecular
imaging methods. Simultaneously, as previously reported,
molecular imaging reduced the number of sources in six
cases while increasing the number of microsources in one
case (multifocal tumor). We are not discussing the willingness
to “save” microsources; instead, we are talking about the
priority of precise diagnostic and treatment processes and
personalized increases in the effectiveness and safety of
treatment.

A positive biochemical response was achieved in all
clinical cases, with PSA levels decreasing to low values and
a tendency to decrease further.

ALGORITHM FOR PSMA-PRECISION
BRACHYTHERAPY FOR LOCALIZED
PROSTATE CANCER

In our cases, the use of hybrid molecular PSMA-receptor

imaging (SPECT/CT and PET/CT) methods enabled us to:

« personalize and increase the precision of diagnostic
(biopsy) and therapeutic (brachytherapy) procedures
in patients with prostate cancer;

« reduce time, increase accuracy, and reduce injury
rate associated with morphological verification of
the primary tumor: in three of seven cases, a biopsy
(previously unsuccessful and traumatic multifocal one)
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of the tumor was performed using SPECT/CT from the
site of accumulation of *""Tc-HYNIC-PSMA, and in all
three cases, the presence the tumor was confirmed by
histological examination;

« determine the stage of the tumor and exclude regional
and distant metastases;

» increase precision of dosimetry and topometric
location of "I microsources to reduce the risk of
radiation reactions and improve patient quality of life;

+ increase accuracy of microsource implantation due
to tumor-targeted planning of interstitial radiation
therapy of the tumor lesions with morphological
confirmation;

« distribute radioactive sources using a hybrid molecular
imaging guide (SPECT/CT, PET/CT, and PET/MRI) and
approve the dosimetry plan;

« reduce the waiting time by targeted biopsy of the tumor
lesion, considering PSMA-receptor hybrid scintigraphy
(SPECT/CT and PET/CT) data on its location; and

+ increase the number and topometric plan of placement
of '2| microsources during brachytherapy (in this
series of cases, the number of microsources was 36%
lower, and the procedure time was 34.8% less than
the standard treatment plan).

Based on the data given, an algorithm for PSMA-precision
brachytherapy for localized prostate cancer was developed
and used in the clinical practice of our clinic (Figure 10).

The strength of the study is the use of the original,
innovative technology of precision brachytherapy under
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molecular PSMA-receptor imaging guide using SPECT/CT
with #™Tc-HYNIC-PSMA. The half-life of *™Tc is 6 h, allowing
for delayed (next day) SPECT/CT of areas of interest and more
clearly visualize sites of accumulation of #™Tcwith virtually
no background half-lives of '8F and *®Ga are 110 and 68 min,
respectively)The limitations of our study are a small clinical
sample (seven patients), a short period of follow-up (up to
2 yr), and a lack of MRI disk revision (only conclusions were
analyzed, which in all cases were negative regarding tumor
lesion localization), as well as the inability to evaluate and
compare the diagnostic value of methods. All these aspects
should be considered while designing further studies.

We found no reports on the use of such technology in
the Russian or foreign literature; therefore, on January 25,
2023, invention patent No. 2788859, “Method of targeted
brachytherapy for prostate cancer under hybrid PSMA-
receptor scintigraphy guide” was obtained [28].

CONCLUSION

The study suggests that the precision of targeted biopsy
and low-dose brachytherapy with 'l microsources for
localized prostate carcinomas can be improved using hybrid
methods of PSMA-receptor molecular imaging (SPECT/CT
and PET/CT). The methods are complementary in terms of
diagnostic and therapeutic guides; however, SPECT/CT is
more accessible than PET/CT. The availability of cold kits
(HYNIC-PSMA) enables one to examine any radioisotope
diagnostic laboratory with appropriate equipment.

Possible algorithm for PSMA-precision brachytherapy
of prostate cancer using '°l microsources

Screening of blood PSA
Passive appealability for TRUS, MRI, and CT

Prostate cancer suspected |
1
PET/CT with ®®Ga-PSMA-11
SPECT/CT with **™Tc-HYNIC-PSMA
+ pelvic MRI
Y
Targeted biopsy under ultrasound/MRI guide,
considering PSMA-molecular imaging data on
its location
v
Histologic verification, Gleason score, tumor
staging (pTNM), risk group

v
High-risk group
pT3-4N0-1MO0-1 stage
\/

LDR brachytherapy is not indicated or performed
in combination with other treatments

Low/moderate risk group
Stage pT1-2NOMO

\/
Brachytherapy LDR
as a method of choice

Topometry and dosimetry
planning considering
SPECT/CTs **"Tc-HYNIC-PSNIA
or PET/CTS 8Ga-PSMA-11
or PET/CTS "’f-PSMA-W(ﬂ

PSMA-precision
brachytherapy LDR

Monitor blood PSA level every 3—6 months

v

When the PSA level increases >0.2 ng/mL
PET/CT with ®®Ga-PSMA-11
For early topical diagnosis of tumor recurrence

Fig. 10. Algorithm for selecting patients for low-dose brachytherapy, emphasizing increasing precision under PSMA-receptor molecular
imaging guide. ku, contrast enhancement; LDR, low-dose rate; PSMA, prostate-specific membrane antigen.
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The innovative technology of PSMA-precision biopsy
brachytherapy guided by hybrid molecular imaging can be
used for primary and recurrent localized prostate cancer,
improving accuracy, reducing invasiveness of procedures,
and increasing the medical and economic efficiency of low-
dose brachytherapy with 2| microsources.

Further research is required to develop the technology
and evaluate long-term treatment outcomes in a larger group
of patients.
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OnbIT NpUMEHeHUss MOGUNbLHOrO KOMNbIOTEPHOro
ToMorpada B pesepBHOM rocnutasnse Ans JieYyeHUs
NnaLueHToB C HOBOM KOPOHaBUPYCHOMU MHpeKLUUeH
CoviD-19

H.0. Kynpssues', A.B. Metpsitkun', E.C. Axmap', ®.A. Kucenes', B.B. Bypaluos',
A.H. Myxoptosa', U.B. Conparos', A.C. Likona?

! Hay4HO-NpaKTMYECKWIA KIMHUYECKMA LIEHTP AMArHOCTUKN W TENIEMEANLIMHCKIX TeXHomorui, Mockea, Poceuitckas ®epepaums;
2 [opopcKas KiMHnuecKas GonbHuua N 67 umenn J1.A. Bopoxo6osa, Mocksa, Poccuiickas Qepnepaums

AHHOTALIUA

MaHoemmus HoBOM KopoHaBupycHoi MHbekumn COVID-19 Bpocuna BbI30B cUCTeMaM 3[paBOOXPAHEHMs MPaKTUYECKW BCeX
cTpaH Mupa. 0T opraHu3aTopoB 3[paBooxpaHeHust TpeboBanock NpuUHATUE onepaTuBHbIX U 3DdEKTUBHBIX peLueHuii ans obe-
CneyeHmns BbICOKOr0 KauyecTBa OKa3aHUs MeMLMHCKOW NOMOLLM B HOBbIX ycoBusiX. [loTpebHocTb B opMUpoBaHUM peseps-
HOro KoeyHoro QoHAa Npu NaHaeMum bbina 0bycoBeHa BbICOKOW Harpy3KoM Ha ropoackue b6onbHWLbl B MockBe, B CBA3M
C YeM B HENpOQUNBbHBIX COOPYKEHUSX (ef0Bble apeHbl, TOProBble LEHTPbI, BbICTABOYHbIE NABUNbOHBI) ObIM OpraHN30BaHbI
BpEMEHHbIe pe3epBHble rocnuTanu s nedveHns nauuentos ¢ COVID-19. 3to noTpeboBano noucka peLuenuin ansa obecneye-
HWsl He0bX0AMMOr0 YPOBHS AWUArHOCTUKM W JIeYeHUs, COOTBETCTBYIOLLEro NPodmibHOMY MeAULMHCKOMY YupexxaeHuio. C yue-
TOM TEXHUYECKUX W BPEMEHHbIX OFPaHNYEHWH, CBA3aAHHbIX C YCTAHOBKOW CTaLMOHApHOro KOMMbOTEpPHOro ToMorpada, ofHUM
W3 peLueHuii bbina ycTaHoBKa MOBUBHOO KOMMbIOTEPHOTO ToMorpada.

Llenbto paboTbl 660 NOAENMUTECA OMBITOM MCMONb30BaHUA MOBKUBHOrO KOMMbIOTEPHOTO TOMorpada B YCIOBUSX BPEMEHHOMO
pe3epBHOI0 rocnuTans Ans NieYeHus naumMeHToB ¢ KopoHaBupycHoi nHdekumeir COVID-19. B pabote npefcTtasneHa nHpop-
MaLus 0 XapaKTepUCTUKax MOBUNBHOTO KOMMbIOTEPHOrO TOMOrpad)a; 0TMeYeHbI ero NPEMMYLLLECTBA U HEAOCTATKK; NPeACTaB-
JIeH BapUaHT MNIaHUPOBKM anmnapaTHOM, NyfbTOBOW KOMHAT U BapuaHT pasMeLLieHns ToMorpada; npeAcTaseHbl pesynbTarhbl
A03MMETPUYECKMX UCCNEA0BaHUA; faHa KIIMHMYECKas OLeHKa NPUMEHUMOCTH NoJ0BHOro TMNa AMarHoCTUYECKUX YCTPOMCTB.

KntoueBble cnoBa: MobuibHbIA KOMMbIOTEPHBIA TOMOrpad; NaHAeMuUs KopoHaBupycHon uHdekuuu; COVID-19; otaeneHne
Ny4eBOil ANArHOCTUKM.
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Using a mobile computer tomography scanner
in a field hospital setting to manage patients
with COVID-19

Nikita D. Kudryavtsev', Alexey V. Petraikin', Ekaterina S. Akhmad', Fyodor A. Kiselev',
Vyacheslav V. Burashov', Anna N. Mukhortova', Illya V. Soldatov', Andrey S. Shkoda?

! Moscow Center for Diagnostics and Telemedicine, Moscow, Russian Federation;
Z City Clinical Hospital No. 67 named after L.A. Vorokhobov, Moscow, Russian Federation

ABSTRACT

The global outbreak of COVID-19 has posed unprecedented challenges to healthcare systems worldwide. Healthcare
administrators had to make quick and effective decisions to ensure high quality of medical care standards in new conditions.
The need to form a reserve bed fund during the pandemic was due to the high load on city hospitals in Moscow. Due to this fact,
temporary reserved hospitals for COVID-19 patients were organized in non-core facilities, such as ice arenas, shopping malls,
and exhibition pavilions. This urgency prompted a search for solutions that could provide the necessary level of diagnosis and
treatment appropriate to specialized medical facility. Given the technical and time constraints associated with the installation of
a fixed computer tomographic scanner, the deployment of mobile computer tomographic scanners emerged as a viable option.
The study aims to share insights gained from using a mobile computer tomographic scanner within a temporary backup
hospital setting to treating patients with COVID-19 coronavirus infection. The paper discusses the features, advantages, and
disadvantages of mobile computer tomography. It also presents hardware and control room layouts, along with the placement
options for the computer tomography device. The research includes the results of dosimetry studies and provides a clinical
assessment of the applicability of this type of diagnostic devices.

Keywords: computer tomographic scanner; COVID-19 pandemics; radiology departments.
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INTRODUCTION

During the COVID-19 pandemic, in Moscow, a reserve
bed capacity was required due to the high load on city
hospitals. Field COVID-19 hospitals were deployed in
noncore buildings (ice arenas, shopping centers, and
exhibition halls), and special solutions were required to
provide the necessary level of diagnosis and treatment
comparable with a specialist healthcare institution [1]. One
field hospital was located at the Krylatskoye Ice Palace
(State Budgetary Healthcare Institution “L.A. Vorokhobov
City Clinical Hospital No. 67,” Department of Healthcare of
Moscow Fig. 1).

Diagnostic radiology techniques (particularly computed
tomography [CT]) are recommended for detecting signs
of COVID-19 pneumonia and to establishing a differential
diagnosis for other lung diseases and assessing disease
severity, changes in a patient’s condition, and treatment
effectiveness [2-4]. A mobile Airo TruCT tomograph
(Stryker, USA) was deployed due to technical and
time constraints of employing a stationary computed
tomograph.

The purpose of this study was to assess the efficacy of
mobile CT in a field hospital for COVID-19 patients.
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A MOBILE COMPUTED TOMOGRAPHER:
EFFECTIVENESS IN SETTING OF A FIELD
HOSPITAL FOR COVID-19 PATIENTS

General characteristics of a mobile CT

The Airo TruCT is designed for use in neurosurgery
operating rooms, but the manufacturer claims that it can also
be used to diagnose urgent conditions in other anatomical
areas." Airo TruCT has a compact size (Fig. 2), making it simple
to install and transport. A moveable base, a gantry with a 107-
cm aperture, and 32 rows of 1-mm detectors comprise this CT
system. CT is controlled by a hard-wired console connected by
a 5-m wire (Fig. 3). The mobile CT is adaptable to a variety of
power supply conditions and is linked to a 1.5-kW network. A
power supply system, on the other hand, permits scanning at
120 kV and 250 mA, which corresponds to a power of 30 kW.

Location and dosimetry

In accordance with current rules and measurement
methods, a CT room was certified for compliance with
technical requirements during technical equipment testing
(monitoring of operating parameters) and radiation monitoring
at the workplace and adjacent rooms.

: W’\*oﬂ :M‘% J Rt »‘?}"l'"

.
!Z’b‘,t o

4\\‘%

l (t %l‘ ﬂ
° Ay
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Fig. 1. A field hospital for COVID-19 patients in Krylatskoye Ice Palace (Moscow, Russia). Reuters (https://pictures.reuters.com/).

! Stryker.com [Internet]. Neurosurgery (https://www.stryker.com/us/en/spine/products/airo-truct/imaging/clinical/neurosurgery.html); Airo Truct
Mobile Imaging System (https://www.stryker.com/us/en/spine/products/airo-truct/imaging.html).
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Fig. 2. A mobile computed tomograph ready for scanning.

The CT room is located on the first floor of Krylatskoye
Ice Palace, in the Emergency Department (Fig. 4). Due to the
increased patient flow and off label use of this device, some
technical solutions were required:

1. The CT console was relocated to the control room to
ensure technicians’ radiation safety.

2. Avideo system was constructed to monitor the patient’s
status and the progress of the scanning because there
was no viewing in the control room.

3. Baofeng portable radios were used for communicating
with patients during scanning due to the lack of built-in
voice commands for holding breath.

Radiation protection in adjacent rooms complied with
Russian requirements for design and operation of X-ray

Fig. 3. Airo TruCT control console.

rooms, considering operating parameters of Airo TruCT
(during scanning, the gantry moves, whereas the patient
table is fixed). Sheets of X-ray protective plasterboard from
Knauf (Iphofen, Germany) were used to safeguard stationary
building envelops.

Dosimetry monitoring at workplaces, in adjacent rooms,
and in adjacent regions revealed that exposure levels did not
exceed values defined in current regulatory regulations at the
observed spots (see Fig. 4).

Technical quality control

In accordance with current norms, a standard assessment
of the CT system’s operational parameters was performed?.
Sum filtering, half-value layer, anode voltage ripple, anode

Zone A

(=]
Control E CT Room
Room | |
129usvh 0\ et oo Techical
T1* Room
_'\ 7 Beamshield \
=— 5104Svh —

Wall C
Zone C (Hallway)

Fig. 4. The project of a computed tomography room, control room, and radiologist’s office: Zone A—pavilion; Zone B—technical area;
Zone C—hallway (zones A to C are areas without permanent presence of personnel).

2 Electronic base of legal and regulatory technical documents of Codex JSC [Internet]. GOST R IEC 61223-2-6-2001 Evaluation and routine testing in medical
imaging departments. Parts 2-6. Constancy tests. X-ray equipment for computed tomography(https://docs.cntd.ru/document/1200029048); GOST R 51746-
2001 Evaluation and routine testing in medical imaging departments. Part 1. General requirements. (https://docs.cntd.ru/document/1200012982); GOST R IEC
61223-3-5-2008 Evaluation and routine testing in medical imaging departments. Parts 3-5. Acceptance tests. Imaging performance of computed tomography
X-ray equipment. (https://docs.cntd.ru/document/1200071695); GOST R IEC 60601-2-44-2013 Medical electrical equipment. Parts 2-44. Special requirements
for the basic safety and essential performance of X-ray equipment for computed tomography (https://docs.cntd.ru/document/1200105919).
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Table 1. Standardized scanning protocols for different anatomical regions

Anatomic region parameter

Chest

Brain Abdomen

Scanning direction

Craniocaudal

Craniocaudal Craniocaudal

Scan type Spiral Spiral Spiral
Electric voltage (kV) 120 120 120
Electric current (mA) 155 69
Slice thickness (mm) 1.0 1.0
Pitch factor 1.415 1.415 1.415
X-ray tube rotation time (s) 1.92 1.92 1.92
Reconstruction matrix (px) 512 x 512 512 x 512 512 x 512
Duration of scan (s) 8 16
Absorbed radiation dose (mGy*cm) 230.7 1,186.8 564
Scan length (cm) 20 40

voltage, exposure time, radiation dose linearity, radiation dose
repeatability, and image quality characteristics were evaluated.

According to the test results, the CT system meets
performance and standard requirements.

Clinical use

A field hospital accepted patients with mild and moderate
COVID-19 [2] with CT-1 and CT-2 lung parenchyma damage,
requiring hospital treatment and observation. The chest
CT was performed on all hospitalized patients. The only
exception was for patients who had a recent CT (4 days).
CT data revealed that 155 (31.0%) of 500 randomly selected
patients had CT-1, 202 (40.4%) had CT-2, 109 (21.8%)
had CT-3, and 34 (6.8%) had CT-4. Due to the high-power
consumption and possibility of X-ray tube overheating
during multiphase scanning, contrast-enhanced CT was not
performed. The relative duration of scanning was a limitation
of that technique.

Computed tomography scans of the brain and head,
abdomen and retroperitoneum, pelvic organs, spine,
and extremities were conducted when clinically required
(scanning parameters are listed in Table 1).

The system’s wide (107 cm) gantry aperture was an
apparent advantage.

Chest CT was conducted in the majority of cases to
obtain a diagnosis or to provide continuing observation
for patients with COVID-19 pneumonia. The scanning
parameters (Table 1) enable us to obtain images of
adequate quality to differentiate between viral pneumonia,
cardiogenic pulmonary edema, and bacterial pneumonia.
Fig. 5 shows CT data for COVID-19-associated viral
pneumonia patients.

Long-term (15-25 s) scanning was too long for patients
with respiratory insufficiency to remain their breath for the
entire examination compared with stationary CT (3-5 s). As
a result, motion artifacts (Fig. 6a) and steps (Fig. 6b) were

Fig. 5. Axial computed tomographic slices of chest organs in the lung window: (a) polymorphic, predominantly subpleural areas of
ground-glass opacity, corresponding to the CT image of viral pneumonia (including COVID-19), CT-1, and (b) multiple polymorphic areas
of parenchyma compaction with a tendency to merge, with ground-glass opacity areas and mild reticular changes, CT-3.

DOl https://doiorg/1017816/DD3216/0
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Fig. 6. Axial and sagittal computed tomographic slices of chest organs in the lung window: (a) mation artifacts and (b) step artifacts caused
by respiratory chest movements during scanning.

present in CT images produced by breathing motions of the Windmill artifacts (Fig. 8a) were mixed with strike
chest (Fig. 6). artifacts and helical scanning [5], and artifacts intensified at
Brain CT was used to diagnose acute cerebrovascular the level of skull base, where significant beam hardening
accident, intracranial hematomas, brain tumors, and and scattering artifacts occurred (Fig. 8, b). Therefore,
traumatic skull injuries (Fig. 7). subtentorial brain areas were challenging to assess.

Fig. 7. Axial computed tomographic images of the brain: (a) reconstruction of a 3-mm low-density area at the anterior horn of the left
lateral ventricle, in the periventricular, subcortical direction (CT image of subacute cerebrovascular accident of the left middle cerebral
artery), and (b) a 1-mm site of subarachnoid hemorrhage with blood breakthrough into the ventricular system (vicarious hydrocephalus).

Fig. 8. Axial (a) and sagittal (b) computed tomographic images of the head in the region of the posterior cranial fossa and base of skull
showed windmill, strike, beam hardening, and scattering artifacts. Area of bone structures and the posterior fossa is hard to evaluate.

DOl https://doiorg/1017816/DD3216/0
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Fig. 9. Axial computed tomographic images of the abdomen: (a) CT image of multiple hypodense lesions of both liver lobes, helical
artifacts, and gas interface artifacts in the intestinal area and (b) CT image of a strangulated umbilical hernia.

Abdomen CT was used to assess acute abdominal
problems, such as suspected intestinal blockage, and detect
free liquid or gas (Fig. 9).

Artifacts were also identified during abdomen CT at the
point of contact of various density media, such as intestine
gas and surrounding soft tissue (gas-interface artifact) and
helical scanning artifacts.

The scanning parameters (Table 1) enable the acquisition
of images of sufficient quality for the diagnosis of abdominal
and retroperitoneal disorders (liver steatosis, gallstone
disease, adrenal hyperplasia and incidentaloma, kidney cysts
and urolithiasis, focal liver lesions, and other conditions).

Evaluation of a mobile CT effectiveness

From the start of the field hospital operation (August 11,
2020) to January 31, 2021, 6,264 CT scans were performed,
including 6,126 (97.80%) chest CTs, 98 (1.56%) brain CTs,
31 (0.49%) abdomen CTs, and nine (0.14%) other CTs. The
average radiation exposure was 3.22 mSv for chest CT,
2.49 mSv for brain CT, and 8.46 mSv for abdomen CT.

To assess CT effectiveness, a load equal to the ratio of the
average number of CT scans per day to the Moscow standard
(41 scans per day for three-shift work) was determined. The
average number of scans performed in such case was 44 a
day (ranging 14 scans at the start of the temporary hospital
operation to >110 scans per day in days with the highest
inpatient flow). This amounted to 106% of the recommended
load. When Airo TruCT was compared with stationary
Aquilion Prime or Revolution EVO tomographs, the utilization
levels were equivalent. The average level of utilization for
stationary CT in two hospitals was 113%, according to data.
As previously stated, no contrast-enhanced CT scans were
conducted.

Such a load validated excellent efficacy of using a mobile
CT in temporary hospitals. However, technical difficulties
were recorded during periods of extensive mobile CT use,
which could result in the tomograph being shut down for

DOl https://doiorg/1017816/DD3216/0

maintenance. The manufacturer suggests conducting six
scans per hour to extend the operational time of a mobile CT
and avoid technical concerns.

DISCUSSION

The COVID-19 pandemic has raised various challenges
regarding inpatient care organization, such as how to
enhance bed capacity, organize field hospitals, and provide
logistics for such solutions [6].

One method for ensuring CT availability in field hospitals
is to use tiny transportable computed tomographs. This paper
summarizes experience of using an Airo TruCT mobile CT.
Apparent advantages of this CT system include compatibility
with various power supply parameters, ease of installation
and transportation, and the ability to quickly design a room
for a mobile CT scan and put this equipment into operation.

A mobile CT generated acceptable quality chest CT
images detecting viral pneumonia (see Fig. 5 a), and the
patient capacity was sufficient for a temporary hospital with
1,300 beds in overload circumstances. The peak load was
110 scans per day, with an average of 44. This system differs
from modular and mobile CTs mounted on trailers [7], mostly
due to the use different types of CT.

However, some limitations were observed, indicating that
the present modification’s usage of a mobile CT was a forced
solution. Some motion artifacts developed as a result of low
scanning speed compared with stationary CT scanners. The
caudal—cranial direction was proposed for chest CT scanning
to limit the amount of respiratory artifacts [8]. Due to the
configuration of the CT room (gantry movement was limited
due to insufficient console wire length) in our situation of
using Airo TruCT, such a solution proved unacceptable. The
problem was fixed by postponing the command to hold the
breath for 3—4 s after the scan began. Although the apical
lung segment exhibited significant motion abnormalities and
steps, the basal portions were clearly visible. This observation
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is significant because patches of ground-glass opacity or
consolidation are precisely situated in the dorsal sections
of the lower lobes in COVID-19 pneumonia [9]. Simple
technical solutions, such as handheld transceivers and video
communication, were also used to adopt off-label use of Airo
TruCT. Due to the significant number of artifacts detected,
additional scanning, reconstruction, and postprocessing
algorithms should be developed, and scanning parameters
should be optimized [10].

Despite the mobility and easy installation of mobile CTs,
design of an equipment room should comply with all radiation
safety requirements (see Fig. 2).

In addition to field COVID-19 hospitals, mobile CTs can
be used efficiently in healthcare institutions where there are
no conditions for fixed CT installation or when the main CT
scanner has failed. Mobile CT scanners can be used in remote
communities and temporary mobile hospitals for emergency
recovery.

The use of mobile CT also opens up new avenues for
scientific research; for example, in our case, the mobile CT
was used to investigate the influence of COVID-19 on the
cardiovascular system [11]. When preforming chest, brain,
abdomen, and retroperitoneum CT at temporary hospital for
COVID-19 patients, the use of Airo TruCT provide requisite
diagnostic effectiveness.

Based on the identified disadvantages, a list of
requirements for mobile CT systems was prepared, and
the need to develop a new type of CT was demonstrated,
including high compatibility with various power supply
sources, the ability to quickly design rooms for CT
deployment in temporary hospitals, and the ability of use
in emergency situations and remote areas with unprepared
infrastructure.

CONCLUSION

The installation of mobile CT in a field COVID-19 hospital
was a forced solution due to the rapid development of the
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CucteMa MeHe)KMEHTa Ka4ecTBa:
WHCTPYMEHT Pa3BUTUA OpraHM3aLum
WNU AONOJIHUTEIbHAA HarpysKa?

C.10. 3atoHukoBckun, C.A. KoHosanos, B.B. 3unyenko, [.E. LLaposa,
E.C. Axmap, A.B. BnagsuMupckun

Hay4Ho-npaKTUYeCcKMiA KIMHUYECKMIA LIEHTP AMArHOCTUKM U TeNleMeAULMHCKUX TexHonoruii, MockBa, Poccuiickas Qepepauus

AHHOTALMA

CucTeMa MeHe[XKMeHTa KayecTBa NpefiCcTaBisieT COb0i 0CHOBHYIO CUCTEMY YNIpaBieHNs OpraHu3aumeit, KoTopasi HanpasJieHa
Ha obecreyeHue rnaBHOro CBOICTBA BbIMYCKaeMoi NpoAyKLUMM — KayecTsa. OCHOBY MoAAEpIKKM KayecTBa Ha NpoM3BOACTBE
BbINOJHAET CUCTEMA MeHe[XXMeHTa KauyecTBa C NaBHOM Liefblo — BbiTb FOTOBBIMM K YA0BETBOPEHUIO MEHSIOLLENCS MOo-
TpebUTeNbCKOI LIEHHOCTH, a TaKKe BCErfa yuuTbiBaTb Y/AOBNETBOPEHHOCTb CaMUX NoTpebuteneil. [oBops o Mpou3BoAcTBe
MELMULIMHCKUX U3LENNA, CUCTEMY MEHEe[XXMEHTa KayecTBa B AaHHOM OTPAc/M MOXHO OMpeAeNuTb KaK OpraHU3aLMOHHYi0
CTPYKTYpY, e€ (yHKLMKM, NpoLeaypbl, NPOLECChl U Pecypcbl, He0OX0AMMbIe [/ PYKOBOACTBA W YNpPaBEHUSI OTHOCUTESbHO
KauecTBa MeAULMHCKOMN NPOAYKLMM.

B cTaTbe oTpaxkeHbl MPUHLMMbI CUCTEMBI MEHEAXKMEHTA KayecTBa W npouecchl yrpaenexns. OCHOBHOE BHUMaHWe YAEeNeHo
0C0BEHHOCTAM CUCTEMbI MEHEPKMEHTA KauecTBa MeaULMHCKUX U3JIeNUi, B TOM YUCTIE 0COBEHHOCTAM CUCTEMbI MEHEIKMEH-
Ta KayecTBa NPorpaMMHOro obecrneyeHus, ABNSAIOLIET0 MeAULMHCKUM n3aenmeM. OTMeuyeHbl YCIoBUSA, NpU KOTOPbIX cUCTe-
Ma MeHe[)KMEeHTa KauyecTBa CTAHOBUTCA MHCTPYMEHTOM [1sl 06ecreyeHns yYCTOMYMBOrO pasBUTUA OpraHM3aumu U He npea-
CTaBAETCS LOMOSHUTENbHOM Harpy3Koid, He UMeloLLel HeobxoauMocTu. MpeAcTaBreHbl pe3ynbTaTbl 0Npoca OpraHuU3aLmii,
BbIMYCKAMLLMX MeAULMHCKUE NPOTpaMMHbIE W3NS, CBA3aHHbIE C OMbITOM BHELPEHUS CUCTEMbl MEHeXKMEHTa KauecTsa,
a TaK)Ke rOTOBHOCTU K M3MEHEHWUSIM B OpraHu3aLuu.

KnioueBble cyioBa: ccTEMa MeHeKMeHTa KaueCTBa; MeAULIMHCKOE U3AENNE; nporpaMMmHoe obecneyeHue; MCKYCCTBEHHbIVI
MHTEJITEKT.
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Quality management system:
A tool for the development of the organization
or an additional burden?

Sergey Yu. Zayunchkovsky, Sergey A. Konovalov, Viktoria V. Zinchenko,
Daria E. Sharova, Ekaterina S. Akhmad, Anton V. Vladzymyrskyy

Moscow Center for Diagnostics and Telemedicine, Moscow, Russian Federation

ABSTRACT

A quality management system constitutes one of the organization’s management systems that provides for the selection of a
set of processes in the organization’s activities designed to ensure the stable quality of products and services provided.

The growth of global industrial production has underscored the need for the creation of such production and management
systems. These systems are designed to ensure that enterprises remains prepared to meet the constantly changing consumer
value of manufactured products inaccordance with consumer requirements, as well as the satisfaction of consumers themselves.
As aresult, attention began to focus on the production processes implemented within the organization when creating products.
Regarding the production of medical devices, a quality management system can be defined as an organizational structure
encompassing its functions, procedures, processes, and resources necessary for the coordinated direction and management
of a manufacturing organization with respect to the quality of medical products.

The article reflects the principles of the quality management system and management processes. Noteworthy emphasis is
placed on the features of quality management systems for medical devices, including the features of the quality management
system for software that is a medical device. Furthermore, the conditions under which the quality management system
becomes a tool for ensuring the sustainable development of the organization are noted.

Keywords: quality management system; medical device; software; artificial intelligence.
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INTRODUCTION

General applicability of quality management
system principles

A quality management system (QMS) is one of the
organization’s management systems. A QMS identifies
organizations’ processes to ensure the consistent quality of
products and services. A QMS is designed to improve these
processes as a set of interrelated and interacting activities and
develop a management style for an organization that involves
managers, engineers, and technical as well as support personnel
in improving product quality. Following the implementation of a
QMS changes aimed to provide technological transparency of all
types of activities. Such standards enable tracking of a product’s
whole life cycle in which the organization is involved, from the
decision to develop a product to its final stage of disposal. Such
an approach helps systematize an organization’s activities,
create conditions for the self-fulfillment of process participants,
improve product quality, and become more competitive.

According to IS0 9001," the scheme of QMS development
is universal for any organization; hence, it is important to
highlight special aspects of its activities and properly divide
them into key processes.

Basic processes of a Russian organization

For a long time, corporate management in Russia was
exclusively “functional.” Such an approach was quite viable. It
was mainly limited to delegating responsibility for individual
functions in specific activity areas (design, production, supply,
sales, business and infrastructure maintenance, and after-sales
service) to the corresponding functions as well as their managers
and employees. Simultaneously, the aim of such functional
management (heads of services, departments, and higher-level
units) was to ensure compliance of specific (highly specialized)
functional activities with internal quality criteria, which were
established by corporate standards [1]. However, the functional
management approach failed as global industrial production
developed. This required the development of production and
management systems capable of ensuring both customer
satisfaction through providing the highest consumer values and
the organization’s capacity to be prepared for constantly changing
consumer value of their products in compliance with consumer
requirements. Processes related to product development and
manufacturing received special attention.

remains valid. Link: https://www.iso.org/standard/62085.html.
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A QMS in the manufacturing of medical devices is defined
as the organizational structure, functions, procedures,
processes, and resources required for coordinated activities
to manage the quality of healthcare products manufactured
by an organization. A medical device QMS should ensure
compliance of released medical devices with relevant general
safety and effectiveness criteria, labeling, and technical as
well as operational documentation requirements. The need
to implement and comply with a QMS is not absolute in
healthcare; not everyone must implement and maintain a QMS
for healthcare products, but everyone has the right to do so.

A MEDICAL DEVICE QMS

A new trend is emerging to ensure the quality and safety
of medical devices at all stages of their life cycle. Medical
device regulators are shifting their focus from product design
and development to the whole life cycle of a medical device,
including steps from production to decommissioning. This
approach is reflected in IS0 13485.?

Effective medical device life cycle management is crucial
for ensuring end-user safety [2]. Therefore, in accordance
with Regulation (EU) 2017/745 of the European Parliament
and of the Council on Medical Devices [3], CE certification of
medical devices is based on an assessment of procedures
regulating product development and manufacturing. At one
stage of medical device CE certification, the QMS should be
confirmed to conform with 1SO 13485.

Manufacturers of medical devices (except for Class 1
medical devices and nonsterile Class 2a medical devices
due to potential harm to users) must implement a QMS
depending on medical device class® * before submitting
approval documents as part of medical device regulation
in the Eurasian Economic Union. Figure 1 demonstrates
a scheme of requirements for medical device QMS
implementation based on potential harm to users. Suppose
a manufacturer of medical devices has implemented a QMS
in accordance with standards equivalent to ISO 13485. In
that case, the QMS’s compliance with such standards should
be confirmed (certificate of compliance and audit report)
to ensure compliance with Decision No. 106 of the Council
of the Eurasian Economic Commission dated November
10, 2017, regarding processes and procedures for using a
medical device QMS .5

ISO 9001:2015 Quality management systems — —Requirements. This standard was last reviewed and confirmed in 2021. Therefore, this version

ISO 13485:2016 Medical devices. Quality management systems. Requirements for regulatory purposes. This standard was last reviewed and con-

firmed in 2020. Therefore this version remains current. Link: https://www.iso.org/standard/59752.html.

Decree N 136 of the Government of the Russian Federation dated February 9, 2022 on approval of requirements for the implementation, maintenance

and evaluation of the medical device quality management system depending on potential risk of their use. Link: https://base.garant.ru/403517950/.
* Decision No. 106 of the Council of the Eurasian Economic Commission dated November 10, 2017 on approval of requirements for implementation,

maintenance and evaluation of a medical device quality management system depending on potential harm to users. Link: https://pharmvestnik.ru/

documents/reshenie-soveta-evrazijskoj-ekonomicheskoj-komissii-ot-10-11-2017-g-106.html.

5 Ibid.
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Manufacturers
of Class 1 and 2a MD
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Manufacturers
of Class 2b MD
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Manufacturers
of Class 3 MD

Have the right to implement

aMs

Must implement

aMs

Must implement

aMs

Excluding design
and development processes

Changing a GD by notification
procedure

Including design
and development processes

Fig. 1. Requirements for implementing a medical device quality management system depend on the potential risk of their use. GD,
governing document; MD, medical devices; QMS, quality management system.

Special aspects of a medical device QMS

Special aspects of a medical device QMS are related
to some requirements for products (medical devices) and
their properties associated with such requirements. These
properties should be distinct or require special attention
compared with other types of industrial products. They
are included in basic documents that govern the design,
development, and distribution of medical devices. Medical
device requirements include safety, effectiveness, and
quality. A medical device QMS should ensure compliance
with these requirements. In general, an organization
must meet the following criteria (in accordance with
ISO 13485):

« to identify current risks and risk situations

+ to perform risk monitoring/analysis and explore

parameters regularly

» to provide internal control of an organization’s activities

« to ensure necessary adjustments to be made

+ to improve a medical device QMS, including its

components, and

+ to develop supporting documentation and comply with

other conditions specified in ISO 13485.

A medical device QMS should be designed to encourage
compliance with the key requirement to ensure that the
benefit outweighs possible adverse effects. Medical
devices should be safe. Medical device effectiveness is
another important QMS function. If the effectiveness of
a medical device is not mandatory, there is no point in
developing and manufacturing such a product. Quality
is an umbrella term for a set of such properties and
characteristics of a medical device that affect its ability to
function as intended in accordance with the manufacturer’s
requirements.

Special attention should be given to GMS processes
for evaluating the quality, effectiveness, and safety of
medical devices, primarily performed as part of state

DAl https://doiorg/10.17816/DD514629

registration, a procedure developed to ensure product
market circulation. The deliverable is a marketing
authorization, a document confirming medical device
compliance with established requirements and medical
device approval in Russia. A marketing authorization is
mandatory for medical device circulation on the market.
Therefore, state registration processes should be included
in the overall QMS of an organization manufacturing
medical devices. This is another important aspect of a
Russian organization’s QMS.

To summarize, a medical device QMS is primarily related
to life cycle processes, and medical device circulation is an
integral part of these processes.

Special aspects of medical device software QMS

Regarding medical device software, some additional
aspects of a QMS that are relevant to the manufacturing
process may be highlighted. In contrast to physical products,
software manufacturing does not require assembly and
manufacturing sites. However, manufacturing medical
device software requires strict quality and safety control at
all stages of the product life cycle.

Software, unlike physical products, may be constantly
updated, requiring quality management, including design,
performance, and risk reviews. Otherwise, product failure
may lead to incorrect conclusions, potentially harming
patient health. To prevent such situations, medical device
software should be controlled at the design, development,
risk management, and manufacturing stages. Corrective and
preventive actions should be implemented in accordance
with the QMS.

Moreover, security and privacy risks should be managed
because many software systems rely on communication
technologies and are vulnerable to cyber-attacks that could
lead to failures or leaks of patient information. The Korea
Ministry of Food and Drug Safety has published application
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methods, cybersecurity cases, and cybersecurity risk
management guidelines [4].

A software QMS should include design, development,
testing, verification and validation, documentation, and
personnel training. A QMS should be in place to ensure the
software’s safety, reliability, and performance. To ensure
the safety and performance of their software, healthcare
organizations must adhere to all aspects of their QMS.

Special characteristics of an artificial
intelligence-based medical device software
QMS: National standard

In general, an artificial intelligence (Al}-based medical device
software QMS should adhere to ISO 13485 while considering
special aspects of using Al technologies in healthcare.

Requirements for the development, testing, and operation
of Al-based healthcare technologies should be unified and
standardized by the Artificial Intelligence in Healthcare
subcommittee of the Technical Artificial Intelligence Standards
Committee (PK 01/TK 164). PK 01/TK 164 is based on the
Center for Diagnostics and Telemedicine Technologies of the
Moscow Healthcare Department [5]. As part of the PK 01/
TK 164 activities, a series of national Al Systems in Clinical
Medicine standards was developed.

GOST R 59921.8-2022 is one of these standards.® The
document includes recommendations for interpreting
all sections of GOST ISO 13485-2017, as well as cases,
descriptions, and options that may be used by organizations
in developing and implementing a QMS in compliance with
these standards.

Therefore, when developing and implementing a QMS,
manufacturers of Al technologies should consider the above
aspects. Industry QMS requirements have changed from 1SO
9001 to GOST R 59921.8; some requirements about special
aspects of medical devices have been added or clarified, and
guidelines for applying ISO 13485 to processes of ordering,
supply, development, use, and maintenance of Al systems
have been developed (Figure 2).

An Al-based software QMS and its impact
on the competitiveness and potential
of an organization

A QMS for Al technology directly impacts an
organization's competitiveness and potential. Users will

ISO 9001
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be more confident in a product, promoting an organization
on the market if tasks are performed correctly, the safety
and effectiveness of Al technologies are provided, and their
risks are managed.

For this paper, a brief survey of Al technology
manufacturers was conducted. Respondents were asked
to answer questions on implementing a QMS that complied
with ISO 13485. The list of questions is presented in Table 1.
The survey included 10 Al technology manufacturers.
The number of employees in the organizations surveyed
ranged from 10 to 600 people. When asked about the QMS
implementation, 60% of respondents answered positively.
Of the remaining 40% of companies, 75% planned to develop
and implement a QMS. Changes in business processes after
QMS implementation were rated 3 to 9 points on a 10-point
scale. It should be noted that the QMS implementation may
encounter resistance from the part of the team; therefore, at
the stage of QMS implementation, it is necessary to ensure
that each team member understands the significance of this
process. The level of team resistance to QMS implementation
was 40%. All surveyed organizations with certified ISO 13485
QMS compliance used the services of a consulting company
for QMS development as well as implementation and
appointed a person responsible for QMS. When developing
and implementing a QMS, 33% of surveyed companies used
the national standard GOST R 59921.8-2022.

CONCLUSION

The main objective of a medical device QMS is to
provide benefits without creating additional burdens on the
organization during the life cycle. However, it is challenging
to integrate a medical device QMS into the ongoing activities
of an organization, especially if a medical device QMS is not
mandatory. In this case, stimulating factors for ISO 13485
certification may include an organization’s higher status
as a tender participant, wider opportunities for supplying
products outside of the Russian Federation, increased trust
of end users, and improved internal business processes.
A decision to integrate a medical device QMS should not
be formal to simply obtain a certificate of compliance
but instead, be driven by an organization's conscious
internal requirements to use a medical device QMS as a
sustainability tool.

FOCT P 59921.8

Fig. 2. Development of industry requirements for an Al-based medical device quality management system.

¢ TOCT P 59921.8-2022. Artificial Intelligence Systems in Clinical Medicine: national standard of the Russian Federation. Part 8. Guidelines for the
application of GOST IS0 13485-2017 Link: https://docs.cntd.ru/document/1200193729.
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Table 1. Survey of Al technology manufacturers on the availability, use, and implementation of a quality management system

No.

Question

Number of employees

If not, do you plan to develop and implement a QMS?

O 0O N o OB N -

Do you have a person responsible for QMS?

—_
o

Has your organization implemented a quality management system (QMS)?

Do you have a certificate of QMS compliance with IS0 13485:2016 or GOST IS0 13485-2017?

Which certification system was used to obtain a certificate?

How much have your business processes changed after the QMS implementation? Rate on a scale of 0 to 10.
Rate your team's resistance to the QMS implementation on a scale of 0 to 10.

Did you use the services of a consulting company when developing and implementing a QMS?

Did you use national standard GOST R 59921.8-2022 Artificial Intelligence Systems in Clinical Medicine? Part 8. Guidelines for
application of GOST ISO 13485-2017 when developing and implementing a QMS?

Does your QMS comply with Decree No. 136 of the Government of the Russian Federation, dated February 9, 2022, on
11 approval of requirements for implementing, maintaining, and evaluating the medical device QMS, depending on the potential

risk of their use?

Does your QMS comply with Decision No. 106 of the Council of the Eurasian Economic Commission dated November 10, 2017,
12 on approval of requirements for implementation, maintenance, and evaluation of a medical device quality management system

depending on potential harm to users?
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Erratum in “Volumetry versus linear diameter lung
nodule measurement: an ultra-low-dose computed
tomography lung cancer screening study”

(doi: 10.17816/DD117481)

Maria M. Suchilova', lvan A. Blokhin', Olga 0. Aleshina?, Victor A. Gombolevskiy?,
Roman V. Reshetnikov', Viktor Yu. Bosin', Olga V. Omelyanskaya', Anton V. Vladzymyrskyy' *

! Moscow Center for Diagnostics and Telemedicine, Moscow, Russian Federation;

Z City Clinical Hospital No 13, Moscow, Russian Federation;

% Artificial Intelligence Research Institute, Moscow, Russian Federation;

“ The First Sechenov Moscow State Medical University (Sechenov University), Moscow, Russian Federation

In the article "Volumetry versus linear diameter lung nodule measurement: an ultra-low-dose computed tomography lung
cancer screening study" published in Digital Diagnostics journal Volume 4 Issue 1in 2023 (doi: 10.17816/DD117481) contained
an error in the paragraph with data of funding sources for the study.

At the request of the authors’ team, the error was eliminated, the original version of the published article and the information
on the journal's site was replaced with the corrected one.

Correct text of the changed: This paper was prepared by a group of authors as part of the research work (USIS No. 123031400009-1)
in accordance with the Order issued by the Moscow Health Care Department No. 1196 dated December 21, 2022.

The authors and the publisher apologize to readers for the published error and express their confidence that this mistake could
not significantly affect the perception and interpretation of the results of the study described in the text of the article.
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