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InekTpokapauorpadpuyeckme GpeHoMeHbl
npu COVID-19: ananus tene-3KI-uccneposanunia
IT-uentpa 3Kl r. MockBbi

B.10. Tackuna', A.E. [lemkuna', T.M. Mazawsunun?, A.C. LLkona?, A.B. Bnapaumupckuin®3,
C.MN. Mopo308'

! Hay4HO-NPaKTUYECKNI KIIMHUYECKUI LEHTP OWNarHOCTMKM M TeNeMeaMUMHCKIUX TeXHONOrmii [lenapTaMenTa 3apaBooXpaHeHns r. MocKBbl,
MockBa, Poccuiickan Qepgepauna

2 [opopcKan KnuHWyeckan 6onbHuua N 67 uMenn J1.A. Bopoxo6oBa [lenapTaMenTa 3apaBooxpaHeHnsa ropoga Mockssl, Mocksa,
Poccuickan ®Oepepauma

3 Mepablit MOCKOBCKMIA rocyaapCTBEHHbIA MeAULMHCKMIA yHrBepcuTeT Menn U.M. CeueHosa (CeveHoBcKuit YHuBepcuTeT), MockBa,
Poccuickan ®Oepepauma

AHHOTAUNA

0Ob6ocHoaaHue. [Mpy HoBoW KopoHaBupycHon uHdekumum (COVID-19) Hapamy ¢ JOMMHMPYIOLLMM NOpPaXeHWeM OpraHoB
[bIXaHWA B MaTONOMMYECKU NPOLIECC BOBJIEKAETCA CephevHo-cocyamucTan cuctema. 0gHako B JOCTYMHOM nuTepatype
aHaNUTMYECKME OLIEHKM 3neKTpoKapamorpapuyeckmx (3K ¢eHOMEHOB onMpaloTcA MWL Ha pe3ynbTaTbl UCCienoBaHUM
HeboNbLIMX BbIBOPOK M OMMCAHUA €OMHUYHBIX KIMHUYECKUX CAly4aeB, YTO OMpeAenfAeT akTyanbHOCTb NpoBefeHWA bonee
MacLUTabHbIX MCCNeAOBaHUI N1A YTOUHEHWA XapaKTepa M pacnpocTpaHEHHOCTU IKI-U3MeHEHUN Y UL, C NOLATBEPKAEHHOM
KOpOHaBMPYCHOW UH(EKLMEN.

Leno — ctpykTypm3auma nsmenennn 3Kl y naumentoB ¢ COVID-19, npeAcTaBnAoLWLMX HECENEKTUBHYIO NONYNALMIO
WuTenen r. MockBebl.

Mamepuanel u Memodsl. poBefEH PETPOCMEKTMBHBIN aHaNN3 MIEKTPOKApAMOrpaduUECKMX UCCiefoBaHWM, BbINON-
HeHHbIX ¥ 42 799 naumeHToB ¢ BepuduLmpoBaHHbIM auarHo3om COVID-19 B nepuop ¢ 10.03.2020 no 10.03.2021. Bee BKio-
YEHHble B UCCNeA0BaHWe NULA NPOXOAMIM CTALMOHAPHOE NeYeHWe B KTMHUYECKMX 6onbHMLAX . MOCKBbI, MOAKNIOYEHHBIX
K [T-ueHTpy 3KI. Peructpauma 3K npomssogunack B 12 cTaHAAPTHLIX OTBEEHWSAX, NOCNe Yero MyTEM UHTEpPHET-coeam-
HeHuA nHdopMauua nepenasanack Ha cepeep IT-ueHTpa 3Kl ¢ uenbio GopMyNMPOBKM COOTBETCTBYHOLLMX 3aKITIOUEHMIA.

Pesynomameoi. NaMenenna KT o6HapyeHbl y 54% naumenToB. Hanbonee yacTbiMy apuUTMUAMM Bbinv HapKenyaoY-
KoBan 3KcTpacucTonma u dubpunnauma npeacepann — y 12,6 u 12,0% naumeHToB cooTBETCTBEHHO. [pU3HaKKM neperpys-
KM NpaBbIX 0TAEN0B cepaua BoiABneHbl y 12,5% 6onbHbix, M3 Hux B 1,13% cnyyaeB — 3KI-nattepH TpomMboambonum né-
royHon aptepuu. HpapkTonogobHble nameHeHnA Ha 3K uMenu MecTo y 4,5% cybbeKkToB, B TOM Yncne 3 cyyan naTrepHa
bpyraga. Yactota BcTpeyaeMocTn usMeHenui ST-T coctaBuna 2,2% ot umcna Beex mccnegoBaiui. IKI ¢ yAIMHEHHBIM
unTepsanoM QT u QTc 3apeructpupoBaHa y 540 (1,26%) naumenToB. OTMeYeHbI eMHUYHBIE Clly4aun ¢pnOpUNNIALKMK Keny-
aouKoB, cuHapoMa Openeprka v AB-6noKkaabl pasnnMyHON CTeneHu.

3axnoyeHue. Ha ocHoBe NpoBefEHHOr0 aHanM3a NoayyeHo NpeacTaBneHne 0 YacToTe BCTPEYAEMOCTM INEKTPOKApAMO-
rpadumyecknx deHomeHoB y 6onbHbix COVID-19. MoaTBepaeHa BbICOKAA MHLUMOEHTHOCTb pUbpUANALMM Npeacepanin —
daKTopa pucka TpoMbH03IMbONMUECKMX OCNOKHEHUN. OHOBPEMEHHO YCTaHOBMIEHA 3HAYMTENbHAA PacrpOCTPAHEHHOCTb
JKI-naTTepHOB Neperpysku NpaBbiX OTAENO0B CepAua, YacTb M3 KOTOPbIX accoLMMUpoBaHa ¢ TpoMboaMbonueit NErouHom
aptepuu. [pyrve Habniofaemble uaMeHeHuA 3KIT xapaKTepu3oBanMCb 3HAYMTENIBHO MEHBLUEW PacrnpoCTPaHEHHOCTbO,
uUTO, 0QIHaKO, HE CHUMKAET UX KIIMHMYECKOro 3Ha4eHuA. CobpaHHbIN MaTepuan B NepcrekTUBE MOMET CIYHWUTb ONTUMMU3a-
LMW TaKTUKW BeJEHWA NaLMEHTOB NPW KOPOHABUPYCHON MHDEKLMN.

KnioyeBble cnoBa: anekTpokapavorpagua; COVID-19; cepneyHo-cocynmcToie 3ab601eBaHUA; apUTMUU; MUOKApPAWT; TPOM-
603mbonua néroyHon aptepuu; TIJA; Tene-3Kr.
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Electrocardiographic findings in COVID-19:
analysis of tele-ECGs in Moscow ECG IT Center
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ABSTRACT

BACKGROUND: Coronavirus disease (COVID-19) affects the cardiovascular system and the primary damage to the
respiratory system involved in the pathological process. However, in the available literature, the electrocardiography (ECG)
analyses are based only on small-sample studies and case reports, which determine the relevance of larger-scale studies to
clarify the nature and prevalence of ECG abnormalities in subjects with confirmed coronavirus infection.

AIM: To determine the distribution of ECG changes in COVID-19 patients representing a non-selective population of
Moscow residents.

MATERIALS AND METHODS: We performed a retrospective analysis of ECGs from 42,799 patients from March 10, 2020
to March 10, 2021 with a verified diagnosis of COVID-19. The study included patients admitted to Moscow clinical hospitals
connected to the ECG IT Center. A standard 12-lead ECG was obtained and transmitted via an Internet connection to the server
of the ECG IT Center, where the ECG interpretation was performed.

RESULTS: ECG changes were detected in 54% of patients. The most common cardiac arrhythmias were supraventricular
extrasystole (12.6%) and atrial fibrillation (12.0%) reported in patients. Signs of the overloaded right heart were detected
in 12.5% of cases, of which the ECG pattern of pulmonary embolism was confirmed in 485 patients (1.13%). Infarction ECG
pattern was observed in 4.5% of patients, among which 3 cases of Brugada ECG pattern were reported. The incidence of ST-T
changes was 2.2% of all studies. Prolonged QT and QTc intervals were recorded in 540 patients (1.26%). In addition, individual
cases of ventricular fibrillation, Frederick syndrome, and atrioventricular block of various degrees were reported.

CONCLUSION: The distribution of incidence of ECG changes in COVID-19 was shown based on the data obtained. The high
incidence of atrial fibrillation, which is a risk factor for thromboembolic complications, was confirmed. Moreover, a significant
prevalence of ECG patterns of overloaded right heart was shown, some are associated with pulmonary embolism. Other
reported ECG changes were characterized by a significantly lower prevalence, which does not reduce their clinical significance.
The data obtained may be used to improve COVID-19 patient management strategy in the future.

Keywords: electrocardiography, COVID-19; cardiovascular diseases; arrhythmias; myocarditis; pulmonary embolism; tele-ECG.

To cite this article
Taskina VY, Demkina AE, Gazashvili TM, Shkoda AS, Vladzymyrskyy AV, Morozov SP. Electrocardiographic findings in COVID-19: analysis of tele-ECGs in
Moscow ECG IT Center. Digital Diagnostics. 2021;2(3):235-248. DOI: https://doi.org/10.17816/DD71885

Received: 21.06.2021 Accepted: 21.09.2021 Published: 27.09.2021
V-2
ECOSVECTOR The article can be used under the CC BY-NC-ND 4.0 license

© Authors, 2021


https://creativecommons.org/licenses/by-nc-nd/4.0/

https://doi.org/10.17816/DD71885
https://doi.org/10.17816/DD71885

ORIGINAL STUDY ARTICLES Vol 7 (3) 2021 Digital Diagnostics 2
7

DOI: https://doi.org/10.17816/DD71885

Covid-198y/ O BE ISR -
SHEHITHROBIOBEHRFR S

Varvara Y. Taskina', Alexandra E. Demkina', Tamara M. Gazashvili?, Andrey S. Shkoda?,
Anton V. Vladzymyrskyy' 3, Sergey P. Morozov'

! Moscow Center for Diagnostics and Telemedicine, Moscow, Russian Federation
Z L.A. Vorokhobov Municipal Clinical Hospital No 67 of the Moscow Health Department, Moscow, Russian Federation
3 The First Sechenov Moscow State Medical University (Sechenov University), Moscow, Russian Federation

RITF

VUEE I 37 e R B G (Covid—19) , FfiE 3 BEIE AR Fh R 8% B A0 = B4 A5, Wk —
R /G . AW, ErTHCERE, ODHEE (BCC) BRI M Al it 2 3L T X /INEEA (it
FLEE RN — I PRI B IR, 1K W T I B 22 KRS 9 DAV I 2 o A R85 2R R A DG 1
ECGESU AR 76 IR BRI N

B s 2t #Covid-19 B HECCHI L, REFZWAHERIAEEBEEND,

MBS 50 v B9 (4 [ B 43 4, 42, 79944 H3 7 10. 03. 2020%210. 03. 2021 1 /8] 36 4iF
T Covid-195GUE L.  FrAGREED TN 2 BT NERTE SR I R 2R Bl i A3 B va
J7, ERFECG ITH 0. 12MRFRHE S LRMTECGEIL, AR5, WL EBMER:, BER
FERIBIECG TTHO RSS2, CAE A L4518

SR, 54% 1B H PR BIECCAR L . By WO I 2 O AN RLCy 5 8 S, 4 )
12, 6%F112. 0%, 12. 5% B FHERME A OELIRALE SR, Hrp 1. 13%) 55 KD H s ik
MR ZE OB, O EREPERE U R A R4, 5% 32 E , B FE3fIBrugadalld,
ST-TR AEARA ) e A A2 Bl i AL B 2. 2% . A QT FNQTCIA] B& FIECGFE 540
(1.26%) HBEFEM.  WE T AREER OIS, #5558 B w8 & RABFH A ) #4607
.

. ET M, R1E TCovid- 198 FH LB EI RV AR ER.  #AOETE)M
BARRR - MRRZEFRIENGRRNE. SIFER, 507 A M0 3R ECGHR 3
(R pE, Hoh— e S el ki AR ZEA . HAB MR BIMECCAR AL IR IEE T B3
BMERRIRE, R, IASERHEBRR L. KRR R AT DU e R 5 25 L )
& RN AR A o
REE: LR, P, OmEER, OFKE; OIS, MRZE; tele- mREOHERE.
BIAAX

Taskina VY, Demkina AE, Gazashvili TM, Shkoda AS, Vladzymyrskyy AV, Morozov SP. Covid—19f.Co B BT S . TERRARLIT A FEATCo H BARIE
I¥1 43 ¥7. Digital Diagnostics. 2021;2(3):235-248. DOI: https://doi.org/10.17816/DD71885

B : 21.06.2021 #5271 21.09.2021 RATH$:27.09.2021
&
ECOSVECTOR The article can be used under the CC BY-NC-ND 4.0 license

© Authors, 2021


https://creativecommons.org/licenses/by-nc-nd/4.0/

https://doi.org/10.17816/DD71885
https://doi.org/10.17816/DD71885

238

ORIGINAL STUDY ARTICLES

BACKGROUND

In December 2019, the first case of a new coronavirus
disease (COVID-19) caused by SARS-CoV-2 was reported in
Wuhan (Hubei Province, China). The spread of the virus ac-
celerated, and as early as March 2020, the World Health Or-
ganization declared an outbreak of the COVID-19 pandemic.

Thus, Wu and McGoogan reported an overall mortality rate
of 2.3% from confirmed COVID-19, with a significant increase
(by 5.6%—-10.5%) among those with comorbidities, reaching
49% in critically ill patients [1]. The clinical signs of the disease
range from asymptomatic infection to multiple organ failure
leading to death. The upper respiratory tract is the entry point
for infection, and involvement of the lungs is the dominant
clinical sign of COVID-19, including acute respiratory distress
syndrome, according to most reports. However, patients with
the new coronavirus infection develop cardiovascular compli-
cations [2, 3], which are caused by three factors:

« A history of cardiovascular diseases

» Myocardial damage by an infectious agent

« The cardiotoxic effect of drugs for COVID-19 treatment,
which may concomitantly affect the cardiac conduction
system

Cardiovascular complications on electrocardiographic ex-
amination (ECG) include signs of ischemia, myocarditis, Bru-
gada pattern, various types of arrhythmias (including fatal),
thromboembolic complications, and QT and QTc (corrected
interval) prolongation and its proarrhythmogenic value [3-5].
Such myocardial damage is associated with negative disease
outcomes, prolongation of the recovery period, and aggrava-
tion of the prognosis [2, 6-9]. Therefore, clinical specialists
must pay close attention and recognize ECG changes that are
characteristic of COVID-19.

Due to published results of clinical studies in small
samples and analyses of single clinical cases, data on vari-
ous types of ECG phenomena in coronavirus infection have
already been accumulated in the international and domestic
literature [2, 4, 7, 8]. However, no systematization of ECG
frequency changes based on larger observations has yet
been presented, which is important for determining the tac-
tics of patient management and prognosis.

The goal of the study was to structure ECG changes
in COVID-19 patients, who were drawn from a nonselective
population of Moscow residents.

MATERIALS AND METHODS

Study design

From March 10, 2020, to March 10, 2021, 42,799 patients
were treated for the new coronavirus infection in Moscow
medical institutions as part of an observational retrospective
study. The ECG findings were obtained from the telemedical
system of ECG registration and remote analysis (tele-ECG
system) of ATES MEDICA Company (Russia). In addition,
the ECG findings received from the tele-ECG system were
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registered in the Moscow Unified Medical Information and
Analysis System.

Eligibility criteria

Inclusion criteria: Persons over the age of 18 with a clini-
cal and laboratory-verified diagnosis of the new coronavirus
infection determined in accordance with the Interim Guide-
lines of the Ministry of Health of the Russian Federation on
the COVID-19 Prevention, Diagnosis, and Treatment (based
on a positive polymerase chain reaction test and/or the pres-
ence of viral pneumonia according to computed tomography)

Exclusion criteria: Patients under the age of 18 and the
absence of ECG findings in the tele-EKG system and/or elec-
tronic patient records

Setting

Patients were admitted to the Moscow City Health De-
partment’s Municipal Clinical Hospital No. 40, as well as
clinical departments, a pulmonology center, and a reserve
hospital at the Vorokhobov Municipal Clinical Hospital No. 67.

A remote electrocardiography center (ECG IT Center) was
established at the Vorokhobov City Clinical Hospital No. 67 of
the Moscow City Health Department. In accordance with the
guidelines on centralization of ECG descriptions, all ECGs re-
corded in the abovementioned medical institutions were ac-
cumulated in the tele-ECG system of the ECG IT Center to fur-
ther describe and transfer the findings to the electronic patient
records [10]. Morozov et al. reported that such an approach to
the centralization of analytical processing of registered ECGs is
adequate and allows for the optimization of materials and time
costs, which is especially important given the increased load on
the public health system during the COVID-19 pandemic [11].

Study duration

This retrospective study was conducted between April
and June 2021, based on the ECG findings of coronavirus-
infected patients who received inpatient treatment within a
year (from March 10, 2020, to March 10, 2021).

Medical intervention

ECGs were recorded in all patients upon admission to
the hospital and then every 3 days depending on the clinical
situation and baseline ECG changes.

Main study outcome

The main outcome was the ECG recorded in patients
with a confirmed COVID-19 diagnosis who received inpa-
tient treatment in clinical departments and structural units
of medical organizations that collaborated with the ECG IT
Center. The ECG parameters listed below were assessed:

» Rhythm and conduction disorders: The grading of supra-
ventricular and ventricular rhythm disorders was per-
formed using the conventional criteria. The QT interval
duration was calculated automatically using the ATES
MEDICA software, taking into account the variance in
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12 leads. When calculating these intervals, the aver-
aged QRST complex of each lead was superimposed on
each subsequent lead. The QT interval was calculated by
measuring the time between the first point of ventricular
depolarization and the last point of T-wave termination.
In addition, using Bazett's formula, heart rate data were
corrected to obtain the QTc interval value. Thus, the cut-
off values for the QTc interval for men and women were
450 and 460 ms, respectively.

» Morphological abnormalities (ST-T changes): At 60-80
ms intervals, the ST segment was measured from point
J. ST-T abnormality was defined as downsloping and/or
horizontal ST segment depression of =0.05 mV and/or ST
segment elevation of 0.10 mV in limb and V;_, leads and/
or >0.25 mV in V,_,, with a maximum in V, leads. Abnor-
malities of the T-wave were defined as changes in shape
and polarity according to the generally accepted criteria,
whereas secondary ST-T changes caused by ventricular
premature excitation, intraventricular conduction block,
and ventricular stimulation rhythm were not considered.

* Right heart overload and enlargement: Standard criteria
were used to assess right atrial and right ventricular en-
largement as well as the presence of acute pulmonary
heart marker and pulmonary embolism, as reflected on
ECG by S,Q,,T,, pattern and its combination with T-wave
inversion in right chest leads, transient right bundle
branch block, P-pulmonale, and depressed ST segment
in left chest leads.

Subgroup analyses

The sample for this study was a nonselective popula-
tion of Moscow residents who received hospital treatment
for COVID-19. The sample was formed regardless of age,
concomitant pathologies, severity of clinical condition, labo-
ratory data, and duration of hospital stay. Retrospectively,
patients were divided into two subgroups based on the pres-
ence or absence of ECG syndromes.

Any additional subgrouping was not anticipated by the
aim and objectives of the study.

Outcome recording methods

The ECG was recorded in 12 standard leads using EASY
ECG digital electrocardiographs (ATES MEDICA), which were
equipped with modules for remote data transmission and an
automatic ECG interpretation function with measurements
of the main ECG parameters, such as duration of waves and
intervals, voltaic characteristics, and subsequent formation
of the preliminary report. When the electrocardiograph was
connected to a laptop or tablet, the registered ECG records
were visualized with the display of automatic analysis. Then,
via Internet connection, the registered ECG was transmitted
to the ECG IT Center’s server, where functional diagnosti-
cians reviewed the automatic ECG analysis and formulated
a final conclusion. Subsequently, the ECG report was trans-
ferred to the electronic patient records.
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Ethical review

The study was approved by the Independent Ethics Com-
mittee of the Moscow Regional Branch of the Russian So-
ciety of Roentgenologists and Radiologists, No. 5/2021, on
May 20, 2021.

Statistical analysis

The statistical analysis included data from all subjects,
which were divided into two subgroups based on the pres-
ence or absence of the ECG pathological phenomenon. For
each subgroup, descriptive statistics of baseline character-
istics were provided, with the following parameters: number
of missing values (N), minimum value (Min), maximum value
(Max), arithmetic mean (M), standard deviation (SD), 95%
confidence interval (CI) for the mean, and median (Me).

A t-test was used to compare data between subgroups.
For intergroup comparison of categorical baseline charac-
teristics, the chi-square test or Fisher's exact test (if the
expected frequency in any of the cells was >5) was used.
The level of statistical significance (p) was set at 0.05 (two-
sided). All statistical parameters were calculated using Stata
14 software.

RESULTS

Study subjects/participants

The current study included 42,799 patients who had clini-
cal and laboratory-verified COVID-19 infection.

In the primary analysis of ECG findings, 47,292 record-
ings with or without diagnosed ECG phenomenon were se-
lected. In the subsequent assessment, ECG recordings with
no change in previous ECG diagnosis (n = 3927), duplicated
patient records (n = 563), and records with incomplete data
(n = 3) were excluded from the data analysis. Thus, the ex-
clusion of 4,493 ECG recordings due to baseline material
analysis allowed achieving quantitative matching of ECG
findings with patients, i.e., one of the findings with a leading
ECG diagnosis was considered for each study subject. The
total number of registered primary and repeated ECG find-
ings was 34,510 and 8,289, respectively.

Participants in the study ranged in age from 23 to 98
years. The mean age of patients with no pathologic ECG
changes was 52.0 + 14.5 years, whereas that of patients
with various pathologic ECG syndromes was 69.6 + 15.7
years ([p < 0.0001], Table 1).

Female patients (52%) outnumbered male patients in the
study, but statistically significant differences between the
subgroups for this parameter were not found (Table 2).

Main study results

Pathological ECG phenomena were recorded in 54%
(n=23,113) of the study participants, with the percentage
calculated based on the total number of patients.
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Table 1. Descriptive statistics of the sample age structure
Parameters Normal ECG Abnormal ECG Total
N 19 686 23113 42799
Mean 52,0 69,6 61,7
SD 14,5 15,7 17,5
95% On (47,7; 56,4) (65,4;73,9) (58,2; 65,2)
Min 23 30 23
Max 77 98 98
Med 55 71 62
P (t-test) <0,0001 -
Table 2. Distribution of examined subjects by gender
Gender Normal ECG | Abnormal ECG | Total | p-value
Female 9626 (48,9%) 12 629 (54,6%) 22 255 (52,0%) 0.299
Male 10 060 (51,1%) 10 484 (45,4%) 20 544 (48,0%)

The most common cardiac rhythm and conduction disor-
ders were supraventricular arrhythmia and atrial fibrillation,
found in 12.6% and 12.0% of the patients examined, respec-
tively. Moreover, sinus tachycardia was found in 7.13% of
the patients.

Signs of right heart overload were registered in 12.5% of
patients. This was demonstrated by ECG signs of right atrial
and ventricular enlargement, diastolic and systolic tension in
the right ventricular myocardium, pulmonary hypertension,
and S,Q,T, patterns, which indicated the development of
pulmonary embolism. In this study, the ECG pattern of pul-
monary embolism was discovered in 485 patients. Figure 1
depicts an example of the 5,Q,T,, ECG pattern.

Infarct-like changes were found in 4.5% of the patients,
including three cases of the Brugada pattern (Fig. 2).

Signs of acute myocardial ischemia were observed in
0.5% of cases. Further, acute tissue abnormalities mani-
fested by ECG ST-T changes were found in 2.2% of pa-
tients. Figure 3 shows a case of ST segment and T-wave
changes.

ECGs with prolonged QT and QTc intervals were recorded
in 540 patients, accounting for 1.26% of all subjects exam-
ined. Notably, all these subjects were treated with azithro-
mycin and hydroxychloroquine.

During the specified time period, single cases of ven-
tricular fibrillation, Frederick’s syndrome, and AV blocks of
various degrees were recorded (Table 3).

DISCUSSION

Main study result summary

Cardiovascular complications are common in COVID-19
patients and are reflected in altered ECGs. Thus, ECG phe-
nomena were found in 54% of patients. The most com-
mon disorders were supraventricular arrhythmia and atrial
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Fig. 1. 5,Q,T,, ECG pattern. Male patient, 81 years old. Diagnosis:
COVID-19, negative polymerase chain reaction test. Qut-of-hos-
pital bilateral polysegmental pneumonia. Computed tomography
findings: Pulmonary tissue involvement of approximately 80%.
ECG findings of 02/02/2021: First-degree AV block and second-
degree AV block type 2 (2:1; 3:1), 61 bpm. Left axis deviation.
S,Q, T, type, ST elevation, and negative T-wave in Il, Ill, AVF, and
V,-V; leads
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Fig. 2. ECG pattern of Brugada syndrome. Male patient, 67
years old. Diagnosis: COVID-19, positive polymerase chain
reaction tests. Out-of-hospital bilateral polysegmental pneu-
monia. Computed tomography findings: Pulmonary tissue in-
volvement of approximately 75%. ECG findings of 05/22/2020:
Wandering of atrial pacemaker. Single supraventricular ar-
rhythmia, 51 bpm. Normal axis. Right bundle branch block.
Left ventricular hypertrophy. ST elevation in II, lll, AVF, and
V,-V; leads

fibrillation, found in 12.6% and 12.0% of patients, respec-
tively. Signs of right heart overload were seen in 12.5% of
patients, including 1.13% (485 patients) with ECG pattern of
pulmonary embolism. Infarct-like ECG changes occurred in
4.5% of cases, with three patients exhibiting the Brugada
pattern. Moreover, ST-T changes were observed in 2.2% of
all patients. In 540 patients, ECGs with prolonged QT and QTc
intervals were recorded (1.26%).

In addition, single cases of ventricular fibrillation, Fred-
erick’s syndrome, and AV blocks of various degrees were
observed.
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Fig. 3. ST segment and T-wave changes. Female patient, 74 years
old. Diagnosis: COVID-19, positive polymerase chain reaction tests.
Out-of-hospital bilateral polysegmental pneumonia. Computed to-
mography findings: Pulmonary tissue involvement of approximate-
ly 25% and 50% on the left and right, respectively. ECG findings
of 02/25/2021: Sinus tachycardia, 111 bpm. Left axis deviation.
ST elevation in I, II, AVL, and AVF leads and ST depression in AVR
and V, leads

Main study result discussion

The analysis of ECG studies showed that ECG changes
are common and occur in more than half (54%) of hospital-
ized patients with confirmed COVID-19. The obtained data
are consistent with global statistics on the prevalence of
cardiovascular complications in coronavirus infection and
have been confirmed in a number of papers [9, 12-14].
One of the reasons for the high prevalence of cardiovascu-
lar complications in COVID-19 is the disease pathogenesis.
The binding of the viral surface protein to the angiotensin-
converting enzyme 2 (ACE2) receptor is necessary for the
infectious process to progress. Moreover, ACE2 receptors
located on the membranes of type Il pneumocytes are found
in high concentrations in the heart and vascular endothelium,
including the coronary artery. Thus, the virus causes direct
myocardial damage. Cardiovascular complications may de-
velop as a result of molecular mimicry, with immune reac-
tions being activated by a type of “cytokine storm,” which is
exacerbated by hypoxia due to respiratory failure [6]. In pa-
tients with preexisting cardiovascular diseases, SARS-CoV-2
infection aggravates the underlying disease (even if it was
previously well controlled by drug therapy) due to pulmonary
hypertension, impaired immune regulation, and the direct
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Table 3. Structure of ECG phenomena in COVID-19
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Patients (n=42799)

ECG phenomena

n %
Supraventricular arrhythmia 5401 12,6
Tachyarrhythmias:
« Atrial fibrillation 5142 12,0
« Sinus tachycardia 3050 7,13
« Ventricular tachycardia 3 0,007
Bradyarrhythmias:
« Atrioventricular block (varying degrees) 19 0,04
« Sinus bradycardia 7 0,014
ST-T changes 924 2,2
Brugada-like changes 3 0,007
SQ,T,, pattern 485 1,13
Infarct-like changes 1941 4.5
Acute myocardial ischemia 214 0,5
Right heart overload 5338 12,5
QT-QTc prolongation 540 1,26
Other ECG changes (ventricular fibrillation, Frederick’s syndrome, etc.) 46 0,11

effect of the viral agent, resulting in a more severe course of
COVID-19, including prolonged hospitalization, increased risk
of death, and transfer to the intensive care unit [2, 6, 12, 15].
Thus, the link between COVID-19 and cardiovascular disease
becomes evident, with preexisting pathologies exacerbating
the course of the infectious disease and SARS-CoV-2 con-
tributing to or resulting in acute cardiovascular events [6].

Systematization of ECG phenomena in COVID-19 pa-
tients using a large dataset allowed for the identification
and categorization of various electrocardiographic changes
by prevalence, which is characteristic of rhythm and conduc-
tion disorders, myocarditis, ischemia, right heart overload,
pulmonary embolism, and cardiotoxic effect of drugs in the
4-aminoquinoline derivatives group.

Supraventricular arrhythmia was the most common ECG
phenomenon in COVID-19 patients. In clinical practice, it is
one of the most common arrhythmias, regardless of gender
or age, and develops in the presence of cardiovascular, en-
docrine, and bronchopulmonary diseases, as well as other
disorders, leading to the involvement of the cardiovascular
system in the pathological process. Remarkably, supraven-
tricular arrhythmia may occur in a relatively healthy patient
when exposed to a stressor or physical activity, or due to
the use of drugs, caffeine, and smoking. Direct or mediated
exposure of the SARS-CoV-2 viral agent to the myocardium
and metabolic disorders caused by the coronavirus infection
contribute to the development of supraventricular arrhyth-
mia. In addition, other authors state that it is the most com-
mon arrhythmia in COVID-19 patients [2, 6, 9, 12].
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In the structure of ECG phenomena, atrial fibrillation took
the lead among tachyarrhythmias and was recorded in 12%
of patients with confirmed COVID-19. In the general popu-
lation, the prevalence of atrial fibrillation ranges between
1% and 2% [16]. Its occurrence in a viral process is linked
to the pathophysiological mechanisms of arrhythmia, which
requires a trigger and a substrate for its maintenance [16]. In
the context of coronavirus infection, systemic inflammatory
response, fever, and COVID-induced hypoxemia may be trig-
gers for arrhythmia [12, 14, 17]. According to our findings,
the mean age of patients with abnormal ECG changes was
69.6 + 15.7 years, which is a risk factor for atrial fibrilla-
tion because the probability of developing atrial fibrillation
increases in persons over the age of 40, according to nu-
merous clinical studies. Moreover, age is 1 of the 15 key
factors in determining the risk of thromboembolic compli-
cations [16]. The prevalence of concomitant cardiovascular
and endocrine pathologies, which also contribute to the de-
velopment of atrial fibrillation, increases with age. The au-
thors of several studies concluded that the presence of atrial
fibrillation in patients with coronavirus pneumonia signifi-
cantly worsens the prognosis of the disease [9, 13, 17, 18].
Thus, Wang et al. analyzed clinical features in 319 patients
with severe and extremely severe course of COVID-19 [18].
Male patients predominated among the extremely severe
group, whereas females prevailed among the subjects with
a severe course of the disease (p < 0.05). The proportion
of stroke patients in the group of critically ill patients was
significantly higher than in the group with a severe course of
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the disease (p < 0.05). The frequency of increased levels of
cardiac-specific troponin |, natriuretic peptide (NT-proBNP),
D-dimer, C-reactive protein, and hypocalcemia was higher
in critically ill patients than in those with a severe disease
(p < 0.001). Multivariate logistic regression analysis showed
that increased NT-proBNP levels and age were independent
predictors of atrial fibrillation, which was then an indepen-
dent risk factor for hospital mortality (OR = 3.857, 95% Cl
1.506-9.879) and artificial respiration (OR = 4.701, 95% Cl
1.864-11.856) [18]. Based on the results of studies indicat-
ing an increased risk of thromboembolic complications and
death in the severe course of coronavirus infection, careful
selection of anticoagulant therapy in patients with COVID-19
and concomitant atrial fibrillation is necessary to balance the
risk of thromboembolism and possible bleeding.

Furthermore, sinus tachycardia is a common ECG syn-
drome in coronavirus infection. Thus, the overall prevalence
of sinus tachycardia in COVID-19 patients was 7.13%. In a
study by D. Wang et al., which included 138 patients hos-
pitalized for COVID-19, tachycardia was found in 17% of
cases, and the frequency of arrhythmia reached 44.4% in
severely ill patients and those in the intensive care unit, but
did not exceed 6.9% in other hospitalized patients [19]. Si-
nus tachycardia has a negative impact on the clinical course
and prognosis of the disease. Y. Wang et al. reported that
sinus tachycardia was found to be an independent risk fac-
tor for hospital mortality (OR = 6.545, 95% Cl 3.166-13.531,
and p < 0.001) and artificial respiration (OR = 4.804, 95%
Cl 2.322-9.941, and p < 0.001) [18]. In addition, the func-
tional reserve of the left ventricle in long-term tachycardia
may decrease due to a weakening of its pumping function,
increasing the risk of tachycardia-induced cardiomyopathy.

Bradyarrhythmias were much less common. Thus, out
of 23,113 subjects with coronavirus infection and registered
ECG abnormalities, sinus bradycardia and atrioventricular
blocks of varying degrees were found in 7 and 19 cases,
respectively.

In the conducted study, right heart overload was con-
firmed by signs of right atrial and ventricular hypertrophy,
diastolic and systolic tension of the right ventricular myo-
cardium, pulmonary hypertension, and patterns of pulmo-
nary embolism. Signs of right ventricular overload were
recorded in 12.5% of COVID-19 patients. The most common
manifestation of right heart overload was diastolic overload
in the form of right bundle branch block, most of which
was incomplete. Thus, Ryabykina investigated the signs of
electrocardiographic right ventricular stress in COVID-19
patients and, when analyzing 150 ECGs, discovered that the
most common signs of right ventricular dysfunction were
incomplete right bundle branch block (42.6%), right atrial
phase of P-wave (41.3%), S,Q,,T,, ECG type (33.3%), and right
ventricular hypertrophy, mostly represented by increasing
of Sys_4 waves (14.7%) [7]. The registration of the S,Q,T,
pattern as a marker of acute cor pulmonale and pulmonary
embolism required special attention due to the right atrial
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changes. According to the literature, registration of SQ-
Ty complete right bundle branch block, and ST elevation
in V,_, chest leads is associated with a high risk of death
[20]. This ECG pattern was observed in 485 patients who
were later diagnosed with pulmonary embolism. Thus, given
the acute damage to the pulmonary tissue and the preexist-
ing hypercoagulable syndrome associated with COVID-19,
acute pulmonary thromboembolism should be ruled out first
when recording ECG patterns of right heart involvement in
the pathological process.

Moreover, markers of acute myocardial damage and
infarct-like changes revealed on ECG are noteworthy. Myo-
carditis caused by the coronavirus infection is a common phe-
nomenon, and its pathogenesis is associated with an active
immune response to the myocardium affected by the virus [2,
3, 6, 8,19, 20]. Acute myocardial damage correlates with an
increased risk of hospital mortality. Thus, Shi et al., as a result
of the analysis of clinical, laboratory, and instrumental data of
416 hospitalized patients with confirmed coronavirus infection,
revealed that those with signs of myocardial damage had a
higher in-hospital mortality rate when compared to patients
without such signs (51.2% vs. 4.5% [p < 0.001]) [2]. Patients
with myocardial damage had a higher risk of death compared
to those without such a complication, both from the onset of
symptoms (OR = 4.26, 95% Cl 1.92-9.49) and from admission
to the endpoint (OR = 3.41, 95% Cl 1.62-7.16) [2].

ECG signs of myocarditis include reduced wave ampli-
tude in limb leads, ST segment elevation predominant in the
lower and lateral leads, and ST segment depression with
T-wave inversion in V, and aVR leads [20]. In our study, such
ST-T patterns were observed in 2.2% of patients. Notably,
myocarditis can cause life-threatening arrhythmias, bundle
branch blocks, QT interval prolongation, and infarct-like
changes [3, 6, 20].

Special attention should be given to Brugada-like ECG
changes, which include pseudoblocks of the right bundle
branch and persistent ST segment elevation in V,_, leads
[7]. In the analyzed material, three such cases were found.
True Brugada syndrome is a genetic disorder that increases
the risk of fatal arrhythmias and sudden death. In COVID-19
patients, existing long-term fever, metabolic disorders, and
viral myocardial damage may result in ECG patterns similar
to Brugada syndrome; however, unlike true Brugada syn-
drome, these disorders are transient and disappear when
the overall disease pattern improves. Nevertheless, Bruga-
da-like ECG changes significantly complicate diagnostic and
clinical strategies, because they are frequently associated
with chest pain, mimicking acute myocardial infarction [4,
20]. Coronary artery thrombosis and hyperactivation of co-
agulation cascade are the primary causes of acute myocar-
dial ischemia in coronavirus infection [6, 7]. Therefore, the
patient’s history and the data of coronary angiography and
laboratory markers of myocardial damage are important for
differential diagnosis. In this study, ECG patterns of acute
ischemia were detected in 0.5% of patients.
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QT and QTc interval prolongation was reported as one
of the possible causes of life-threatening arrhythmias in
1.26% of patients who were hospitalized for COVID-19.
Remarkably, off-label patients were given antimalarials
such as chloroquine and hydroxychloroquine, as well as
azithromycin (a macrolide antibiotic). These drugs have a
pro-arrhythmogenic effect because of their direct influence
on cellular transmembrane potential, which is expressed
by QT and QTc interval prolongation, potentially leading to
the development of pirouette-type tachycardia [5, 7, 20].
In addition, macrolide use is associated with QT interval
prolongation and may lead to pirouette-type tachycardia,
especially when combined with concomitant bradycardia,
hypokalemia, and hypomagnesemia [20]. Given these pecu-
liarities of pharmacological effects of the aforementioned
drugs, continuous monitoring of the QT interval for timely
correction of drug therapy and prevention of life-threaten-
ing arrhythmias may be recommended for all patients who
receive such therapy.

Study limitations

There were some limitations to the study.

The current study used a nonselective sample of patients
with confirmed COVID-19 infection, regardless of concomi-
tant pathology, severity of clinical condition, data of labo-
ratory and other instrumental examinations, and duration
of hospital stay. This approach to sampling is relevant in
the context of the present study’s aim because it allows for
the primary structuring of ECG changes in the population
of Moscow residents. However, stratification of the risk of
death, time to complete recovery, and the risk of transferring
patients to the intensive care unit are of broad practical in-
terest. Therefore, a future study with subgrouping of patients
for the aforementioned analysis is planned.

Importantly, when ranking ECG phenomena among
tachyarrhythmias, atrial fibrillation was considered as a
single nosology, without differentiating its forms. The re-
vealed ECG changes peculiar to right heart overload, myo-
carditis, and coronary heart disease are often insufficiently
specific, necessitating verification with laboratory tests and
instrumental diagnostic methods.
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OueHKa avaMeTpa NEro4yHOMU apTepum nNpu pasiU4YHOM
cTteneHu TaxecTu TeyeHua COVID-19 (no gaHHbIM
6eCKOHTpacTHOM KOMNbIOTEepHOU TOMOrpadpum NErkux)

A.0. Annes" ®, H.[l. Kynpasues' 2, A.B. Metpaikun?, 3.P. Aptiokosa?, A.C. Lkopa',
C.N. Mopo308?

! Mopopckan KnnHudeckan 6onbHuua N2 67 umenn J1.A. Bopoxo6osa [lenaptameHTa 3paBooxpaHeHua ropoa Mockesl, MockBa,
Poccuickan Oepepauma

2 HayuHo-NpaKTMUYECKMIA KTMHUYECKIIA LLIEHTP AMAarHOCTUKN 1 TeNeMeMLIMHCKMX TeXHoNoruit [lenaptaMenTa 3apaBooxpaHenma r. Mockssl,
MockBa, Poccuiickan Depgepauna

3 MOCKOBCKMIA FOPOJICKOIA Hay4HO-NPaKTUYECKMIA LLeHTP 60pb6bl ¢ TybepKynesom [lenapTaMenTa 3apaBooxpaHenmsa r. Mockesl, Mocksa,
Poccuickan ®Oepepauma

AHHOTAUNA

06ocHosaHue. KoMnbioTepHaa ToMorpa¢uA ABMAETCA METOAOM Bblbopa Mpu OLEHKe 06bEMa MopameHWA NErkux
MPY BUPYCHBIX MHEBMOHMSAX, B TOM uMcne accoummpoBaHHbix ¢ COVID-19. MoMuMo oueHKM 06bEMa NoparkeHUA NEFKMX,
KOMIblOTepHaA ToMorpadumA no3BonsAeT onpefenvTs pa3Mepbl MarucTpanbHbIX COCY0B FPYOHOM KNETKW. 3TO NO3BOMAO0
NpoaHanun3upoBatb CBA3b MeAay TAwecTblo TedeHna COVID-19 u HanuumeM n3MeHeHMA OMaMeTPOB NEFOYHON apTepum
¥ BOCXOAALLEN aopTbl. PaclumMpeHre néroyHom apTepum ABAETCA NPU3HAKOM NIEFOYHOM runepTeH3nn. N3ydeHne OaHHbIX
3aKOHOMEPHOCTEN MOMET UMETb KIMHWUYECKOE 3HaUeHMEe B OTHOLLEHUM ONPefeneHWA TaKTUKK JIeYeHUA 1 NPorHo3a Teve-
HuA 3aboneBaHua COVID-19.

Llens — oueHNTb 3aBUCMMOCTb MEY ANAMETPOM NEFOYHOW apTepum U cTeneHblo TAKecTM TedeHna COVID-19 y na-
LIMEHTOB pas/IM4HOro Bo3pacTa.

Mamepuanel u Memodsl. OgHOLEHTPOBOE OAHOMOMEHTHOE CMIOLIHOE HEKOHTPONIMpYyeMoe UcCrefoBaHue BbiMoMHe-
HO B rpynne naumeHToB (n=511, 267 MyxuuH, MegmnaHa 59 nert, IQR 49,0-65,0, pasamax ot 31 go 84 nert), npoxoamBLLKX
nleyeHne BO BPeMEHHOM rocnutane ana neyenua nauuento ¢ COVID-19. Mpu rocnutanmsaumum Bce nauMeHTbl NpOLLAN
KOMIbIOTEPHOE TOMorpaduyeckoe MccneoBaHMe OpraHoB rpyAHOM KNETKU C NOMOLLbI0 MobuibHOM cucteMbl Airo TruCT
(Stryker, CLUA). CteneHb nopaeHWA NEroYHOM TKaHW oueHuBanach no wkane KT 1-4. M3mepenue guamMetpa néroyHoi
apTepuu 1 BOCXOAALLEN aopThbl NPOBOAMNOCH CTaHLAPTHBIMU UHCTPYMEHTaMM paboyei CTaHLMK Bpada-peHTreHosora nep-
NEeHOUKYNAPHO ANIMHHOW OCU cocyda.

Pesynomamel. TNonyyeHbl cnegyiolime CTaTUCTUHECKM 3HAUMMble 3aKOHOMEPHOCTU: pacLUMpeHVe NEFOYHOM apTepum
W yBENMYEHWEe OTHOLLUEHUA NEOYHOM apTepuW/BOCXOMALLEN aopTbl ObINO CBA3AHO C YBENIMYEHWEM CTENEHU MOParKeHWs
nérkux npu COVID-19 (kputepui Kpackena—Yonnuca, p <0,001; meamanHbin Tect, p <0,001); omameTp BocxogALlero oT-
[ieNla aopTbl JOCTOBEPHO YBENMYMBAETCA C BO3pacToM naumeHTa (Kputepuii Kpackena-Yonnuca, p <0,001; MegmaHHbIn
Tect, p <0,001). MoKasaHbl HeLOCTOBEPHAA CBA3b MEMH/Y YBENMYEHUEM OMaMeTpa NEFOYHOM apTepMM U BO3PacToM nauu-
eHTa (Kputepui Kpackena—Yonnuca, p=0,094; MegmanHbin Tect, p=0,311) u HegoCTOBEPHaA CBA3b MEHOY M3MEHEHWEM
AvaMeTpa BOCXOAALLEN aopThl U CTeMeHblo nopaxeHua nérkmx (kputepui Kpackena—Yonnuca, p=0,061; MeguaHHbIi Tecr,
p=0,165). Bo Bcex BO3pacTHbIX Fpynnax C TAMKEMbIM Te4yeHWeM 3aboneBaHWA U 6ONbLUMM 0OBEMOM MOpaXKeHUA NETKMX
(KT-3 1 KT-4) nokasaHo JocToBepHO 60sbLUee KONM4eCTBO NaLMeHTOB C NPU3HaKaMM NErOYHOM FMNepTeH3um (paclumpeH-
HaA oT 29 MM 1 bonee NErovHas apTepus).

3aknoyeHue. [unataums NEroYHON apTepuM M YBENIYEHME OTHOLLEHUA AMAMETPOB IEFOYHON apTepum/BoCXoaALLen
aopThbl 4OCTOBEPHO CBA3AHO C yBenuyeHWeM 06bEMa nopaxenua nérkvx npu COVID-19 Bo Bcex BO3pacTHbIX rpynnax.

Kniouesble cnosa: COVID-19; néroyHan apTepus; NéroyHan runepTeH3und; aopTa; KOMMNbITEPHaA ToMorpadus.
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Changing of pulmonary artery diameter in accordance
with severity of COVID-19 (assessment based
on non-contrast computer tomography)

Alexander F. Aliev':3, Nikita D. Kudryavtsev'-2, Alexey V. Petraikin?, Zlata R. Artyukova?,
Andrey S. Shkoda', Sergey P. Morozov?

" L.A. Vorokhobov Municipal Clinical Hospital No 67 of the Moscow Health Department, Moscow, Russian Federation
2 Moscow Center for Diagnostics and Telemedicine, Moscow, Russian Federation, Moscow, Russian Federation
3 The Moscow Research and Clinical Center for Tuberculosis Control of the Moscow Health Department, Moscow, Russian Federation

ABSTRACT

BACKGROUND: Computed tomography is the method of choice for assessing the volume of lung damage in viral pneumonia,
including those associated with COVID-19. In addition, computed tomography can determine the main vessels size of the
thorax. This allowed us to analyze the relationship between the severity of COVID-19 and the changes in the diameters of the
pulmonary artery (PA) and ascending aorta (Ao). Dilation of the PA is a sign of pulmonary hypertension. The study of these
patterns may be of clinical significance in determining the treatment tactics and prognosis of the course of COVID-19 disease.

AIM: To evaluate the relationship between PA diameter and the severity of the COVID-19 course in patients of different ages.

MATERIALS AND METHODS: This study is a single-centered, cross-section, continuous, uncontrolled study performed on
a group of patients (n=511, 267 men, median 59 years, IQR 49.0-65.0, ages 31-84 years) who were treated in a temporary
hospital to treat patient with COVID-19. During hospitalization all patients were examined by CT scan of the chest. All studies
were carried out using a mobile CT scan system Airo TruCT (Stryker, USA). The degree of damage to the lung tissue was
assessed using the CT volume scale 1-4. Measurement of the LA and Ao diameters was carried out using standard instruments
of the radiologist’s CT workstation perpendicular to the long axis of the vessel.

RESULTS: The following statistically significant regularities were obtained: the detection of a dilated pulmonary artery
(PA) and an increased PA/Ao ratio correlated to an increase in the degree of lung damage in COVID-19 (Kruskal-Wallis test,
K-W p <0.001; median test, MT p <0.001), the diameter of the ascending aorta (Ao) significantly increases with the patient’s
age (K-W p <0.001; MT p <0.001). An insignificant correlation between an increase in the diameter of the pulmonary artery
(PA) and the patient’s age (K-W p=0.094; MT p=0.311) and an insignificant correlation between detection of a change in aortic
(Ao) diameter and the degree of lung damage (K-W p=0.061; MT p=0.165) were shown. In groups with a severe course of the
disease and a large volume of lung lesions (CT-3 and CT-4), a significantly greater number of patients with signs of pulmonary
hypertension (detection of the dilated pulmonary artery: 29 mm and more) was shown for all age groups.

CONCLUSION: The study showed that PA dilatation and increased PA/Ao diameter ratio were significantly associated with
increased pulmonary lesion volume in COVID-19 in all age groups.

Keywords: COVID-19; pulmonary artery; pulmonary hypertension; thoracic aorta; X-ray computed tomography.
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artery (PA) dilation [7] and high risks of pulmonary embolism

BACKGROUND and acute respiratory distress syndrome, which is accompa-

In the context of the coronavirus disease-2019 (CO- nied by gas exchange worsening, hypoxemia, and multiple
VID-19) pandemic, pulmonary computed tomography (CT)  organ failure [4, 7, 8].

became one of the leading methods for COVID-19 severity A significantly increased PA diameter and PA and as-
diagnosis and assessment [1-3]. cending aorta (Asc Ao) diameter ratio is shown in patients

The federal clinical guidelines for the prevention, diagno-  with lethal outcomes compared to those who recovered [9].
sis, and treatment defined four degrees of COVID-19 severity Thus, the lung lesion volume and the state of the pulmo-

[2]. This division is based on several clinical and laboratory  nary vessels (both segmental PAs, [10-12] and the pulmo-

parameters, including the volume of pulmonary tissue le-  nary trunk [main PA]) are considered to assess the course

sions according to grades 1-4 of the CT classification [1,  of COVID-19, current therapy effectiveness, and prognosis

3]. Patients with a mild degree of disease severity had no  using CT [9]. Increased pressure in the arterial vascular bed

lung lesions (CT-0); moderate disease severity had up to  of the pulmonary circulation indicates the difficulty of blood

25% (CT-1) and 50%-75% (CT-2) lung involvement degree;  transit through the lungs, which reduces the patient’s com-

50%-75% (CT-3) in severe disease course; and over 70%  pensatory abilities, leading to heart failure.

(CT-4) in extremely severe disease. In addition, the degree AIM: This study is aimed to determine the relationship

of pneumonia severity according to the CT classification has  between the COVID-19 severity and the PA and Asc Ao di-

prognostic value. Thus, a significantly increased proportion ~ ameters in patients of different ages.

of patients who died depending on the volume of the af-

fected pulmonary parenchyma according to the CT scale was METHODS

shown, including a jump in the risk of lethality when tran- .

sitioning from mild and moderate to severe and extremely Study design

severe disease course (from CT 1-2 to CT 3-4) [4]. A single-center, cross-sectional, continuous, and non-
The radiological sign analyses, which are typical for  controlled study based on chest CT was conducted (Fig. 1).

COVID-19-associated pneumonia, paid considerable atten- Lo L

tion to the pulmonary parenchyma, pleura, and bronchial Eligibility criteria

tree assessment, and to a lesser extent, to the great vessel Inclusion criteria are COVID-19 diagnosis that is con-

changes [5, 6]. The most characteristic and stable signs of  firmed by polymerase chain reaction, signs of viral pneu-

COVID-19-associated pneumonia are segmental pulmonary  monia on CT scan, and voluntary informed consent for

[ 2998 chest CT scans j

Exclusion criteria:
« Patients without a verified COVID-19 diagnosis
« History of chronic lung disease and pulmonary
and cardiovascular surgeries
« CT scans with artifacts in images

\ 4

511 (17%) chest CT scans were included
in the study

\ 4 \4 \ 4 Y

CT-1 CT-2 CT-3 CT-4
155 (30,3%) 201 (39,5%) 113 (22,1%) 42 (8,1%)
PA <29 Mm PA 229 Mm PA <29 Mm PA 229 Mm PA <29 MM PA 229 Mm PA <29 MM PA 229 Mm
125 (80,7%) 30 (19,3%) 133 (66,2%) 68 (33,8%) 51 (45,2%) 62 (54,8%) 15 (35,7%) 27 (64,3%)

Fig. 1. Study design
CT: computed tomography; CT 1-4: adapted scale for visual assessment of the relationship between the severity of the patient’s general
condition and the nature and intensity of radiological signs of pulmonary changes in COVID-19; PA: pulmonary artery.
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medical intervention. Chest CT scans were performed for
the first time in a reserve hospital during admission or within
4 days after admission, provided that chest CT scans were
performed in another medical institution at the prehospital
stage [3].

Exclusion criteria are the history of chronic lung disease
diagnosis, surgical interventions on the chest organs, and
pronounced artifacts on CT scans that prevent an adequate
lung lesion assessment and measurement of the great ves-
sel diameters.

The non-inclusion criterion is the absence of viral pneu-
monia signs on CT scans (CT-0) due to a limited number of
such admissions.

Setting

The study was conducted with a group of patients who
were treated at the temporary reserve hospital in Krylats-
koye Ice Palace (Vorokhobov City Clinical Hospital No. 67)
from October 08, 2020, to December 05, 2020.

Medical intervention

in a specific period, 2998 non-contrast chest CT scans
were performed in the hospital for diagnosis or follow-up
of patients with COVID-19 viral pneumonia.

CT scans were performed on an Airo TruCT mobile CT
scanner (Stryker, USA), which was installed at the reserve
hospital for the treatment of patients with COVID-19 (Fig. 2).
The mobile CT scanner has an extended aperture diameter of
105 cm and 32 detector rows. This CT system was designed
for neurosurgical operating rooms. However, its compact
size and low power requirements (possibility of connection
to the 1.5 kW power grids) allows an effective usage of the
device in a temporary hospital setting. In addition, the power
supply unit of the tomograph allows short-term scanning
with a power of up to 30 kV. Given the necessity of providing
around-the-clock operation mode, the following scanning
parameters were chosen: X-ray tube voltage: 120 kV, cur-
rent: 38 mA, slice thickness:1 mm, matrix: 512x512, pitch:
1.415, rotation time: 1.92 sec, average scanning length: 30
cm (12 sec), and effective dose: 3.9 mSv. Maximum flow is
up to 6 patients per hour.

Fig. 2. Airo TruCT mobile CT scanner was installed in the admis-
sion department of the temporary reserve hospital for the treat-
ment of patients with COVID-19, which was organized in the Kry-
latskoe Ice Palace.

Vol 2 (3) 2021
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The anonymized CT scans were independently assessed
by two radiologists with 3 and 9 years of experience, respec-
tively. The software of the Unified Radiological Information
Service of the Unified Medical Information and Analytical
System of Moscow City was used on the Agfa Enterprise
Imaging platform (Agfa HealthCare, Belgium) to view CT
scans and perform measurements. Axial CT 1 mm slices
with pulmonary and soft-tissue viewing window parameters,
(window width and level of 1500 HU, -500 HU, 350 HU, and
50 HU, respectively) were used for lung lesion degree as-
sessment and great vessel measurement.

With a large patient flow, an empirical visual scale was
used to assess the lung lesions based on the visual as-
sessment of the thickened lung tissue volume according to
axial and reconstructed chest coronal and sagittal images.
Computer-assisted methods of assessing the affected pa-
renchyma were not used.

The lung lesions, according to grades 1-4 of the CT
classification, were assessed according to the approved
guidelines [1, 2] and the scheme for describing pathological
changes, which was proposed by domestic authors, based
on the indication of the pulmonary parenchymal lesion vol-
ume. Pulmonary tissue changes (frosted glass, reticular
thickening, consolidation, “cobblestone” appearance, “air
bronchogram,” and inverse “halo”) were determined with the
assessment of the lesion volume and localization of changes
by the lung lobes and segments.

The PA size was measured on axial sections at the wid-
est point, perpendicular to the long axis of the vessel (Fig.
3, a, ¢, e, g). The Asc Ao size was measured at the level of
the maximum diameter of the right PA [13]. The accuracy
of measurements was limited by the absence of contrast
enhancement, cardiac gating, and reduced signal-to-noise
ratio. Results were obtained by averaging independent mea-
surements taken by two radiologists. A significant difference
in the results of parenchymal lesion assessment or great
vessel measurement (>2 mm) considers the opinion of a
third radiologist with 15 years of work experience.

Main study outcome

The main study outcome is an assessment of the corre-
lation between various measured PA and Asc Ao parameters
and their derivative value with pulmonary parenchymal le-
sions and age dependence.

Additional study outcomes

An additional study outcome is an assessment of the
relationship between the Asc Ao diameter and the patient'’s
age, which confirm the previously established patterns.

Subgroup analyses

In the course of the study, patients of both genders were
divided into four groups depending on the lung lesion volume
(CT 1-4) and three age ranges (up to 50, 51-69, and over
70 years).
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Fig. 3. Examples of CT scans with different PA diameters and lung
lesion degrees: a, b, non-dilated PA (27.0 mm) with CT-1 lung
lesion (<25%); c, d, dilated PA (30.5 mm) with CT-2 lung lesion
(25%-50%); e, f, dilated PA (32.6 mm) with CT-3 lung lesion (50%-—
75%); g, h, dilated PA (34.8 mm) with CT-4 lung lesion (over 75%).
CT: computed tomography; CT 1-4: adapted scale for visual as-
sessment of the relationship between the patient’s general condi-
tion severity and the nature and intensity of radiological signs of
pulmonary changes in COVID-19; PA: pulmonary artery.

Ethical review

The study was conducted under the Declaration of Hel-
sinki, which was developed by the World Medical Association.

The study was approved by the Independent Ethics Com-
mittee of the Moscow Regional Branch of the Russian Soci-
ety of Roentgenologists and Radiologists, No. 2/2021, dated
February 18, 2021.

Informed consent for medical intervention (CT examina-
tion) and the use of their medical data for scientific purposes
was obtained from all participants.
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Statistical analysis

Statistical data processing was conducted using
StatSoft Statistica 12.0 software. The required sample
size was determined using Altman’s nomogram (with a
power of 0.8 and a significance level of 0.05). Exami-
nation of over 500 patients obtained the minimum suf-
ficient sample size and statistically significant results.
The quantitative data distribution normality was checked
using the Kolmogorov—Smirnov criterion and adjusted for
Lilliefors and Shapiro-Wilk tests. Given the non-normal
distribution of PA and Asc Ao parameters in several stud-
ied groups and different numbers of patients divided into
groups, the reliability of differences was assessed us-
ing the nonparametric Kruskal-Wallis (K-W) test, non-
parametric ANOVA analog, and median test (MT). The
nonparametric Spearman’s correlation coefficient (p)
was used to further assess the relationship of several
studied parameters of great vessel sizes, whereas 2 x 2
tables and nonparametric Fisher F-criterion were used to
analyze differences between the groups. The significance
level (p) in all tests was <0.05.

RESULTS

Study subjects/participants

CT scans of 511 patients both male (52.2%) and female
(47.8%), with a mean age of 57 + 12 years, the median age
of 59 years, IQR of 49.0-65.0 years, min. of 31 years, and
max. of 84 years, were analyzed. The distribution of patients
by gender, lung lesion degree, and age intervals is shown
in Table 1. Patient CT scans with different pulmonary pa-
renchymal lesions and corresponding PA measurements are
presented in Fig. 3.

Main study results

The following significant patterns were obtained: an
increased PA diameter with lung lesion severity (K-W,
p < 0.001; MT, p < 0.001), increasd Asc Ao diameter with
the patient’s age (K-W, p < 0.001; MT, p < 0.001), increased
PA/Asc Ao ratio with lung lesion severity (K-W, p < 0.0071;
MT, p = 0.008), and decreased parameter with age (K-W,
p < 0.001; MT, p < 0.001). Both the correlation of a small
increase in the pulmonary trunk diameter with age (K-W,
p =0.094; MT, p = 0.311) and a small increase in the aortic
diameter depending on lung lesion degree (K-W, p = 0.061;
MT, p = 0.165) were not significant.

Results presented in Fig. 4 determined the following
Spearman’s correlation coefficients (between the PA diam-
eter and lesion severity): for the entire sample, p = 0.268,
p < 0.005; up to 50 years, p = 0.245, p < 0.005; 50-70 years,
p=0.229, p < 0.005; and over 70 years, p = 0.374, p < 0.005,
thus a weak positive relationship was noted. The analysis of
differences by Fisher’s one-sided F-criterion showed reli-
able PA dilation (>29 mm) in patients with severe pneumonia
(CT 3-4) (Table 2).
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Table 1. Distribution of patients in groups by gender (M: males), age, and severity of pneumonia according to the CT 1-4 scale

Parameters CT-1 CT-2 CT-3 CT-4 Total, n
Group | (up to 50 years old) 47 (34 M) 56 (38 M) 19 (14 M) 9(9M) 131 (95 M)
Group Il (50-69 years old) 84 (36 M) 127 (56 M) 78 (39 M) 24 (19 M) 313 (150 M)
Group Il (over 70 years old) 24 (8 M) 18 (4 M) 16 (4 M) 9(6M) 67 (22 M)
Total, n 155 (78 M) 201 (98 M) 113 (57 M) 42 (34 M) 511 (267 M)
1 deviation to the mean PA values was 13.5%. The relative
T CR T Mg e increase of the PA/Asc Ao ratio was 8.3% and the ratio of
31 3045 = the standard deviation to the mean was 11.9%. Therefore, an
_ 0y 2947 i 29,76! increased PA diameter was more pronouncedly associated
E  isdilated 29,0300 | with an increased CT degree compared to the PA/Asc Ao ra-
= & T 852 ‘ tio with a smaller difference in the coefficient of variation. In
g 28 i addition, a separate PA changes assessment by this param-
S Y ks 27,06 eter in contrast to the PA/Asc Ao ratio is more preferable.
< 27 2ealo4 | i . Lo 26,67 |
26 : Adverse events
25 || || ‘ No adverse events were observed in patients when per-
‘ forming the non-contrast chest CT. Scans were obtained
24

Up to 50 yearsold  50-69 years old  Over 70 years old

Fig. 4. Dependence of the PA diameter on age and lung lesion
severity in COVID-19.
CT 1-4: adapted scale for visual assessment of the relationship
between the patient’s general condition severity and the nature and
intensity of radiological signs of pulmonary changes in COVID-19;
PA: pulmonary artery.

Additional study results

The following additional study results were obtained: a
more frequently (37%) observed severe COVID-19 (CT 3-4)
in the older patient group (>70 years); less frequently (21%)
observed in the second age group (<50 years); and inter-
mediately (32%) observed in the middle age group (50-69
years old).

In addition, an increased PA diameter from CT-1 to CT-4
was 12.9% (calculated as the ratio of the difference in val-
ues to half of the sum), whereas the ratio of the standard

according to the standard non-contrast protocol for chest
disease diagnoses.

No adverse events associated with the use of the Airo
TruCT mobile CT scanner were registered. The radiation ex-
posure did not exceed the typical values for stationary com-
puted tomographs.

DISCUSSION

Main study result summary

The relationships of PA and Asc Ao diameters and their
ratios in patients with different COVID-19-associated pneu-
monia severity depending on age were studied. A significant
positive correlation between the pulmonary trunk diameter
and the pulmonary parenchymal lesion in COVID-19 was
revealed. A non-significant increased pulmonary trunk di-
ameter with age was shown. A significant aortic dilatation
was observed in older age groups, without relation to the
increasing disease severity.

Table 2. Distribution of examined patients by age interval, pneumonia severity, and pulmonary artery dilation

Age interval, Parameters
years CT severity PA <29 mm PA =29 mm PA =29 mm, %
CT 3-4 10 18 64,3
Up to 50*
CT 1-2 80 23 22,3
CT 3-4 47 51 52,0
50-69**
CT1-2 145 62 29,9
CT 3-4 10 19 65,5
Over 70***
CT1-2 30 16 34,8

Note. The differences are significant: *p < 0.0001, **p = 0.0001, and ***p = 0.0089 (Fisher’s F-criterion). CT: computed tomography; CT
1-4: adapted scale for visual assessment of the relationship between the patient’s general condition severity and the nature and intensity

of radiological signs of pulmonary changes in COVID-19; PA: pulmonary artery.
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Main study result discussion

An equal but not significant increased pulmonary trunk
diameter with age (see Fig. 4) was shown. Values for age
intervals up to 50, 50-69, and over 70 years amounted for
27.0 + 3.6, 27.6 + 3.8, and 28.2 + 4.1 mm (mean = standard
deviation), respectively. However, a significantly increased
PA diameter was shown about pulmonary parenchymal le-
sion severity in COVID-19-associated viral pneumonia (see
Fig. 4). CT grades 1-4 determined the following mean PA
values: 26.7 + 3.4,26.9 + 3.4, 28.8 + 4.1, and 30.4 + 4.4 mm,
respectively. Reverse patterns were shown for the aor-
tic diameter. In addition, a significant change (increase)
in the aortic diameter with age (31.2 + 3.7, 34.6 + 3.9,
and 34.8 + 5.6 mm) for age intervals defined above was
observed. No significant change (increase) was noted in
the aortic diameter with increasing lung lesion sever-
ity (CT 1-4), that is, 33.3 £ 4.9, 33.7 + 4.2, 34.2 + 3.9, and
34.6 + 4.3 mm, respectively. The derived parameter (PA/Asc
Ao ratio) showed a significant change (decrease) with age
(0.87 £ 0.11, 0.80 £ 0.12, and 0.82 + 0.15 RU, respectively)
due to a pronounced increased Asc Ao diameter with age
and a slight increased PA diameter. A significant change
(increase) in the PA/Asc Ao ratio with increasing degree of
the pulmonary tissue lesion (CT 1-4) was shown, that is
0.81 +0.13, 0.81 £ 0.11, 0.85 £ 0.14, and 0.88 + 0.12 RU,
respectively.

The obtained mean PA diameter and PA/Asc Ao ratio in the
CT-1 group with the smallest lesion volume (26.7 + 3.4 and
0.81 + 0.13) were slightly higher compared with the mean
values defined as normal in the Framingham Heart Study [14],
where the mean PA size was 25.1 + 2.8 mm and the mean
PA/Asc Ao ratio was 0.77 + 0.09. This is due to the meth-
odological peculiarities, as measurements were performed
without cardiac gating, which resulted in increased measured
vessel diameters and disproportionate division of the studied
groups by gender. The mean measured aortic diameter in the
group of patients up to 50 years old (31.2 + 3.7 mm) was well
comparable with the review results [15], which is devoted to
age-related aortic measurements (31.1 + 4 mm). In addition,
this review noted an increased aortic diameter with age due
to decreased vessel wall elasticity.

The groups with severe COVID-2019 (CT 3-4) (see Fig. 2, b,
d, f, h) demonstrated a statistically significant increased pro-
portion of patients with PA diameter dilation of >29 mm for all
ages (Table 2). On average, this group of patients was 60.6%,
which was twice the average number of patients with PA dila-
tion of >29 mm in the groups with mild COVID-19 (CT 1-2).

Our data agree well with the previously obtained results
[9], where PA dilation in patients with COVID-19-associated
pneumonia compared to the data before the disease showed
a significantly increased PA/Asc Ao ratio. However, the re-
lationship of these parameters with the pneumonia severity
was not pronounced.

The threshold PA diameter values, above which the
pulmonary hypertension is reliably stated, were different.
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For example, the upper limits of the PA diameter, above
which patients had dyspnea, were 29 mm in males and
27 mm in females, whereas the critical PA/Asc Ao ra-
tio was 0.9 [13, 16]. Another study proposed PA values
of 29 mm and PA/Asc Ao ratio as criteria above which
pulmonary hypertension is diagnosed. However, these
values showed high sensitivity and insufficient speci-
ficity [14]. Alternatively, another proposed threshold of
31.5 mm, above which pulmonary hypertension is reg-
istered, showed low specificity [14]. The guidelines for
pulmonary hypertension diagnosis and treatment noted a
threshold of 29 mm [17].

Thus, the chosen threshold of 29 mm is reasonable.
However, this value will probably be adjusted for the ad-
ditional PA pressure assessment data, which is obtained
by ultrasound measurements [18]. The statistical data on a
significantly higher number of patients with a PA diameter
of >29 mm in groups with a severe course (see Table 2)
indicate a possible contribution of pulmonary hypertension
to a more severe disease course.

The PA/Asc Ao ratio did not demonstrate threshold
values exceeding 0.9 and 1 [9] and reached maximum
values of 0.88 + 0.12 in the group with a CT-4 degree
of lung lesions. A significant increase of this index cor-
responds to the results reported by P. Spagnolo et al. [9].
While emphasizing the clinical significance of PA dila-
tion, the authors provided reliable data on increased PA
diameter and PA diameter/Asc Ao ratio in patients with
lethal outcomes compared to those who recovered. This
study revealed a weak positive correlation between the
lung lesion degree (also divided into severity grades 1-4)
and an increased PA diameter. A significant PA diameter
dilation was shown in the examined patients compared to
the state before the development of pneumonia; however,
the sample size was small (45 patients). The necessity of
PA dilation correction with PA/Asc Ao ratio determination
is confirmed by a reliably smaller, but rather high number
of patients with PA dilation in the cohort with small lesion
volume (up to 50%) (Table 2). The use of this criterion
is reasonable for constitutionally excluding conditioned
wide PA. However, this auxiliary comparative criterion is
inefficient in patients over 50 years old with hypertension
since the aorta also expands due to the vessel wall con-
nective tissue damage [15].

The effectiveness of the PA measurement as a prognos-
tic sign of pulmonary hypertension and an additional severity
marker is confirmed by the preferential bilateral process of
pulmonary tissue lesions [9]. The PA accumulates increasing
hemodynamic distress in the small circle as an additional
predictor of COVID-19-associated viral pneumonia severity.
PA dilation, which was a reliable relationship with parenchy-
mal lesions, resulted from increasing pulmonary hyperten-
sion.

Pulmonary autoimmune diseases show signs of inter-
stitial pneumonia, and pulmonary hypertension develops,
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for example, with progressing idiopathic pulmonary fibro-
sis due to massive interstitial lung lesions [19]. The nor-
mal architectonics of the pulmonary vessels is deformed
due to the massive pulmonary interstitium inflammation.
Capillary constriction and endothelium integrity failure
lead to small vessel microthrombosis and sclerosis and,
consequently, to an increased hydraulic resistance, which
results in pulmonary hypertension [20]. The development
of COVID-19-associated viral pneumonia is due to high
levels of expression of angiotensin-converting enzyme
type 2 (ACE2) in type Il alveolar pulmonary cells, which
are targets of the spike antigen of severe acute respira-
tory syndrome coronavirus 2 virus that leads to intersti-
tial lung lesions [11, 12]. The affecting factor that leads
to microthrombosis is both a direct vascular endothelium
lesion due to ACE2 receptor expression [15, 20, 21] and a
possible secondary vascular bed immune lesion and the
development of edema and exudation. This is facilitated by
the extensive accumulation of complement components in
the alveolar walls, which results in endothelial cell damage
to the pulmonary capillaries and subsequent coagulation
activation [20]. ACE2 receptor system depletion in the pul-
monary vascular bed contributes to endothelial dysfunction
and inflammation and aggravates the course of atheroscle-
rosis and diabetic angiopathy [15, 20]. In COVID-19, this
process leads to delayed adverse reactions in the form of
progressing atherosclerotic vascular lesions.

Moreover, the phenomenon of vascular enlargement sign
that is a sign of dilated vessels in COVID-19 pneumonia was
reported. However, this phenomenon was not deeply stud-
ied, and several available studies showed its inconsistent
prevalence. This sign occurs in 76.9% of patients with viral
pneumonia [7, 10].

Pulmonary hypertension, regardless of its causes, has a
secondary negative effect on the course of viral pneumonia,
especially with massive lung lesions.

The pulmonary trunk dilation, depending on the severity
of pulmonary parenchymal lesions, allows pulmonary hy-
pertension consideration as one of the important signs of
COVID-19-associated pneumonia severity. The established
pattern allows a more differentiated approach in predict-
ing outcomes of this infectious disease, developing effective
therapy methods, and identifying population risk groups for a
severe disease course that require increased attention from
clinicians.
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Study limitations

The study does not answer the question of whether pul-
monary hypertension, which is noted as PA dilation, is an
initial condition or whether it develops within the course of
coronavirus infection. This study did not measure the PA
diameter in patients of different ages without signs of vi-
ral pneumonia to assess the population prevalence of pul-
monary hypertension (PA dilation). Data on the population
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presented in the mentioned study [20].

CONCLUSIONS

The study showed a statistically significant positive re-
lationship between PA dilation and lung lesion severity in
COVID-19-associated pneumonia in all age groups. A higher
number of patients with PA dilation of =29 mm (signs of
pulmonary hypertension) and a severe degree of pulmonary
parenchymal lesions (CT 3-4) is statistically significant.
The obtained patterns require further study, which allows a
more differentiated approach in predicting outcomes of this
infectious disease, developing effective therapy methods,
and identifying population risk groups for a severe disease
course that require increased clinician attention.
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AHHOTALNA

06ocHosaHue. Mepuaiowmii apTedakT B [ONMEPOBCKMX PEMMMAX YNbTPa3BYKOBOr0 MCCNeOOBaHWA MPOABNAETCA
BbICTPOI Xa0TUYECKOM CMEHOM OKpaLLEHHbIX MUKCENeN Ha aKpaHe npubopa. fABneHWe, KOTOPOE MOKHO UCMONB30BaTh B Ka-
YecTBe MOJIE3HOM0 AMArHOCTUYECKOr0 NPM3HaKa, UCCe0BaHO HEA0CTaTOMHO. bONBLLMHCTBO NPeLNoNOKEHWIA 0 NPUYMHAX
apTedaKTa caenaHbl Ha 0CHOBaHWUW M306parKeHUI C 3KpaHa YNbTpa3ByKoBOro npubopa 6e3 rnyboKoro M3yyeHns CBOMCTB
MPVYHUMAEMBIX CUTrHAMOB.

Mamepuanel u Memodel. Pagno4acToTHbIe YNbTPasBYKOBLIE CUrHaMbI BbINM 3anMcaHbl NpU Uccief0BaHUU GaHTOMOB.
WccnepoBanuch Kak 06bEKTHI, NPUMBOAALLME K NOABNEHMIO MepLaloLlero apTeakTa Ha aKpaHe npubopa, TaK ¥ UMUTaLMK
COCY[0B M MATKMX TKaHel. Cbop aaHHbIx nposoamncsa ¢ uiona 2016 no Mapt 2021 r. [JaHHble noay4eHbl MpyU NOMOLLM UC-
CneaoBaTeNbCKoro ynbTpaseyKoBoro npubopa «CoHoMen-500» ¢ gatumkamm 7,5 L38 u 3,4 C60.

Codepxcumoe ba3el danHbIx. TpencTaBneHa 6asa AaHHbIX, COAepHKaLLan pafmoYacToTHble CUrHambl, NOAYYEHHbIE C BbIXO-
Aa GopMuUpoBaTens Nyda U3 NPMEMHOMO TPaKTa YNbTPasBYKOBOr0 MEAULUMHCKOrO AMarHOCTUYECKOro Npubopa B permMe Lipe-
TOBOMO [ONNEPOBCKOr0 KapTMpoBaHuA U B-perkume. lpefcTaBneHHble B 6ase AaHHbIX CUMHaNbI COAEPHKaT NPU3HaKK MepLa-
lowero apTedakTa. basa cocToMT M3 UCCNeaoBaHWi NATU Pa3nUYHbIX paHTOMOB 06wmM 06bEMoM 10,5 T'b. PaguodactoTHble
AaHHble coxpaHeHbl B 6uHapHOM Bupe. HacTpolikv ckaHupoBaHuWA, HeobxoguMble 4NA aHanM3a pagvoyacToTHbIX JaHHbIX,
cofepaTcs B TEKCTOBbIX (annax. Kawmoe uccnefoBaHue CONPOBOMAAETCA NMPUMEPOM XapaKTEpPHOW COHOrpaMMbl B rpa-
duyeckom ¢opmarte. basa gaHHbIX gocTynHa no agpecy: https://mosmed.ai/datasets/ultrasound_doppler_twinkling_artifact.

JocmynHocms Koda. [na npocMoTpa M aHanusa 6asbl JaHHbIX K apxuBy mpunaraeM paspaboTaHHyld Hamu npo-
rpammy TwinklingDatasetDisplay. [octyneH ucxogHbid Kog mporpammbl: https://github.com/Center-of-Diagnostics-and-
Telemedicine/TwinklingDatasetDisplay.git.

Ycnosus ucnone306aHuA. basa faHHbIX MOXET bbITb UCMONb30BaHa AnA paspaboTku U TECTUPOBAHMA anropuTMoB 06-
paboTKu yNbTpasBYKOBbIX CUrHanoB. [locTyn K 6a3e JaHHbIX M Kogy [/1A €€ MPOCMOTPa OTKPbIT AJ1A BCEX MENAIOLLUX.

KnioueBble cnoBa: LiBeTOBaA yNbTpa3ByKoBan Aonneporpadus; MepuamLLni apTe¢aKT; 6a3a AaHHbIX; «Cbipble» paauo-
YaCTOTHbIE [JaHHbIe; YbTPa3BYKOBbIE (AHTOMbI.
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Doppler twinkling artifact observations:
an open-access database of raw ultrasonic signals
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ABSTRACT

BACKGROUND: Doppler twinkling artifact is a rapid change of colors seen in CFl-mode in the presence of kidney stones
and calculi. Therefore, numerous researchers use the twinkling artifact as a diagnostic sign. However, this phenomenon is
under-researched, because most assumptions concerning its causes are made based on pure visual observations of the
scanner’s screen leaving the important steps of signal transformation hidden behind the “black box” curtains of ultrasound
machines.

MATERIALS AND METHODS: Raw radiofrequency ultrasound signals were recorded in the phantom studies. The recorded
echoes were received from objects that create the Doppler twinkling artifact and artificial blood vessels and soft tissues
imitators. The data were collected between June 2016 and March 2021. Sonomed-500 with the 7.5 L38 and 3.4 C60 probes
served as the research machine for the signal capture.

Data records: We present the database containing raw radiofrequency ultrasound signals from the beam former output of
the research ultrasound machine. The dataset consists of CFl and B-mode echoes recorded from twinkling objects. Therefore,
this database can be useful for those who test, develop and study ultrasound signal processing algorithms. Furthermore, the
database is freely available online. The 10.5 GB database consists of echoes received from five phantoms. Raw radiofrequency
signals were stored in the binary files; scanning parameters were stored in text files. The database is available at:
https://mosmed.ai/datasets/ultrasound_doppler_twinkling_artifact.

Code availability: The public can visualize the database content with the specially written program TwinklingDatasetDisplay
available at: https://github.com/Center-of-Diagnostics-and-Telemedicine/TwinklingDatasetDisplay.git.

Usage notes: The database can be used to test and develop signal-processing algorithms, such as wall filtration, velocity
estimation, feature extraction, speckle reduction, etc. Furthermore, the public is free to share (copy, distribute, and transmit)
and remix (adapt and do derivative works) the dataset considering appropriate credit is given.

Keywords: ultrasonography; color flow imaging; Doppler twinkling artifact; dataset; raw radiofrequency signals; ultrasound
phantoms.
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BACKGROUND

A twinkling artifact in the color flow mapping (CFM)
mode appears as a fast chaotic change of colored pixels
on the screen of ultrasonic medical devices. This artifact
is observed in the modes that were originally designed to
assess blood flow, with marking of areas where blood mo-
tion is excluded. The clinical significance of the problem
is related to the potential use of a twinkling artifact as an
additional diagnostic sign when searching for stones in the
kidney, ureter and bladder, and gallbladder and bile duct.
Moreover, this artifact may be useful for detecting micro
calcifications in breast neoplasms [1-8]. The high preva-
lence and social significance of these diseases and possi-
ble difficulties in their detection using traditional ultrasonic
imaging require additional diagnostic options, such as the
skillful use of the twinkling artifact. The detectability and
intensity of the twinkling artifact varied and depend on the
scanning equipment and its settings.

Several competing and weakly related hypotheses have
tried to explain the cause of the twinkling artifact [9-16].
To prove their hypotheses, most authors have cited images
from the screen of the ultrasonic device. The ultrasonic de-
vice was a “black box” for the authors of these hypotheses.
Assumptions about the causes of the twinkling artifact were
made without studying all signal processing steps. Thus,
most hypotheses cannot be substantiated.

Unfortunately, the majority of available studies on the
twinkling artifact did not analyze radiofrequency (RF) data,
which carry more information compared with sonograms.
Thus, hard-to-reach research instruments that provide ac-
cess to raw RF signals are needed to obtain such data.
Currently, no datasets exist in the public domain that con-
tains ultrasonic Doppler signals with signs of the twinkling
artifact.

This article presents an open-access database of RF sig-
nals, which were obtained from the beamformer output of
the preprocessing path of a research ultrasonic device, and
a tool for its viewing and analysis.

METHODS
Eligibility criteria

The database contains RF signals of observations of ar-
tificial objects (phantoms) that contain signs of the twinkling
artifact. Only after the appearance of the stable twinkling
artifact on two ultrasound machines was achieved, the cor-
responding signals were included in the database. The data-
base also includes records of a blood mimicking fluid from

a Doppler flow phantom, which imitates the normal blood
flow in the vessel.

Data collection

The study was conducted between July 2016 and July
2021.
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Ultrasonic equipment

Data were obtained from the CFI- and B-mode channels
of the Sonomed-500 ultrasonic device (Spectromed, Mos-
cow) by using linear (7.5 L38) and convex (3.4 C60) trans-
ducers.

RF signals from which the database was formed are
shown in Fig. 1. The 64 elements of the phased array trans-
ducer were used to form a beam for each scanning direction.
At the transmission stage, all selscted elements emit pulses
with specific delays to focus ultrasound at a predetermined
depth. Pulses of approximately 1 ps and 4 ps duration for
the B-mode and Doppler mode, respectively, were emitted.
Echoes were received separately by each array element, fur-
ther amplified in an analog receiver module, and digitized at
a frequency of 50 MHz. Digital signals of individual channels
were coherently summarized in the beamformer with delays
that provide dynamic focusing. Each signal or the formed
beam was subjected to decimation, that is, the frequency
of digitization was reduced to 10 MHz. The scanning direc-
tion was selected by reconnecting the active elements of
the transducer.

An auxiliary ultrasound scanner Medison SA-8000 EX
(South Korea), which does not provide access to raw data,
was used to control the reliability of observations. This
scanner was with used a linear L5-9EC transducer and a
convex C3-7ED transducer. The use of the control machine
ensured that the artifact appeared as a result of objective
physical processes occurring in the examined objects. This
reduces the probability of situations in which the twinkling
artifact results not from the properties of the object under
investigation but from some unknown features of one of
the devices.

Principles of CFM Data Acquisition

The size of the CFM area was determined interactively
by the examiner. Each direction (beam) in the selected area
was sonified N times. A group of N signals obtained by
sonifying the same area of tissue is called a Doppler pulse
train. The time within the pulse train is called “slow” time,
it is measured for a single spatial position, as opposed to
the “fast” time, which is directly proportional to the depth.
Blood flow and other processes are tracked by changes
in “slow” time signals within a single pulse train. If there
are no changes in the examined object, these signals are

Beamformer

Analog
—1 receiving
: module

Database

Fig. 1. Data capture scheme.
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almost identical, the slight difference is the contribution
of the noise.

If the same direction is sonified sequentially to obtain
a pulse train, a pulse repetition rate of approximately 5
kHz may be obtained, which is not appropriate for most
medical applications. To reduce the pulse repetition rate,
the examined area was divided into S scanning subareas
(sweeps), each of which consisted of M beams (Fig. 2).
When obtaining a pulse train, the beams of one subarea
were sequentially irradiated from the 1st to the M-th beam.
Thus, Doppler pulse trains were formed in parallel for M
beams of one subarea. Subsequently, the process was re-
peated for other subareas, whereas the pulse repetition
rate was decreased by M times.

The total size of the range of interest determined the
number of beams (SxM). One beam consisted of P complex
samples. The @ beam density was sometimes changed to
increase the frame rate. Thus, if @ = 2, the CFM window was
updated twice as fast; however, the information about every
second beam was lost.

All these steps were repeated F times; thus, a cine loop
was formed, which consisted of F frames. The received
signals were recorded in a binary file, and the scanning
parameters were placed in a text file of the same name
(Table).

Examined objects and observations

Most of the items in the database contain signals that
were reflected from objects on which a twinkling artifact is

Table. Main scanning parameters displayed in the .par file
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N Group 1 Group 2 Group S
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V Sample No.

Fig. 2. Explanation of the scanning scheme in the color flow map-
ping mode. The color coding of the vertical bars corresponds to the
number of the beam in the sweep. Red color shows the examined
vessel.

observed in Doppler modes. Artificial objects included rough
and smooth wire made of low carbon raw steel, and rods
made of plastic (ABS), aluminum, and wood. The objects
were placed in fixed positions in the body of a specially de-
signed phantom. The body was filled with agar-agar, water,
and ethyl alcohol. A Doppler phantom Gammex 1430 LE
Mini-Doppler Flow System (USA) was used to record signals
from the flowing fluid.

Parameters Description Symbols

Number of frames Number of frames F

Raw frame size Memory size in bytes occupied by the RF data that is required to build one frame -
in the duplex B+CFM mode

Header size Memory size in bytes that is reserved in front of each beam -

Number of B-beams Number of beams that are used to obtain a gray-scale image

Size of B-beam in samples Number of samples that are used when obtaining a gray-scale image, which G
depends on the scanning depth

Number of CF shots Number of pulses in a Doppler pulse train N

Number of sweeps Number of beam groups in the CFM mode. A group of beams is called a sweep. S
The CFM-frame consists of several sweeps

Beams in sweep Number of beams in each sweep

Size of CFM beam in samples  Number of samples in the CFM mode P

First scan CFM beam CFM window position by B-image width -

CFM density Beam density in the CFM mode is determined by the formula (b-a)/c, where a Q
and b are the numbers of B-beams, which define the left and right borders of the
CFM window, and c is the number of CFM beams

Number of CFM beams Number of beams in the CFM mode SxM

Number of first CFM sample

Depth position of the CFM window relative to the B-image

Note. CFM, color flow mapping.
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The Doppler pulse train consisted of 5, 9, or 17 pulses.
Examinations with a linear transducer were conducted at a
carrier frequency of 7.5 MHz and a power of 74% for B-mode.
For the CFM mode, the carrier frequency, power, and pulse
repetition rate were 6.3 MHz, 97%, and 750 Hz, respectively.
Examinations with a convex transducer were conducted at a
carrier frequency and power of 3.3 MHz and 95% in B-mode
and 3.3 MHz and 98%, respectively, with a pulse repetition
rate of 1 kHz, in the CFM mode. The sampling rate in all cases
was 10 MHz. Other settings, such as interframe averaging
and wall filter settings, did not affect the data, since the data
were obtained from the preprocessing path.

Database contents

Summary of database contents

Records of digital RF signals with twinkling artifact fea-
tures were collected and placed in the public domain (https://
mosmed.ai/datasets/ultrasonic_doppler_twinkling_artifact).
The database also contains signals from areas with vessels
in the Gammex phantom, specialized phantoms of propri-
etary design, and reflections from tissue-imitating materi-
als. This database will be useful to researchers who study
algorithms for B-mode and CFM signal processing.

The database includes five sets of examinations, which
differ in the object of study (Fig. 3). Each examination is a
pair of files with the same name and.dat and.par extensions.
“Raw” data records are accompanied by images and vid-
eos that illustrate the appearance of the twinkling artifact.
The examined objects and environments are specified in
the directory names of the database. In the directory name,
the word “linear” indicates the use of the 7.5 L38 linear

Vol 2 (3) 2021

Digital Diagnostics

transducers, while “convex” indicates the use of the 3.4 C60
convex transducers.

Database file format

RF signals were recorded in binary form in a file with
.dat extension (Fig. 4). This file contained complex data
for building a frame in the B-mode (B-frame) and CFM
mode (CFM-frame). The real and imaginary parts of each
dataset were written in a “32-bit little-endian (LE) signed
integer” format. Initially, a 20-bit header was recorded,
which is denoted in Fig. 4 as H symbol. Afterward, the
samples of the first beam of the B-image, which are de-
noted as B-sample 1 to B, the header, and the samples of
the second and subsequent beams of the B-image were
recorded.

Then, the samples for constructing the CFM, which are
denoted as a CFM-sample, were recorded. In this case, the
H header was recorded first, followed by recording all depth
samples, which are obtained for the first pulse in the pulse
train and the first beam from the first group (sweep). Thus,
we obtained the first line of the CFM data; each subsequent
line was also separated by a header.

The second and subsequent frames were recorded in the
same way. Each.dat file corresponded to a text file of the
same name with the.par extension, which contained infor-
mation on scanning parameters (Table) and specific F, G, B,
F, S, N, M, P, and Q values.

Database viewer
The TwinklingDatasetDisplay program is developed to
view and analyze the proposed database. The program
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Fig. 3. Composition of the database.
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Fig. 4. Scheme for storing “raw” radio frequency data in a *.dat file.

is intended only for viewing RF signals and does not in-

clude any signal processing algorithms for CFM [17-30].

All software modules are written in C++ using the XRAD

library [31]. The program is in the public domain (https://

github.com/Center-of-Diagnostics-and-Telemedicine/

TwinklingDatasetDisplay.git). The database also included

Windows executable files.

The TwinklingDatasetDisplay program allows the fol-
lowing:

« Opening .dat files using information from the .par files.

» Forming a conventional B-mode image from the data.

« Displaying complex signals in the form of graphs de-
pending on both “fast” and “slow” time of the CFM
mode.

 Applying elements of spectral analysis thereto.
Examples of “slow” time signals, which determine the

Doppler pattern, are shown in Fig. 5. Typical graphs of sig-

nals from different areas are shown here:

« The area of the blood-mimicking fluid flow in the Doppler
phantom channel of the Gammex 1430 LE Mini-Doppler
Flow System (real and imaginary parts of the signal
change in quadrature, which is typical for moving ob-
jects; Fig. 5a).

« The area of soft tissues in the absence of motion (after
filtering the signal from the tissues, only the noise re-
mains; Fig. 5b).

« The observation area of the twinkling artifact on a steel
wire (a random signal is observed, which differs from the
noise in Fig. 5b by greater dispersion; Fig. 5¢).
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« The observation area of the twinkling artifact on a
smooth object (the signal shows a periodicity resulted
from micro-oscillations of the observed object; Fig. 5d).

Database composition
1. A set of examinations of the Gammex 1430 LE Mini-

Doppler Flow System.

Fig. 6 shows the external view and scheme of the phan-
tom, and Fig. 7 shows examples of sonograms. In trans-
verse scanning, the linear transducer was positioned at an
angle of 60° to the vessel, the flow rate was 30 cm/s, data
were obtained at 5, 9, and 17 pulses in train, and the pulse
repetition frequency was 2.5 kHz. Concurrently, an observed
sonogram in the phantom was very much alike that of the
in vivo carotid artery.

In the course of longitudinal scanning with a linear trans-
ducer, the flow velocity was set to 50 cm/s, and the study
was conducted with 17 probing pulses and a frequency of
1 kHz. The velocity projection, which was displayed in the
Doppler mode, was close to zero. Such a study may be use-
ful for debugging mapping algorithms.

Longitudinal scanning with a convex transducer was also
performed, while three examinations were conducted at dif-
ferent flow rates (i.e., 30 cm/s, 65 cm/s, and 100 cm/s) at
a pulse repetition frequency of 2 kHz. For these examina-
tions, a convex transducer was used. The estimated value of
the flow velocity projection along a horizontal vessel varied
from a negative value, passing through zero, to a positive
value; the vessel was colored in the whole palette of the
CFM mode.

In Fig. 7 and all subsequent sonograms, both the
B-image with the superimposed CFM imaging and the
B-image without CFM are placed side by side. Subsequent
examinations were conducted using a linear transducer,
since it is commonly used in small depth examinations.
Preference was given to small values of the pulse repetition
frequency since both types of twinkling artifact signals be
registered in this case [32].

2. A set of examinations of the custom phantom (Fig. 8; a

detailed description of the phantom is available in [32]).

In the phantom study, the linear transducer was ap-
plied in fixed numbered positions. Cylinders, with a diam-
eter of 1.75 mm, made of metal (positions 1, 4, and 8),
plastic (positions 2, 5, and 7), and wooden rods (posi-
tions 3 and 6) in various media (water, alcohol, and agar-
agar) were assessed. The set contains examinations that
were conducted using a linear transducer at nine probing
pulses and a pulse repetition rate of 1 kHz. Typical sono-
grams are shown in Fig. 9. If the phantom was filled with
ethanol, the twinkling artifact was manifested much less
frequently in contrast to other media used. In water, the
artifact was also noticeable on the air bubbles that rose
from the wooden rod. In addition, the twinkling intensity
on aluminum rods was noticeably greater than that on
plastic and wooden rods.
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Fig. 5. Examples of visualization of radiofrequency signals using the TwinklingDatasetDisplay program: g, fluid flow in the Gammex
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object. In the left column, the complex signals are represented as a parametric line in polar coordinates (the real and imaginary parts are
shown on the abscissa and ordinate axes, respectively). The right column shows the dependence on the “slow” time within a pulse train.
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3. A set of examinations of elastographic breast Blue Phan-
tom with the data that have been taken with a linear trans-
ducer at 5, 9, and 17 pulses in sequence for a pulse repeti-
tion frequency of 150 Hz and at 17 pulses and repetition
frequencies of 300 Hz, 500 Hz, 750 Hz, and 1 kHz.

The phantom (photo and scheme shown in Fig. 10 g, b)
contains inclusions that simulate micro calcifications, which
are indicated by an arrow in a slice of the computer tomo-
gram in Fig. 10c. On these inclusions, a twinkling artifact
was observed at a low pulse repetition frequency in the CFM
mode (Fig. 10d). With increasing frequency, the intensity of
the artifact decreased until it completely disappeared at fre-
quencies above 1 kHz.

4. A set of approximately 200-pum micro calcifications that
were artificially grown in agar-agar jelly.

Two samples were examined with a linear sensor at a
repetition rate of 500 Hz with nine pulses per pulse train.
Typical sonograms are shown in Fig. 11.

5. A study of a steel rough wire and a wooden rod in agar-
agar jelly.

The study was conducted with a linear transducer at nine
pulses. In contrast to the experiment presented in Fig. 9, the

DOl https://doiorg/1017816/DD76511
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Fig. 7. Sonograms of the Gammex phantom: @, examination with a linear sensor at a 60° angle to the flow; b, parallel to the flow; c,
examination with a convex sensor.

wood was subjected to prolonged pre-wetting and degas-
sing. Both objects produced an acoustic shadow and had
the same echogenicity in the B-image (Fig. 12). However,
the twinkling artifact appeared on the metal, but not on the
wood. The difference in observations allows associating one
of the twinkling types with air microbubbles in the wood
structure.

Notes on the database use

In most studies [1-8, 10-13], which were devoted to
the twinkling artifact, examinations were conducted using
commonly available ultrasonic diagnostic devices with no
access to the signal processing path. The ultrasonic device
can be considered a “black box” in such examinations, and
the analysis based only on sonograms on the device screen
was not informative enough and created problems with re-
producibility, since the algorithms of processing devices of
different manufacturers are unique.

Collection of raw data is a prerequisite for devel-
oping new ultrasonic imaging tools. However, RF sig-
nals from the processing path are commonly not avail-
able because of the closed architecture of commercial
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Fig. 8. Photo and drawings of the specialized phantom with dimen-
sions in millimeters and measurement positions.

instruments. A previous study [33] demonstrated a pos-
sible solution to this problem, which required a manual
modification of the equipment. The proposed database
provides all information on signals without the need for
self-modification of the commercial equipment with the
inevitable loss of warranty and other undesirable con-
sequences.

The proposed database may have great practical value,
since it allows the creation of new tools [17] for the detec-
tion of kidney stones and other objects, which are associated
with a twinkling artifact.

Using the database, we conducted several examinations,
as shown below:

1) The signals of the twinkling artifact and blood flow were
differentiated and two physical causes of the twinkling
artifact were investigated. The image on the device
screen looks the same; however, different physical

Vol 2 (3) 2021
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processes are involved therein, which are visible at the

signal level [32].

2) A special mode was developed, which allowed displaying
twinkling not as a Doppler error, which happens to be
useful, but as a special diagnostic option [17, 34]. Using
this mode, the twinkling may be “pulled out” where a
conventional device will not show this artifact. Twinkling
and blood flow may be displayed separately or together
using different color scales.

3) A comparative analysis of filtration algorithms for vessel
wall motion (wall filters) was conducted [35, 36]. New
filtering algorithms appeared in the literature [37-40],
their fresh review and comparative analysis are in de-
mand and can be done using our database.

In the future, we would like to complement the da-
tabase with in vivo signals as well as signals that were
obtained in other modes (e.g., spectral Doppler mode and
vector flow).

Although the programm that we designed for opening
the database has a minimal set of options, its open-source
C++ code allows plentiful modifications. Moreover, the giv-
en in this article description gives sufficient information for
opening of the database in any programming environment.

Disadvantages of the database
Among the disadvantages of the proposed database, the

most significant is the incompleteness of the following in-

formation:

+ On the examined objects (e.g., only the approximate size
of calcinates that were grown in agar jelly was known,
the geometrical parameters of the rough wire surface
were not investigated).

» On the experimental conditions (in some examina-
tions, the exact position of the transducer, focal dis-
tance, and emittion power were not recorded; the
information on the pulse repetition frequency is not
always available).

Code availability

The source code of the program (https://github.com/
Center-of-Diagnostics-and-Telemedicine/TwinklingDataset-
Display.git) is available.

Terms of use

The article presents a database, which contains digital
records of raw RF signals from the preprocessing path of the
Sonomed-500 ultrasonic device. The database with a total
volume of 10.5 Gb contains mostly examinations of objects
with a twinkling artifact in the CFM mode. The most obvious
application of the database is the development and testing
of algorithms for signal processing. The database is pub-
licly available on the Internet under the Creative Commons
Attribution — Noncommercial — Share Alike (CC BY-NC-SA)
license (https://mosmed.ai/datasets/ultrasonic_doppler_
twinkling_artifact).



https://doi.org/10.17816/DD
https://github.com/Center-of-Diagnostics-and-Telemedicine/TwinklingDatasetDisplay.git
https://github.com/Center-of-Diagnostics-and-Telemedicine/TwinklingDatasetDisplay.git
https://github.com/Center-of-Diagnostics-and-Telemedicine/TwinklingDatasetDisplay.git
https://mosmed.ai/datasets/ultrasonic_doppler_twinkling_artifact
https://mosmed.ai/datasets/ultrasonic_doppler_twinkling_artifact

ORIGINAL STUDY ARTICLES Vol 7 (3) 2021 Digital Diagnostics )
71

Agar-agar Ethanol Water

Fig. 9. Examples of sonograms of a specialized phantom with positions and a filling medium: a, position 2 (four plastic rods,
which are located parallel to the sensor plane); b, position 3 (four wooden rods with their sides facing the sensor); c, position 4
(four aluminum rods with their sides facing the sensor); d, position 10 (wood, aluminum, and plastic rods with their sides facing
the sensor).

Fig. 10. Blue phantom mammary gland: a, external view; b, connection scheme; c, slices of computed tomogram (the arrow indicates
the examined area); d, sonogram.
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Fig. 11. Sonograms of phantoms with microcrystals that were grown in agar-agar jelly: a, sample slice under a microscope; b, micro-
crystals in the growth process; c, insertion with microcrystals in the agar-agar phantom.

Fig. 12. Sonogram of a phantom with a wooden rod (left) and a
steel wire (right).

In case of publication of results that were obtained us-
ing the database, please refer to this article. The derivative
products must be distributed under the same license. Any
attempt to gain financial benefit from the use of the database
is strictly prohibited.
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OueHKa reoMeTpUYECKUX OTKJIOHEHUMH,
BO3HMUKAKOLWMUX NPU BOCNPOU3BEEHUU TPEXMEPHDIX
Mojienei cpeacTBaMM aAAUTUBHOrO NPOM3BOACTBA,
Nno AaHHbIM KOMNbIOTEpHOI1 ToMorpadum

A.B. Wnpwmn'-2, U.C. Menesnax', B.H. Manaxosckui', C.B. Kywnapes', H.C. FopuHa'

! BoeHHo-MeamLMHCKaA akapemna uMenn C.M. Kuposa, CankT-Metepbypr, Poccuitckan Qenepauma
2 HaumoHanbHbIn nccnefosatensckuil yHmsepcutet UTMO, Cankt-Metepbypr, Poccuiickaa ®epepauua

AHHOTAUNA

0bocHosaHue. TeXHONornM TPEXMEPHOro MOLEIMPOBAHMA M TPEXMEPHOM NeYaTh K HaCTOALLEMY BPEMEHU HaLLNWN Npu-
MeHEeHWe B pasnnyHbIX 06MacTAX KNMHUYECKOW U GyHOAMEHTANbHON MeOULMHDBI, NPEUMYLLECTBEHHO XMPYPTrUMYECKON Ha-
npaBnieHHOCTW. [0BOpPA O MpeaonepaLyMoHHOM NOArOTOBKE XMPYProB, COOTBETCTBME HameyaTaHHbIX U3LEeNWU aHaToMUM
naumeHTa MOXKeT UrpaTb BaXHYI0 posib B OLIEHKe MaToNIOrMYecKMX M3MeHeHUM U cnocobax ux Koppekumn. Onpepenexuve
OTKNOHEHWI pa3MepoB NOYyYaeMblX MOLENEN COMPAHKEHO C STUHECKUMU U TEXHUHECKUMM TPYAHOCTAMM, CBA3AHHBLIMU C He-
06X0AMMOCTbIO OMpeaeneHna 3TanoHa U NpoBefeHNUs 60NbLLIOM0 KoNMYecTBa M3MEPEHMIA COOTBETCTBEHHO. B HacToALen
paboTe npefnaralTcA UCMONb30BaHUE B KAYECTBE 3TaflOHa FreOMeTPUYECcKoN dUrypbl C 3apaHee U3BECTHBIMM pa3Mepamu
M OLEHKA IMHEWHbIX OTKNOHEHUA MPM MOMOLUM WUTEPATMBHOMO anropuTMa bGAMMKaMILMX TOUYEK ANA KaOoW M3 BepLuMH
MOJy4eHHOW cpeACcTBaMU MPOTOTMNMPOBAHUA MOIUIOHANBHOW CETKM.

Llene — oueHWUTL reoMeTpuYecKMe OTKNOHEHWUA, BO3HMKAILME NpWU BOCNPOM3BEOEHUM O06BLEKTOB, MMUTUMPYIOLLUX
KOCTHYIO TKaHb, CpefICTBaMM TPEXMEPHOIO MOAENMPOBaHMA (Ha OCHOBE AaHHbLIX KOMMbIOTEPHON TOMOrpaduu) M ananTmBe-
HOro NPOM3BOACTBA.

Mamepuanel u Memodel. [InA co3paHna ucxogHoro obbekTta mcnonb3oanu nporpammy FreeCAD, pepfaktvpoBaHue
MOJMIOHanbHLIX CETOK NPoBoAMNIM B nporpamMMax Blender n Meshmixer. 3D-neyatb Mogeneit BbINOSHANM Ha NpUHTEpe
Ender-3 u3 copepawiero yactuubl Meamn PLA-nnactvka BFCopper. CkaHvpoBaHue npoussoamnm 128-cpe3oBbiM KOMIblo-
TepHbIM ToMorpadom Philips Ingenuity CT. Cepum Tomorpaduueckux nsobpamenuin 3arpyxanu B nporpammy 3D Slicer, roe
Ha UX OCHOBE CO3[aBajiM BUPTyasibHble MOJENM MeToflaMu aBTOMaTuUyecKkoi (C noporoBbiMM 3HaveHuamu 500 HU, 0 HU,
-500 HU, -750 HU) u pyuHoi cerMeHTaumu. CpaBHeHME UCXOOHBIX M BOCTPOM3BEAEHHBIX MOJenei NPOU3BOAMIN Ha OCHOBE
UTEepaTMBHOMO anropuTMa 6amManiumx Touek B nporpamMme CloudCompare.

Pe3synomameol. B 3aBUCMMOCTM 0T MeToa cerMeHTaLmm 06bEM BOCNpoU3BeAEHHLIX MOAesel npeBbilan 06bEM cooT-
BETCTBYIOLLIMX MCXOQHBIX Moaenen Ha 1-27%. CpeHue 3HaYeHUA NIMHEMHBIX OTKIOHEHUIA MONIUIOHANBHBIX CETOK BOCMPO-
n3BefEHHbIX Modenen oT ucxogHblx coctasmnm 0,03-0,41 mMM. CpaBHeHME 3HAYEHWI MHTErpasibHbIX CYyMM JIMHEMHbIX OT-
KNOHEHUN U U3MeHeHUI 06bEMa Mofenelt ¢ UCrnoNb3oBaHNEM KO3gGULMEHTa paHroBow Koppenauum CnpMeHa noKasano
Mey HUMK 3Ha4MMYI0 KoppenALumMoHHylo ceasb (p=0,83; t,,,.=5,27, p=0,05).

3aknoyeHue. TeoMeTpU4eCKMe NapaMeTpbl BOCMPOU3BOAMMOM0 06 bEKTA HEM3OEKHO M3MEHAIOTCA, NPU 3TOM UCKaKe-
Hue 6orbLUe 3aBUCUT OT BbIBPaHHOro cnocoba cerMeHTaLmMu, YeM 0T 06LLMX MacllTaboB Mofenu unu eé vacTew. Mcnonb-
30BaHMe py4HOro crocoba CerMeHTaLMm MOMET NPUBECTM K BONbLIEMY UCKAXKEHWIO JIMHEMHBIX Pa3MepoB (M0 CPaBHEHWMIO
C aBTOMaTU4eCKMM), HO NO3BONAET COXPaHUTL BCE HEOOX0AMMble aHAaTOMMYECKME CTPYKTYPbI.

KnioueBble cnoBa: KoMnbloTepHas ToMorpagus; 3D-mogenvposanue; 3D-neyath; npefonepauMoHHbIA Nepuog; Tou-
HOCTb BOCMPOW3BEAEHMA; UTEPATUBHbIA aNrOPUTM BNIMMKALIMX TOYEK.
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Evaluation of geometric deviations in rapid
prototyped three-dimensional models created
from computed tomography data
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! Kirov Military Medical Academy, Saint-Petersburg, Russian Federation

Z ITMO University, Saint-Petersburg, Russian Federation

ABSTRACT

BACKGROUND: Computer-aided design and three-dimensional printing have been used in various clinical and fundamen-
tal medicine fields, especially in surgery. For example, in the preoperative period, the correspondence of printed products to
the anatomy can play an important role in evaluating pathological changes and correction methods. However, determining
dimensional deviations of printed models involves ethical and technical difficulties associated with defining a reference and
taking many measurements, respectively. Therefore, we propose to use a geometric object with known dimensions as a
reference and estimate linear deviations using the Iterative Closest Point algorithm for each of the vertices of the prototyped
polygonal mesh.

AIMS: To evaluate the geometric deviations associated with creation of bone-like physical objects from computed tomog-
raphy data using computer-aided design and additive manufacturing.

MATERIALS AND METHODS: The source object was created using the FreeCAD application; Blender and Meshmixer soft-
ware was used for polygon meshes correction and transformation. The 3D printing was carried out on an Ender-3 printer with
copper-impregnated polylactide plastic BFCopper. Scanning was performed using a 128-slice tomograph Philips Ingenuity CT.
A series of tomographic images were processed in 3DSlicer software to create virtual models by semiautomatic segmenta-
tion with threshold values of 500 HU, 0 HU, -500 HU, =750 HU, and manual segmentation. Reproduced and reference polygon
meshes were compared using the Iterative Closest Point algorithm in CloudCompare software.

RESULTS: The volume of reproduced models exceeded the volume of respective reference models by 1%-27%. The
average point cloud linear deviation values of reproduced models from the reference ones were 0.03-0.41 mm. A significant
correlation between integral sums of linear deviations and changes in the volume of reproduced models was shown using
Spearman’s rank correlation coefficient (p = 0.83; t,,,, = 5.27, p=0.05).

CONCLUSION: The geometry of the reproduced object changes inevitably, while the linear deviations depend more on the
chosen segmentation method than on the overall size of the model or its structures. The manual segmentation method can
lead to greater linear deviations, though it saves all the necessary anatomical structures.

Keywords: computed tomography; computer aided design; 3D printing; preoperative period; dimensional measurement
accuracy; lterative Closest Point algorithm.
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BACKGROUND

Medical prototyping technologies, which combine com-
puter-aided design (CAD) and three-dimensional (3D) print-
ing methods, have been increasingly used in various fields
of clinical and basic medicine in recent decades [1-4]. Par-
ticularly, this was facilitated by the widespread use of ad-
ditive manufacturing facilities since the 2000s, following the
launch of the replicating rapid prototypes and the patent ex-
piration for the fused deposition modeling technology.

The medical prototyping success in the clinical practice
depends on the maximum compliance of the resulting prod-
ucts with the patient’s anatomy [5]. Thus, in some cases
(printing personalized implants and creating guiding resec-
tion templates), the degree of congruence between the print-
ed medical product and the bone surface may directly influ-
ence the surgical treatment outcome [6]. In other situations
(preoperative assessment and creating training phantoms),
accurate reproduction of geometric relations between the
normal and abnormal tissues predicts possible complica-
tions during surgery [7].

Obtaining the reference values for the dimensions of
the studied anatomical structures is difficult due to the
barrier in the accuracy assessment of the resulting mod-
els in vivo. Direct measurement of the object of interest
is not always possible even during the surgical interven-
tion (due to organ deformations), and obtaining 3D models
and assessing their inaccuracies are based on the medical
imaging methods used for the noninvasive collection of
morphological characteristics of organs. Alternatively, a
comparison of models derived from ex vivo scans of bone
structures may be used; however, this approach uses a
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relatively small number of checkpoints, and the complex-
ity of their interpretation by different specialists may lead
to errors [8]. Tests on 3D models of large mammals (e.g.,
pigs) give good results with their subsequent introduction
into the clinical practice [9].

Physical models were selected as objects of study
in earlier works devoted to the accuracy assessment of
model reproduction by additive manufacturing tools. These
models were measured by several checkpoints using direct
means: ruler, caliper, and coordinate measuring machine
[10-12]. The present study proposes to use a fundamen-
tally different approach to assess geometric deviations,
which consists of all polygonal mesh points comparison
obtained using additive technologies with a reference rep-
resenting the original 3D model. Therefore, a model of
complex shape and predetermined dimensions designed
using parametric modeling was used as a reference. Con-
versely, the compared object was a virtual model of a ref-
erence passed three main stages of medical prototyping
(3D printing, scanning, and modeling). This approach si-
multaneously assessed the deviations over the entire sur-
face of the product, without the need for numerous linear
measurements, while reducing the human factor influence
on the measurement process.

This study aimed to assess the geometric deviations that
occurred when reproducing objects imitating bone tissues
using 3D modeling (based on computed tomography [CT]
data) and additive manufacturing.

MATERIALS AND METHODS

The study design is shown in Fig. 1.

Creating references

e N\ 4 N\
Creating polygonal
meshes based

1 and 2 (polygonal
meshes with exactly
defined dimensions)

3D printing of created
references

CT scanning of printed
models

(one copy at a time)

\ 4

(one scan per model)

on received data
(4 copies for reference
1 and 1 copy
for reference 2)

Volume measurements

Y

Calculating the linear deviations from the
corresponding reference for each created polygonal
mesh

\ 4

Fig. 1. Study design.
CT: computed tomography.
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In the FreeCAD' parametric modeling program (FreeCAD
Community, Germany), a solid model based on a cuboid with
dimensions of 20 x 20 x 12 mm (L x w x h) was designed,
which contained five end-to-end parallel channels with di-
ameters of 1, 2, 3, 4, and 10 mm. Two recesses and two
eminences in the form of a hemisphere and a cone (imitat-
ing rounded and sharpened notches and protrusions on the
bone surface) at 4 mm in height were created on the upper
edge of the model (hereinafter—reference 1). The diameter
of the channels was selected to simulate the different fo-
ramina of the human skull on one product, which are vi-
sualized by modern CT methods. A 1-mm step for smaller
diameter channels and irregularities of a given shape on the
product surface was applied to manually assess the quality
during model printing. Using the Blender? software package
(Blender Foundation, the Netherlands), volumes were calcu-
lated and a copy of this reference, doubled in length, width,
and height (hereinafter—reference 2), was created to check
the effect of size increase on linear deviations.

Parametric models saved in Standard Triangle Language
(STL) format were uploaded to the Repetier Host® program
(Hot-World GmbH & Co. KG, Germany), where the G-code
file for the 3D printer was generated using the CuraEngine*
slicer (Ultimaker, Netherlands) with the following printing
parameters: 0.2 mm layer height, 0.8 mm wall thickness,
33% filling (selected empirically), 50 mm/s speed, 210°C
nozzle temperature, 50°C platform temperature, forced
model blowing, 5 mm retract, and 100% filament flow. The
printing was performed on an Ender-3 3D printer (Creali-
ty3D, China) with 0.4 mm nozzle diameter using the BFCop-
per PLA plastic (Best Filament, Russia) containing copper
particles to simulate the X-ray density of bone tissue (aver-
age X-ray density of plastic at 100% filling was +1762 HU,
o = 172 HU).
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The resulting products were scanned using a 128-slice
Ingenuity CT scanner (Philips, the Netherlands) in the air with
channels oriented perpendicular to the gentry plane. The X-
ray tube voltage, current, slice thickness, and pixel size of
the reconstructed slices were 120 kV, 117 mA, 0.625 mm,
and 0.43 x 0.43 mm, respectively.

Series of tomographic images in Digital Imaging and
Communication in Medicine (DICOM) format were loaded into
3D Slicer® software (3D Slicer Community, US). The images
were used to create STL models of reference 1: four by auto-
matic voxel selection with the threshold values of +500 HU,
0 HU, -500 HU, and -750 HU, respectively (Threshold Paint
tool), and one by manual slice voxel tracing (Paint tool). In
addition, one model of reference 2 was created by automatic
selection of voxels with values > =500 HU. The threshold
values for reference 1 were selected empirically based on
the X-ray density values in the outer layer of the model (ap-
proximately 0.9 mm thick) as -1000...+500 HU (-1000 HU
was replaced with -750 HU to exclude the ambient air from
the model). Low parameters (-500 HU and -750 HU) were
deliberately chosen due to the pronounced defects when
using positive values of the segmentation threshold. The
density threshold for reference 2 was randomly selected
from the thresholds used for reference 1.

The resulting models were loaded into the Meshmixer®
program (Autodesk, USA), where polygonization errors
were analyzed and corrected, structures not in contact
with the outer shell of the models were removed, and the
model mesh was rebuilt with a fixed polygon edge length
(Remesh-Target Edge Length tool) equal to 0.25 mm. The
appearance of the model at each of the listed stages is
shown in Fig. 2.

At the final stage, the models obtained from CT data,
together with their references, were loaded in pairs into

Fig. 2. The appearance of the reference model 1 after the following stages: a, parametric modeling; b, 3D-printing; ¢, CT scanning (axial
slice, +805 HU window level, and 3718 HU window width; greater density of protrusions due to closer filament stacking in the horizontal
plane), and d, creating a polygonal mesh based on CT data.
CT: computed tomography.

o o e W N —
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CloudCompare’ software (CloudCompare Project, France),
where linear deviations of the final CAD model were calcu-
lated based on the iterative closest point (ICP) algorithm. The
calculation was performed from each vertex of the obtained
polygonal mesh along the normal to the nearest surface of
the reference. Statistical analysis was performed using the
GNU PSPP8 program (Free Software Foundation, US).

RESULTS

Model volumes were determined for a preliminary as-
sessment of their shape distortion. Particularly, if the vol-
ume of the rebuilt polygonal mesh was less/more compared
to that of the reference CAD model, the linear dimensions of
the analyzed model were expected to decrease/increase. In
the case of equal volumes, either a size match or a compen-
sated distortion was expected. The volumes of references
and models obtained by different methods of segmentation
are shown in Table 1.

Polygonal meshes processed with the Remesh tool
have an approximately equal density of polygonal vertices
distribution per surface unit. When comparing the models
(combining cuboidal vertices) with the references, the re-
sulting data set was the number of polygonal mesh nodes
removed from the surface of the CAD model at a certain
distance (mm) in the outer (positive values) or inner (nega-
tive values) directions. An example of aligning the model and
the resulting histogram of surface point deviation is shown
in Fig. 3. The additional peak in the region of positive values
is due to the anisotropy of the voxels along the Z-axis, as
well as a slightly excessive material application on the side
faces of the cuboid.

Obtained values of distorted geometric dimensions for
each model are summarized in Table 2.
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Table 1. Volumes of virtual models

Model name, cuboid Differences
dimensions, mm v 3 with the
- olume, mm
(segmentation type and reference,
threshold) mm?3
Reference 1 3576 -
20x20x12 (auto +500) 3607 31 (0,9%)
20x20x12 (auto 0) 3901 325 (9,1%)
20x20x12 (auto -500) 4255 679 (19%)
20x20x12 (auto -750) 4480 904 (25,3%)
20x20x12 (manual) 4538 962 (26,9%)
Reference 2 28 608 -
40x40x24 (auto -500) 31140 2532 (8,9%)

The number of measurements performed by the program
corresponded to the number of vertices of the polygonal
mesh (approximately 100 thousand), and the distribution
of deviations of linear dimensions were close to normal.
Based on obtained values, the program built a Gaussian
(real Gaussian function), with the argument of maximiza-
tion, which was used as the average deviation of linear di-
mensions of this model. All linear deviations calculated by
the program were divided by their values into intervals of
equal width (classes) to build a histogram. For each model,
the value of the integral sum (hereinafter—Sum) of linear
model deviations was calculated as follows:

Sum=17-(dxq), M

Where d; is the minimum value of the linear deviation in
the i-th class; g; is the number of representatives in the i-th
class; and n is the total number of classes.

Number of points

1050
900+
7501
6001
ASUL

300

0 I -
III -0,5 -0,25 0 0,25 0,5 0,75
Distance from the points to the polygonal mesh

Fig. 3. Alignment of polygonal meshes of models (a) and a histogram of the calculated deviations of linear dimensions (b).

7 CloudCompare: 3D point cloud and mesh processing software. Open Source Project. Available at http://www.cloudcompare.org/. Accessed on

05/15/2021.

8 GNU PSPP. Available at https://www.gnu.org/software/pspp/. Accessed on 05/15/2021.
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Table 2. Linear deviations of model dimensions
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M Minimum value, Maximum value, Average value, Standard deviation, Integral sum,
odel name

mm mm mm mm mm
20x20x12
(auto +500) -0,58 1,146 0,026 0,214 1904
20x20x12 -0,533 1,019 0,141 0,223 9532
(auto 0)
20x20x12
(auto -500) -0,421 1,129 0,296 0,211 20 756
20x20x12
(auto -750) -0,675 1,107 0,373 0,197 27 179
20-2012 -0,809 1,068 0,411 0,253 18190
(manual)
4L0x40x24
(auto -500) -0,862 1,353 0,37 0,275 50 213

Linear normalization by formula (2) was applied to each
of the values (sum and volume change) for their bringing to
a dimensionless form.

X—X,

i i, min

X:

i, min

ii= X (2)

i max

The linearly normalized sum values were compared with
the volume change indices of the corresponding models to
check the shape distortion direction (Fig. 4).

A comparison of the sums of linear deviations and rela-
tive changes in the model volumes using Spearman’s rank
correlation coefficient showed a high level of correlation (p =
0.83, t,y, = 5.27, and p = 0.05). Therefore, the change in the
reproduced model volume corresponds to the linear devia-
tions measured by the used software tools.

DISCUSSION

The process of creating a medical prototype in-
cludes three main stages: data aquisition (scanning), data

processing (creating a virtual model), and 3D printing [13].

The first stage is a radiological examination, which ob-
tains data on the 3D structure of the region of interest with
a high spatial resolution (CT or magnetic resonance imaging
or 3D ultrasound scanning), results of which are saved as
discretized images in DICOM format. The change in geometry
at this stage may be due to the specifics of obtaining and
processing diagnostic information by the selected imaging
method.

The second stage involves segmentation (selecting voxels
of medical images related to the created model), voxel mesh
into a polygonal mesh conversion, and resulting 3D model
editing. Segmentation may be of three types: manual (fully
performed by the operator), semiautomatic (performed by
the computer and corrected by the operator), and automatic
(fully performed by the computer) [14]. Automated methods
are more attractive due to lower labor costs; however, be-
cause of characteristics of used computer algorithms, the
geometry of the final product may be severely distorted, and
their accuracy requires a separate study [15]. At this stage,

1,250
1,000
1,000 u
0,750
0,523
| |
0,500 0,372
0,3.90 0,349 0,337
0.158 0,259 u i
0,250 0118
0,000
0,000 i
20x20x12  20x20x12  20x20x12 20x20x12  20x20x12  40x40x24
auto (+500) auto (0)  auto (-500) auto (-750) manual  auto (-500)

Fig. 4. Linear normalized values. Red color: differences in the volume of models with the reference; blue color: differences in the integral

sum of linear deviations.
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a specialist with knowledge in anatomy (particularly, radio-
logical anatomy) should be involved to correctly select and
edit the objects of interest. Thus, geometry distortion at this
stage mainly results from the human factor.

The third stage is the 3D printing of the resulting vir-
tual model. For its successful implementation, the model
is pre-processed (slicing) and post-processed (removal of
supports and surface handling) after printing (if necessary).
The contribution of this stage to the distortion of the final
product geometry primarily depends on the type of used ad-
ditive equipment.

Therefore, to assess geometric distortions in the proto-
typing process, all three stages must be performed on some
physical phantom with known linear dimensions and defined
design elements. Scanning conditions and printing settings
may affect the accuracy of the resulting product [10, 16].
Thus, the relevant parameters were kept at the same level
for all produced models.

Many different software packages can be used to seg-
ment medical images. The use of 3D Slicer at the stage
of virtual model creation from the DICOM data was due to
its accessibility (distributed as open-source software) and
a large number of additional modules and extensions that
make it an ideal tool for preoperative planning [17].
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The results confirm the “dumbbell” effect described ear-
lier, according to which a decreased automatic segmentation
threshold leads to an expansion of resulting model outlines
[8]. Thus, when the threshold was decreased from +500 to
-750 HU, the average value of the surface point displace-
ment from the reference consistently increased from 0.026
to 0.373 mm, respectively. These distortions depend more
on the segmentation method compared to the size of the
scanned object, since the average linear deviations were
24% higher in all dimensions when the model was propor-
tionally doubled compared to the original size models with
the same threshold, and 10% lower as opposed to the origi-
nal size of manually segmented models.

The relatively high values of geometric deviations in the
manually segmented model (by 0.41 mm for a 20 x 20 mm
sample) may result from the operator’s aligning the side
faces of the cuboid along the edges, which were somewhat
displaced outward (during 3D printing). Moreover, similar
deviations were observed during semiautomatic segmen-
tation. Remarkably, these models reproduced the original
shape better due to the preservation of all control elements
and the absence of wall defects (Fig. 5).

The visual assessment of models that are automatical-
ly segmented with a threshold of 0 and +500 HU observed

Fig. 5. The appearance of models segmented semi-automatically with a cutoff threshold of 0 HU (g, using a map of deviations from the
reference; b, general view) and manually (c, using a map of deviations from the reference; d, general view).
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Fig. 6. Measurement of the linear deviations from the reference
(blue lines) in the defect area of the compared model (red lines).

1.2 mm thick wall defects, whereas models with -750, -500,
and 0 HU thresholds lacked created end-to-end holes with
a diameter of 1 mm. The defects with a width exceeding the
module of minimum geometry deviations are explained by the
thickness measurements performed from two surfaces, each
with appropriate deviations (Fig. 6). Thus, the linear displace-
ment summation of the vertex relative to the outer surface
(d, segment) with the nearby vertex displacement relative to
the inner surface (d, segment) may correspond to a wall de-
fect of [ thickness exceeding the maximum linear deviation
value. Similarly, the positive deviation summation leads to the
“obliteration” of holes that exceed the maximum size devia-
tion calculated from the ICP algorithm results. Thus, the linear
dimensions of the reproduced models include two values of
linear displacement.

In addition, channels with a diameter of 1 mm, which
were not detected on the mentioned copies during the visual
assessment, were not evaluated by the algorithm since the
polygonal vertices corresponding to these channels were
absent on the models.

Study limitations

The limitations of this study could be the relatively small
sample size and the use of materials that did not correspond
to the true bone tissue composition.
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06bekTuBHbIe Kputepuu MPT-oueHKu 3¢ peKTUBHOCTH
NleYeHUA MeTacTa3oB B KOCTU Y 60/IbHbIX paKkoM
npeAcTaTe/ibHOU ¥enesbl U paKOM MONOYHOM
}enesbl: cUCTeMaTUYeCKMI 0630p U MeTaaHanus

B.0. Punn, T.[1. bepe3osckas, C.A. NBaHoB

MeOULMHCKUI paamMonormyecki HayuHbiv LeHTp umenn A.O. Lbiba — punman ¢enepanbHoOro rocyfapcTBEHHOr0 HIOHETHOMO yUperaeHMA
«HaumoHanbHbIM MEAVLMHCKUIA UCCe0BaTeNbCKUIA LIEHTP pagmonorum» MuHucTepcTBa 3apaBooxpaHenna Poccuiickoit Oepepaumm, O6HMHCK,
Poccuitckan Oepepauma

AHHOTALUA

ObocHosaHue. Bo3MoXKHOCTb NepCOHMUUMPOBAHHOIO NOAX0AA K NIEYEHUI0 METAcTaTMHECKOr0 paKa NpeacTaTeNibHoM
wenesbl (PMHK) u paka mMonouHon *enesbl (PMHK) TpebyeT 06BEKTUBHLIX MeTOLOB OLEHKM OTBETA Ha JleYeHMe 04aroB
B crenete. [lokasaHHaA Bbicokan addexTBHOCTb MPT B BbiABNEHMM MeTacTa3oB B KOCTU B COYETaHUM C OTCYTCTBMEM
MOHW3MPYIOLLEr0 U3NYYeHWA CO3AAET NPefnochbiikM ANA UCMOMb30BaHUA METOAa B MOHWTOPUPOBaHMM X0Aa NeYeHWs
Ha 0CHOBE 0OBEKTMBHBIX KPUTEPUEB OLIEHKW TepaneBTMYECKOro 3dpPeKTa.

Llenb — oUEHWTb BO3MOMKHOCTM 06EKTUBHBIX KOIMYECTBEHHBIX U MOMYKoNMYecTBeHHbIX MPT-KpuTepueB B onpege-
neHun 3QdEKTUBHOCTU NiedeHuUA (pagmo-, X MMMO-, FOPMOHO- M TapreTHasA Tepanus) MeTacTa3oB B KOCTU, NPUMEHABLUMXCA
B KIIMHUYECKUX UccnefoBaHuax y 6onbHbix PIMTHK 1 PMAK.

Mamepuanel u memodel. Mowuck B 6a3zax gaHHbix Embase, PubMed, Cochrane Central Register of Controlled trials
(CENTRAL), eLibrary ocywectenancs go 01.06.2021 no Knio4eBbIM cioBaM «magnetic resonance imaging», «MRI», «DWi»,
«treatment response», «prostate cancer», «breast cancer», «<hone metastasis» Ha aHFMMINCKOM 1 PYCCKOM fi3bIKax. B 0630p
BK/II0YaNN TONBKO MCCNEAoBaHNUA Mo 06beKTUBHOM MPT-oueHKe 3pdeKTMBHOCTU floboro TMNa nevebHoOro BO3AeNCTBUSA
(33 MCKMIOYEHWEM XMPYPrM) NpU METAcTaTMYECKOM NOPaKeHUM CKeneTa.

Pesynemamel. Ha ocHoBanuu aHanu3a 11 uccnepoBaHui, oTobpaHHbIX M3 312 WCTOYHMKOB, BbiAeneHbl 4 rpynmbl
06beKTMBHbIX MPT-KpuTEpUEB OLEHKW TepaneBTUYECKOro a¢deKTa npu MeTacTaTMHecKOM MOpaXKeHUW KOCTeM Y 60MbHbIX
P v PMM, BKnioualowmx OMHAMUKY pa3MepoB, MHTEHCMBHOCTM CUrHana Ha Au¢dysnoHHO-B3BELLEHHOM M306pareHu,
UMCNOBLIX 3Ha4eHMW M3MepAeMoro Koapduumenta anddysmm (MKM), obluen onyxoneBoin Harpysku. N3MeHeHWA 3TUX Ko-
JIMYECTBEHHBIX M MOMYKOIMYECTBEHHBIX MOKa3aTeNlel BO BCeX paboTax, 3a eAMHCTBEHHBIM UCKIIOYEHUEM, UMENW OfMHAKO-
BYIO HaNPaBNEHHOCTb, XOTA U PasfMyanmcb YACNOBLIMU 3HAYEHUAMU. YUMTLIBAA CTATUCTMHECKM 3HAYMMYIO FeTEPOreHHOCTb
(p <0,1 ona kputepua x2 v npu 12 >40%) ana sHaueHnin UKL o v nocne nedenns, AN aHannsa UCnonb3oBanack Moaenb ciy-
yanHbix 3pdexToB. N3menenne VK[ B pesynbtate neyenns B cpeaHeM coctasuno +0,35 [+0,12; +0,49] x10-° mm?/c co cpea-
HUMM 3Havenmammn UKL po neyennsa 0,83 [0,71; 1,03] x10-3 mm?/c, nocne neyenna — 1,18 [0,83; 1,49] x10-3 mm?/c.

3axnoyenue. MPT aBnAeTcA MHPOPMATMBHOM METOAMKOM ONA OOBHEKTMBHOW OLEHKM OTBETA KOCTHBIX METacTa3oB
Ha Tepanuio y 6onbHbIX PITHK 1 PMHK Ha ocHOBe KONMYECTBEHHBIX 1 MOMYKONIMYECTBEHHBIX KPUTEPUEB U UMEET 3HAUMTESIb-
HbI MOTEHLMAN B KA4eCTBE AMArHOCTUYECKOr0 UHCTPYMEHTa ANA MOHUTOPUPOBaHMA 3PDEKTUBHOCTH NeYeHUA MeTacTaTu-
YECKOro NOPaMKeHUA CKeneTa.

KnioueBble cnoBa: MarHUTHO-pe30HaHCHaA TOMOrpadua; MeTacTasbl B KOCTW; OTBET Ha NleYeHUe; MeTacTaTUYeCKMiA paK
MOJI0YHOW ene3bl; METACTaTUYECKMIA paK NpeacTaTelbHOM HKenesbl.
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Punn B.0., bepe3osckan T.M1., MeaHoB C.A. O6bekTuBHble Kputepun MPT-oUeHKM 3QOEKTUBHOCTM NEYEHMA METacTa3oB B KOCTW Y BONbHBIX paKoM
NpeacTaTenbHOM HHenesbl U PakoM MOJIOYHOM HKenesbl: crcTeMatuieckuin 063op U MetaaHanus // Digital Diagnostics. 2021. T. 2, N2 3. C. 289-300. DOI:
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Objective criteria for MRI evaluation

of the effectiveness of treatment of bone metastases
in patients with prostate cancer and breast cancer:
systematic review and meta-analysis

Vladislav O. Ripp, Tatiana P. Berezovskaya, Sergey A. Ivanov

A. Tsyb Medical Radiological Research Center — branch of the National Medical Research Radiological Center of the Ministry of Health of the Russian
Federation, Obninsk, Russian Federation

ABSTRACT

BACKGROUND: The possibility of a personalized approach to the treatment of metastatic prostate cancer and breast
cancer requires objective methods for the evaluation of the response of foci treatment in the skeleton. The proven high
efficiency of MRl in detecting bone metastases, in combination with the absence of ionizing radiation, has laid the groundwork
for using this method in monitoring the treatment course based on objective criteria for evaluation of the therapeutic outcome.

AIM: To assess the possibilities of quantitative and semi-quantitative parameters of MRI-evaluation of treatment efficacy
(radiation, chemotherapy, hormane therapy, and targeted therapy) of bone metastases that were used in prostate and breast
cancer clinical trials.

MATERIALS AND METHODS: We searched the databases Embase, PubMed, Cochrane Central Register of Controlled Trials
(CENTRAL), eLibrary until April 1, 2021, using the following keywords: magnetic resonance imaging, MRI, DWI, treatment
response, prostate or breast cancer, and bone metastasis. We only included studies related to the MRI-evaluation of treatment
efficacy of any type of therapeutic intervention (with the exception of surgery) for metastatic skeletal lesions in this review.

RESULTS: We selected and analyzed 11 out of 312 sources found as a result of the search. It allowed us to identify four
groups of objective MRI criteria for evaluating the therapeutic effect in metastatic bone lesions in patients with prostate and
breast cancer, including the dynamics of sizes, signal intensity on DWI, ADC, and tumor total diffusion volume (tDV). Changes in
these quantitative and semi-quantitative indicators, with only one exception, had the same direction, although they differed in
numerical values. A random-effects model was used for analysis considering the presence of statistically significant heterogeneity
(p <0,1 for x? test; I? >40%),. The change in ADC as a result of treatment averaged +0.35 [+0.12; +0.49] x10~° mm?/s, with average
values of ADC before treatment — 0.83 [0.71; 1.03] x1073 mm?/s, after treatment — 1.18 [0.83; 1.49] x107 mm?/s.

CONCLUSION: MRl is an informative technique for the objective evaluation of the response of bone metastases to therapy
in patients with prostate cancer and breast cancer based on quantitative and semi-quantitative parameters. It has significant
potential as a diagnostic test instrument for monitoring the effectiveness of treatment of metastatic skeletal lesions.

Keywords: magnetic resonance imaging; bone metastasis; treatment response; metastatic breast cancer; metastatic
prostate cancer.
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Abbreviations

HT — hormone therapy

DWI — diffusion-weighted imaging

ADC — apparent diffusion coefficient

S| — signal intensity

MRl — magnetic resonance imaging

PET-CT — positron emission tomography combined with
computed tomography

INTRODUCTION

Metastatic skeletal lesions are common in disseminated
prostate cancer (PC) and breast cancer (BC) and are found
in 70%-80% of autopsies, sometimes the only localized dis-
tant metastases. In over 50% of patients, distant metastases
begin with bone lesions [1-3].

Bone metastases lead to deterioration in the physical,
functional, and emotional state of patients as well as a
shortening in life expectancy. Although oligometastatic le-
sions can possibly be treated through radical therapy, the
prognosis is much worse in disseminated lesions, with
treatment becomes palliative (aimed at improving the overall
quality of life of patients). Advancements in chemotherapy,
hormone therapy and aggressive multimodal therapy allow
for individualization and standardization on the assessment
of the achieved therapeutic effect [4, 5].

Magnetic resonance imaging (MRI) is an effective method
of detecting metastatic skeletal lesions with higher sensi-
tivity and specificity rates (90.5% and 95%, respectively)
compared with scintigraphy (72.9% and 93.9%), and com-
parable to combined choline positron emission tomography
and computed tomography ([PET-CT] 89.7% and 96%) [6—8].
The MRI potential to assess the efficiency of bone metas-
tasis treatment has been studied long enough by using the
dynamics of the MR signal size and intensity on conventional
images. The advent of diffusion-weighted imaging (DWI) and
whole-body MRI has led to the generation of new criteria for
assessing the response to the treatment of skeletal lesions.
However, no unified approach has been developed for MRI
assessment of the treatment efficiency of bone metastases
based on objective criteria, and data on MRI findings of the
responding lesions are contradictory [9-12].

The aim was to assess the possibilities of quantita-
tive and semi-quantitative parameters of MRI-evaluation of
treatment efficacy (radiation, chemotherapy, hormone thera-
py, and targeted therapy) of bone metastases that were used
in PC and BC clinical trials.

METHODS

This paper is written according to the PRISMA criteria
(Preferred Reporting Items for Systematic Reviews and
Meta-Analyses) [13].

DOl https://doi.org/10.17816/DD77311

BC — breast cancer

PC — prostate cancer

RT — radiotherapy

T1-WI — T1- weighted image

TT — targeted therapy

CT — chemotherapy

tDV — tumor total diffusion volume

Eligibility criteria

inclusion criteria: Eligible papers were selected accord-
ing to the Population, Intervention, Comparison, Outcomes
and Study principle [14]. Patients: 18 years of age or older
with histologically confirmed BC or PC and metastatic bone
lesions. Intervention: MRI of both individual areas and the
whole body. The MRI protocol included standard anatomical
pulse sequences (T1- and T2-weighted images and STIR)
and/or DWI with apparent diffusion coefficient (ADC) map-
ping. Comparison group: None. Outcome: Bone metastases
were scanned at least one week before and 1-6 months af-
ter the start of anticancer treatment; reference assessment
of the treatment response was performed by comparing MRI
data using laboratory diagnostic methods (blood prostate-
specific antigen level), results of instrumental studies (spiral
CT, skeletal scintigraphy, and PET-CT), and histological ex-
amination with assessment of therapeutic tumor pathomor-
phosis. Studies: Studies in which MRI was performed before
and after 1-6 months from the start of anticancer treatment.
No restrictions on the type of received therapy (chemical,
hormonal, targeted, and radiotherapy) were used.

Non-inclusion criteria: Patients who received surgical
treatment for metastatic bone lesions.

With regard to the technical MRI developments, the fol-
lowing studies were selected, including: DWI and ADC as-
sessments that were published after January 1, 2010; and
standard anatomic sequences that were published after
January 1, 1998.

Exclusion criteria: Papers not written in Russian or Eng-
lish, conference abstracts, descriptions of clinical cases, and
animal studies.

Sources of information

Publications were searched and selected from Embase,
PubMed, Cochrane Central Register of Controlled Trials
(CENTRAL), and eLibrary electronic databases. Last search
was on June 01, 2021.

Search: The search was conducted among prospective
and retrospective clinical studies and randomized controlled
studies using the following MeSH library terms and key-
words: “Magnetic resonance imaging,” “DWI,” “treatment,”
“response,” “prostate cancer,” “breast cancer,” and “bone
metastasis.”
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Study selection: The search and subsequent selection
were conducted by two independent reviewers. Any discrep-
ancies were resolved by the principal investigator. At the
first stage, titles/proceedings/abstracts were reviewed for
relevance to the review topic and the presence of necessary
data. The second stage involved a full analysis of publica-
tions according to the inclusion and exclusion criteria.

Data collection: A tabular form was developed for data
collection. Data was extracted by two reviewers including:
title of the article, year of publication, authors, DOI, primary
lesion, population, treatment, study duration, pulse sequen-
ces, reference method, MR semiotics, and ADC and signal
intensity values before and after treatment.

Risk of bias: The QUADAS-2 (Quality Assessment of Di-
agnostic Accuracy Studies) questionnaire was used to as-
sess the risk of bias in individual studies [15]. The texts of
articles were assessed according to the following criteria:
patient enrollment, studied methods, reference methods,
and time intervals between the study and reference meth-
ods. Certain questions from the QUADAS-2 checklist were
not employed due to lack of necessity (for example, in the
papers assessing the ADC, no question related to the study
interpreter’s blinding was used, since the ADC is an objec-
tive assessment). Finally, a histogram was generated after
analyzing each study for the risk of hias.

Statistical analysis

The method for analyzing and grouping data (random-
effects or fixed-effects model) was selected according to the
results of heterogeneity assessment of studies that included
ADC determination, which was performed using the x? criterion
and I? heterogeneity index. Heterogeneity of studies was con-
sidered significant at p < 0.1 for the x? criterion and at I? > 40%.

RESULTS

Study selection

The present study included 11 studies from 312 sources
from Embase, PubMed, CENTRAL, and eLibrary databases
(Fig. 1).

At the first stage, 273 sources were selected after sort-
ing out duplicates (31) and animal studies (8). Next, 181 pub-
lications were sorted out after assessment of proceedings
and abstracts at the screening stage. After checking full-text
versions of the papers for inclusion criteria, 11 sources were
remained and included in this review (Table).

We included 370 patients; among these, 147 patients re-
sponded to treatment. Three sources did not provide relevant
information on the number of responders [5, 16, 17]. The
sample size of each of the included studies ranged from 10
to 87 patients. Seven studies included only patients with a
primary lesion in the prostate or mammary gland; four stud-
ies [5, 16, 20, 21] included these localizations in 85%-95% of
the entire sample. The mean age of the patients was 47-73
years.
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Fig. 1. PRISMA diagram of this study

The participants in the papers were divided into four
groups according to the criteria which were used to as-
sess the response to systemic therapy. These include size
of metastatic lesions, DWI signal intensity, ADC, total tumor
volume [5, 9-12, 16, 17, 20].

CT, skeletal scintigraphy, and prostate-specific antigen
(in PC patients) were used as reference test [9-11, 16, 17,
20], whereas PET and biopsy were used in addition to these
methods [5, 12]. Three papers did not contain data on the
reference methods used [18, 19, 21].

Scanning parameters

The scanning parameters when using T1-SE-sequencing
in different studies had slight differences in TR and TE values
(400-600 ms and 5-16 ms, respectively). Only one paper had
significantly different T1-WI parameters of 1000 ms and 3.7
ms. The number of b-factors was 2-3 with initial and highest
values of 0-50 and 800-900, respectively [5, 10, 12, 13]. In
one study [9], the number of b-factors was 4 (0, 50, 250, and
750), and in another study [20], it accounted for 6 (0, 50, 100,
250, 500, and 750), with obtaining higher ADC values com-
pared with the other studies, which may result from changes
in scanning parameters. The slice thickness in all studies was
within 4—6 mm for both T1-WI and DWI images.

Classification of objective assessment criteria
used in the literature

The first criterion for the therapeutic response of bone
metastases was the change in the lesion size. Remark-
ably, bone lesions are recommended for measurements
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Table. Characteristics of studies included in the systematic review and meta-analysis
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1 Byunetal [5] 2002 BC (90%) RT  6months 1.5 Not specified ADC,
y ' ' P SI (DWI)

2 Messiou et al. [9] 2011 PC CT 3 months 15 Avanto, Siemens ADC

3 Reischauer etal. [10] 2010 PC HT 1-3 1.5 Achieva, Philips ADC

months

4 Perez-Lopezetal [11] 2016 PC 1T 3 months 15 Avanto, Siemens /':BS

CT, HT, RT, 10-38 . ADC,

5 Blackledge et al. [12] 2014 PC, BC T weeks 15 Avanto, Aera, Siemens v

6 Sergeevetal[16] 2016  BC,PC(90%)  CT,HT,RT 28 15 Excelart, Toshiba (/o0
) ' Y months ) ' SI (DWI)

. 3-6 . .

7 Ciray etal. [17] 2001 BC CT, HT months 0.5 Gyroscan T5, Philips Size

8 Brownetal.[18] 1998 BC HT, CT, RT 6, 9 months 15 Vision, Siemens Size

9  Tombal et al. [19] 2005 PC CT 6 months 15 Intera, Philips Size
10 Cappabiancaetal [20] 2014  PC, BC (90%) RT 1,2months 15  Symphony, Siemens, SIA(DD[\:/(II)

11 Kotlyarov et al. [21] 2006 BC, PC (75%) CT, HT, RT mf);tahs 0.5 Proview Open, Philips Size

Note. MRI, magnetic resonance imaging; BC, breast cancer; PC, prostate cancer; CT, chemotherapy; HT, hormone therapy; RT, radiotherapy;
TT, targeted therapy; ADC, apparent diffusion coefficient; Sl, signal intensity; DWI, diffusion-weighted images; tDV, tumor total diffusion

volume.

on T1-WI due to higher contrast, clearer contours, and less
pronounced perifocal edema [6, 22]. This criterion was used
in 4 of 11 selected studies.

The second criterion for response assessment was semi-
quantitative determination of DWI signal intensity, which was
found in 3 of these papers. Since signal intensity is not a
physical quantity, its numerical value may differ with dif-
ferent MRI scanners and at different scanning parameters.
Therefore, the signal intensity ratio in metastases to the sig-
nal intensity in muscles was used.

The third criterion for assessing the response to treat-
ment is the change in the numerical ADC value of the lesion.
This criterion has been most widely used recently, including
7 of 11 selected papers; however, ADC values depend on
imaging parameters.

The fourth and most novel criterion is the determination of
the total diffusion volume (tDV), which is automatically calcu-
lated (in mL) using the maximum DWI intensity projection with
a semi-automated and manually corrected 3D-mask by count-
ing the number of voxels in a given range of signal intensities
(Fig. 2). The distribution of the number of voxels over the ADC
ranges, which correspond to responding, non-responding, and
doubtful lesions, represented in a histogram [11, 12, 23].

DQl: https://doi.org/10.17816/DD77311

Risk of bias

The risk of bias arises from differences in anticancer
therapies and the time intervals between MRI before and
after treatment. According to the QUADAS-2 criteria, the
main point of the risk of bhias was the selection of the

Pre-treatment Post-treatment

tDV (ml): 493.7

247.0

Fig. 2. Visualization and values of the total tumor volume before
and after treatment in a patient with a significant response to sys-
temic therapy
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Fig. 3. Risk of bias according to QUADAS-2

reference methods (Fig. 3). Five papers used different ima-
ging techniques for different patients as a reference [5, 12],
or scintigraphy was used as a single method [16, 17, 20],
which is inferior in diagnostic value to MRI and lacks the
necessary values of sensitivity and specificity. The refer-
ence method was completely absent in three papers [18,
19, 21], and the assessment of the response to therapy
was controlled by the level of prostate-specific antigen and
clinical data. MR tomographs were used with a magnetic
field intensity of 0.5 T, which might be an additional source
of bias [17, 18].

Assessment results of bone lesion response
to systemic therapy

Size: Changes in T1-WI size were assessed in four pa-
pers [17-19, 21]; among these, three showed a significant
decrease in individual responding lesions and in tumor mass
index, which was obtained as a result of sum of all meta-
static lesion sizes in two dimensions. Moreover, B. Tombal et
al. observed complete disappearance of metastatic lesions
in two cases. However, the authors repeated the study after
6 months as opposed to a 2-3 -month follow-up in other
publications. On the contrary, Brown et al. reported constant
sizes in 77% as opposed to an increased size in 23% of pa-
tients with responding lesions.

DWI signal intensity: Three studies contain data on DWI
signal intensity changes in bone metastases as a result
of systemic therapy [5, 16, 20]. In all studies, the authors
came to the unequivocal conclusion that the signal intensity
decreased significantly in response to treatment. However,
only one presented numerical values that indicated a 35%

Before treatment After treatment

Ml High risk

[ Intermediate risk

signal intensity reduction in lesions that responded to ra-
diotherapy [20].

ADC: The assessment and analysis of quantitative ADC
values were performed in seven papers [5, 9-12, 16, 20].
Sergeev et al. did not provide data for each patient or lesion;
they demonstrated a 25% overall ADC increase in response
to treatment of osteoblastic lesions and a 25% decrease in
osteolytic lesions. Six papers presented accurate ADC values
before and after treatment [5, 9-12, 20]. All authors noted
increased ADC values in response to treatment of bone me-
tastases, as reflected by the forest plot (Fig. 4) constructed
using a random-effects model, given the presence of sig-
nificant heterogeneity of the results (p < 0.1 for the x? test
and 12 > 40%).

The ADC changes after treatment averaged + 0.35 [+
0.12; + 0.49] x 1073 mm?/s. The range of baseline and post-
therapy ADC values from all six papers is shown in Fig. 5
with mean ADC values before and after treatment, which
accounted for 0.83 [0.71, 1.03] and 1.18 [0.83, 1.49] x 107
mm?/s, respectively. Despite partially overlapping values,
the ADC was generally higher in responding patients as
compared to values before treatment.

tDV: In two studies, tDV was assessed by DWI using
special software [11, 12]. Mean tDV values in responding
patients decreased by 59% according to Perez-Lopez et al.
[11] and by 42.3% according to Blackledge et al. [12].

DISCUSSION

This systematic review demonstrates the assessment
potential in the evaluation of the response to therapy of

Mean Difference Mean Difference

Study or Subgroup  Mean [*10° mwic’] SD [*10° mmic’] Total Mean [*10° mwic’] SD[*10° umic’] Total Weight IV, Random, 95% CI IV, Random, 95% CI
Woo Mok Byun et al. 078 0.094 3 1.22 0.113 3 159% -0.44 [0.61,-0.27] —
Reischauer et al. 0.752 0.236 20 0.987 i3] 20 167% -0.23[0.37,-0.10] ——
Perez-Lopez et al. 0.693 0135 [ 0.89 0.147 6 161% -0.20[0.36,-0.04] ——
Messiou et al. 0.938 0.274 33 1.226 0.413 33 158% -0.29[-0.46,-0.12] —_—
Cappabianca etal. 1.155 0145 15 1.732 01186 15 17.7% -0.58 [0.67,-0.48] e
Blackledge et al. 0.82 0.079 7 0.94 0.087 7 178% -012[0.21,-0.03] —_—
Total (95% CI) 84 84 100.0% -0.31[-0.48,-0.14] el
= T Chif= = TP= g ; f t
Heterogeneity: Tau®= 0.04; Chi*= 52.49, df= 5 (P < 0.00001); F=90% s %5 o5 o5

Test for overall effect: Z= 3.57 (P = 0.0004)

Before treatment  After treatment

Fig. 4. Forest plot based on the results of studies that determined the changes in the apparent diffusion coefficient values in patients

with bone metastases that responded to treatment
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Fig. 5. Boxplot of the apparent diffusion coefficient values of bone
metastases before treatment (gray) and after 1-6 months from
the start of therapy (lilac), which was constructed according to the
values of all included responding lesions (n = 156)

metastatic bone lesions based on the dynamics of objective
criteria such as lesion size, relative DWI signal intensity, and
ADC and tDV numerical values.

The relevance of this issue is due to the rapidly growing
use of whole-body MRI for the primary diagnosis of bone
metastases in patients with PC and BC [7, 8, 24, 25], who
subsequently receive systemic therapy and radiotherapy and
need to assess the treatment efficiency.

Assessment of the size of bone metastases as an ob-
jective indicator of the systemic therapy efficiency has long
been used. RECIST 1.1 (Response Evaluation Criteria in Solid
Tumors) criteria are most commonly used for this purpose,
according to which only osteolytic and mixed lesions with
a soft tissue component of at least 10 mm are considered
measurable bone lesions, whereas diffuse and osteoblastic
lesions are considered unmeasurable [26, 27]. Despite exist-
ing limitations, the RECIST 1.1 criteria for bone lesions are
included in the MET-RADSP (METastasis Reporting and Data
System for Prostate Cancer) recommendations for whole-
body MRI and are used along with the ADC to assess re-
sponse in metastatic PC [1, 6].

The MDA criteria were developed specifically for the
bone metastasis assessment at the University of Texas MD
Anderson Cancer Center to assess any type of lesions based
on the dynamics of their number, size, and structural fea-
tures [27]. These criteria are applicable to both radiography
and computed tomography, and MRI; however, they are less
common compared with RECIST 1.1.

Assessment of the dynamics of bone metastasis size on
T1-WI showed a reduction in response to specific therapy
[17-19, 21]. Only one study obtained data that contradicted
the results of other works. Brown et al. noted an increase in
responding lesions on T1-WI after 6~9 months from the start
of systemic treatment [18]. In this study, all patients received
systemic or local radiotherapy; of these, 17 patients received
additional chemotherapy or hormone therapy. The response
to therapy in these patients was assessed comprehensively
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using clinical, biochemical, radiological, and scintigraphic
criteria. The findings might result from the treatment pe-
culiarities that led to the formation of a pronounced and
long-term persisting perifocal edema, which gives a hypoin-
tense signal on T1-WI leading to false-positive increased
sizes of responding lesions according to the practical Met-
RADS recommendations [6]. Thus, the dynamics of bone
metastasis sizes in response to specific treatment has diag-
nostic value; however, the result may depend on the time of
therapy, different therapeutic approaches and the nature of
metastatic lesions. This indicates the necessity for supple-
menting this criterion with other objective data.

The dynamics of DWI signal intensity could be regarded
as an objective criterion for response assessment [5, 16,
20]. The authors of all papers observed a decreased inten-
sity of signal lesion in patients who responded to systemic
therapy. However, given that numerical values are presented
only in one work [20], and the nature of lesions and type of
systemic therapy were not considered in all three papers,
further study of the DWI signal intensity change dependence
on the aforementioned conditions is necessary.

Determination of numerical ADC values has high potential
as an objective assessment criterion and is one of the main
ones in the Met-RADS recommendations for the whole-body
MRI analysis. Data analysis from seven studies indicated a
significant increase in ADC in responding patients [5, 9-12,
16, 20]. Concurrently, all the studies described single cases
of ADC decrease with a good response to treatment. These
cases were associated with the development of fibrosis or
sclerosis in response to therapy. In addition, Messiou et al.
demonstrated an increase in ADC in patients with progres-
sion; however, these values were less pronounced compared
with those in responding patients. Among all seven publica-
tions, only one compared ADC values in responding patients
with the lesion nature and obtained diverse changes: a 25%
increase in ADC in osteoblastic lesions and a 25% decrease
in osteolytic lesions [16]. Other studies did not divide lesions
into osteolytic and osteoblastic types, thereby resulting in
the discrepancy of ADC values in responding patients and
clouding the interpretation of these results. These indicate
the need for further studies with inclusion of homogeneous
groups of lesions.

In studies that assessed tDV, similar results were ob-
tained [11, 12]. They concluded that tDV decreased sig-
nificantly in response to specific therapy. However, this
approach has several limitations. First, these parameters
were sensitive to the quality of the DWI, which may lead to
tDV changes in the presence of artifacts or insufficient sig-
nal reduction by the surrounding tissues. Second, the signal
above the 4"-5" cervical vertebrae was manually removed
to eliminate a possibly false tDV increase from the brain,
salivary glands, and large numbers of lymph nodes, lead-
ing to missed lesions in these areas. Third, this method is
time-consuming due to a manual processing stage, thereby
limiting its widespread use in clinical practice.
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Thus, MRI offers a set of objective criteria allowing for
the assessment of the efficiency of treating disseminated
metastatic skeletal lesions in patients with PC and BC. How-
ever, additional studies are required to clarify the method-
ological aspects and quantitative values of the assessment
criteria for different types of metastatic lesions in order to
implement widely in clinical practice.

Study limitations

The results of this systematic review call for careful in-
terpretation as we encountered some limitations, such as a
small number of included studies, the retrospective nature of
some studies, the lack of standardized reference methods,
and different types of specific therapy, which may influence
the microstructural changes and result in different MR char-
acteristics of responding lesions.

In the reviewed studies and meta-analysis, scanning pa-
rameters slightly differ, in particular, different number and
values of b-factors are used, which may affect the final ADC
values.

CONCLUSIONS

MRl is an informative technique for objective assessment
of the response to therapy of bone metastases in patients
with PC and BC based on quantitative and semi-quantitative
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AHHOTALNA

Llens — oueHKa BO3MOXKHOCTU MeTOAA MarHUTHO-pe30HaHCHOM ToMorpaduu (MPT) opraHoB rpygHOM KNeTKu ANA Bbl-
ABNEHWUA NErOYHbIX Y3/10B, MOA03PUTENbHBIX B OTHOLIEHUM 3110KA4YECTBEHHOCTH, B CPABHEHUM C KOMMbIOTEPHOW TOMOrpa-
duen (KT).

Mamepuanel u MemodeL. NpoBenéH nouck B 6asax faHHbix PubMed u Google Scholar 3a nepuop o 7 anpena 2021 r.
BKIOYNTENBHO. B COOTBETCTBUM C KpUTEPUAMM COOTBETCTBMA ObINM 0TOBpaHbI UCCeoBaHMA, B KOTOPbIX NPOBOAMNIAch
oueHKa cnocobHocT MPT u KT K BbIABNEHWIO NErOYHbIX Y3/10B, NOA03PUTENBHBIX B OTHOLLEHUM 3/10Ka4ecTBEHHOCTM. Bbibop
MeTo[a aHanu3a W rpynnupoBKU AaHHbIX 0 YYBCTBUTENTBHOCTU U CNELUPUUHOCTM BLINOAHANN MO pe3yNibTaTaM OLeHKM re-
TEPOreHHOCTU UCCriefoBaHWA. [1NA OLEHKM CTAaTUCTUYECKOW reTeporeHHOCTM UCCefoBaHWM, BRIKOYEHHBIX B MeTaaHanms,
NpUMEHANN KpuTepnin cornacusa MpcoHa X v MHOEKC reTeporeHHocTy |2,

Pe3synomamei. Mo pe3ynbTatam noucka 6buino otobpaHo 168 pabot, B MeTaaHanus oo 21 uccnegosanue. OtobpaH-
Hble paboTbl BRAYanu 1188 nauuenTos. Mo pesynbTaTaM MeTaaHanu3a BbIABNEHO HanM4Me CTaTUCTUYECKM 3HAYMMOA
reteporeHHocTvt p <0,00001 no KpuTepmio X2 U MHOEKC reTeporeHHocTy 2=99% ans yyBCTBUTENBHOCTM M CELMGUUHOCTY.
B cBA3M c 3TMM AnA aHanu3a gaHHbIX UCMOb30Bany METOR Cly4anHbIX 3QQeKToB. 3HauYeHWA JyBCTBUTENBbHOCTM AnA MPT
Haxogunucb B avanasoHe ot 70,4 no 100%, cneungmyHoctn — ot 60,6 no 100%.

3axnoyenue. MPT obnafaeT [OCTaTOMHOM YYBCTBUTENBHOCTBIO U CNELIMGUYHOCTBIO 417 ONpefeneHnA 3/10KaYecTBeH-
HOCTM NErOYHbIX Y3N0B, 06HapyeHHbIX npy KT-auarHocTuke.
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Role of chest MRI for the diagnosis of malignant
pulmonary nodules: a systematic review
and a meta-analysis
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! Research and Practical Clinical Center for Diagnostics and Telemedicine Technologies of Moscow Health Care, Moscow, Russian Federation
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3 Moscow State University of Medicine and Dentistry named after A.l. Evdokimov, Moscow, Russian Federation

ABSTRACT

AIM: To evaluate the ability of magnetic resonance imaging (MRI) of the chest to detect malignant pulmonary nodules
compared to compute tomography (CT).

MATERIALS AND METHODS: We searched the following databases with the final date of search on April 7th, 2021:
PubMed, Google Scholar. We selected studies according to the inclusion and exclusion criteria that assessed the detection of
malignant lung nodules by MRI and CT and included information about sensitivity and specificity. Method of the analysis and
data grouping was chosen with regard to statistical heterogeneity of the studies included in the analysis. We used the x? test
and |2 statistic to evaluate the heterogeneity.

RESULTS: We selected 168 articles for the systematic review from the PubMed and Google Scholar databases. We in-
cluded 21 studies on 1,188 patients in the meta-analysis and revealed statistically significant heterogeneity (p<0,00001
for x2 test; 12=99%) for sensitivity and specificity. Hence, we used a random-effect model for further analysis. As a result,
values of sensitivity for detection of pulmonary nodules with MRI of 70.4%-100%, specificity — from 60.6% to 100%.

CONCLUSIONS: Thus, MRI has sufficient sensitivity and specificity for detecting malignant pulmonary nodules primarily
discovered with CT.

Keywords: MRI; solitary pulmonary nodule; lung cancer; benign; malignant.
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BACKGROUND

The solitary pulmonary nodule (SPN) is a single, delim-
ited, rounded lesion with a diameter of <3 cm [1, 2]. SPN
is completely surrounded by unchanged pulmonary tissue
and is unrelated to atelectasis, the root of the lung, or me-
diastinum. This mass could be caused by benign processes
such as hamartoma, infectious lesions, granulomatous in-
flammation, or malignant processes (primary lung cancer,
metastatic disease, or lymphoma). Malignancy of nodules is
assumed until proven otherwise [2].

Currently, computed tomography (CT) is the gold stan-
dard for assessing SPN and monitoring patients who are at
risk of cancer [3]. CT, despite its many advantages, has a
major disadvantage: high radiation exposure, which certainly
increases in dynamic monitoring. With the development and
improvement of hardware and software, the search for new
alternative visualization methods becomes evident. Over the
last two decades, research into the potential use of magnetic
resonance imaging (MRI) for the diagnosis of chest diseases
has resulted in a separate research area devoted to SPN
detection by MRI. The advantage of MRl is the lack of ionizing
radiation exposure and the optional quantitative assessment
of the revealed changes even without the use of contrast
agents.

The aim of the study was to compare the capabilities of
chest MRI to standard CT for detecting malignant SPN.

METHODS

This work was designed according to the PRISMA (Pre-
ferred Reporting Items for Systematic Reviews and Meta-
Analyses) standard [4].

Study type

Inclusion criteria:

« (I) Prospective case-control studies, retrospective case-
control studies, prospective cohort studies, and retro-
spective cohort studies;

« (Il) Studies that included a description of the use of MRI
to detect malignant SPN;

« (Il CT as the reference method; and

 (IV) Availability of sensitivity and specificity data.
Exclusion criteria:

(1) The full text of the paper was not available.

« (I) The study did not involve humans.

« (lll) The study involved children.

» (V) Case reports, case series studies, systematic re-
views, and meta-analyses.

(V) Combination of positron emission tomography (PET)
and CT (PET/CT) or PET and MRI (PET/MRI); contrast-
enhanced studies.

» (VI) Involvement of patients with pulmonary tuberculosis
and other inflammatory lung diseases.
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Participants

Patients over 18 years of age.

The review excluded patients for whom diagnostic data
could not be obtained using standard reference methods
(standard chest CT).

Interventions

Studies that assessed the ability of MRI and standard CT
to detect SPN suspicious for malignancy.

Results

Primary results: numerical values of lung MRI sensitivity
and specificity to assess the detection of malignant SPN.

Secondary results: identification of the most optimal MR
pulse sequences.

Sources of information

The databases PubMed and Google Scholar were
searched until April 7, 2021.

Search

Since PubMed takes approximately a month to assign the
term MeSH to a published paper, two types of queries were
used in the PubMed database, that is, MeSH library terms
and keywords to search among recent articles:

“Magnetic Resonance imaging” [Mesh] or “MRI" and
“Computed tomography” or “CT" and “Lung neoplasms”
[Mesh] or “Solitary Pulmonary Nodule” [Mesh] and “Sensi-
tivity” and “Specificity”;

“Lung MRI" or “chest MRI” and “Computed tomography”
or “CT" and “lung cancer” or “Solitary Pulmonary Nodule”.

The query “MRI, CT, lung cancer, specificity, sensitivity”
was used to search in the Google Scholar database.

Data collection and data items

Using the Google Spreadsheet service, a data extraction
table was created. The authors had simultaneous and unre-
stricted access to the document. The following data was ex-
tracted from the selected papers by two researchers (0.Yu.
Panina and Ye.A. Grik): title of the article, journal (or service
for posting preprints), publication date, DOI, MRI protocol,
MRI magnetic induction value, types of lesions revealed,
sensitivity, specificity, and standard deviation for MRI and
CT. After calculating the sensitivity and specificity indicators
for each pulse sequence (PS) separately, the most effective
values were included in the meta-analysis.

Three other researchers (E.S. Akhmad, Yu.N. Vasilyeva,
and Yu.A. Vasilyev) verified the extracted data. All disagree-
ments were resolved through discussion among the authors.

Risk of bias in selected studies

The authors used the QUADAS-2 (Quality Assessment of
Diagnostic Accuracy Studies) checklist [5], which is recom-
mended by the Agency for Healthcare Research and Quality
(Cochrane Collaboration, US) for systematic reviews. Each of
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the selected papers was assessed based on four domains:
patient selection, index test, reference test, and patient flow.
For a detailed description of each domain and the judgment
of the criteria used, see the Cochrane Handbook for System-
atic Reviews of Interventions [6).

Statistical analysis

The selection of method for analyzing and grouping
sensitivity and specificity data (random- or fixed-effects
model) was performed according to the results of the
study heterogeneity assessment. The x? criterion and I
heterogeneity index were used to assess the statistical
heterogeneity of the studies included in the meta-analy-
sis. In the studies, statistically significant heterogeneity
corresponds to p <0.10 in the x? criterion and | >40%.
Moreover, meta-analysis was performed using the Rev-
Man 5.4.1 software package.

RESULTS

Based on search results in the PubMed and Google
Scholar databases, 168 selected papers were imported into
the Mendeley Reference Manager software library. Follow-
ing a second check for inclusion and exclusion criteria and
text review, 33 papers remained (Fig. 1).

A text review of the remaining 33 papers [7-38] revealed
that two studies performed contrast-enhanced CT [23, 24],
which is not an appropriate type of intervention. Further-
more, the sensitivity and specificity data for CT were com-
pletely absent in ten papers [20-22, 25-29, 31, 32], so these
studies were excluded. The meta-analysis included papers in
which a low-dose CT was used as a control study [9, 10, 16]
rather than an exclusion criterion. Thus, the meta-analysis
included 21 studies (see Fig. 1).

The selected studies included 1188 patients and con-
tained information on lung MRI and CT scans. Sensitivity
data for MRI and CT were presented in all papers; however,
specificity rates were not reported in three articles [8, 16,
30]. The majority of the studies were performed on tomo-
graphs with magnetic field induction of 1.5 T (Table. 1).

Risk of bias

Eleven studies adequately reported the index test and
reference test data [7, 8, 10-13, 1518, 33]. The primary
sources of errors were the index test (MRI) and its inter-
pretation (Fig. 2). Some studies lacked complete data to
assess the risk of bias, for example, whether the index test
results were interpreted without knowing the results of the
reference test, or whether interpretation of the reference
test was impossible without knowing the results of the
index test. Moreover, the risk of bias was characteristic
of studies that were more likely to be published if an ef-
fect was found as opposed to those that did not. However,
participants in all studies met the protocol criteria for this
review.
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Fig. 1. Flow diagram

The meta-analysis revealed statistically significant het-
erogeneity (p <0.00001) using the x? criterion and the het-
erogeneity index (1>=99%) for sensitivity and specificity. In
this case, the random-effects method was used to analyze
the data.

Diagnostic accuracy of chest MRI

In each of the 21 studies, MRI was compared to the
reference method. Sensitivity for MRI ranged from 70.4%
to 100%, while the specificity ranged from 60.6% to 100%
(Fig. 3). The mean MRI sensitivity was 88.3%, while the
mean MRI specificity was 71.3%. In studies where the stan-
dard deviation parameters for sensitivity and specificity were
not specified, the calculation was performed by estimating
the values of the indicators [40].

Table 2 shows the characteristics that were included in
the meta-analysis of studies with the highest sensitivity and
specificity values for MRI, which are comparable to CT.

DISCUSSION

The results of this meta-analysis show that MRI has
lower mean specificity and sensitivity when compared to
CT. In the majority of studies included in the meta-analysis,
the sensitivity and specificity of chest CT for detecting SPN
was 100%. Since CT was used as a reference test, only three
studies had lower rates. For chest MRI, 5 of the 21 studies
had 100% sensitivity, and only 2 studies had 100% sensitivity
and specificity.
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Table 1. Characteristics of studies included in the meta-analysis
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No. Studies Year IV!agnet?c field MRI model and manufacturer MRI PS
induction, T

1 Both[7] 2005 1,5 Magnetom Vision, Siemens VIBE, HASTE, T2TSE
2 Bruegel [8] 2007 1,5 Magnetom Sonata, Siemens STIR

3 Chang[19] 2015 1,5 Intera Achieva, Philips SS-TSE-HF

4 Cieszanowski [30] 2016 1,5 Magnetom Avanto, Siemens T2TSE, T2-STIR, T2-HASTE
5  Dewes [33] 2016 3,0 Magnetom Prisma, Siemens CAIPIRINHA-VIBE
6  Fatihoglu [34] 2019 1,5 Magnetom Aera, Siemens DWI (ADC)

7 Heye [39] 2012 1,5 Avanto, Siemens VIBE, HASTE

8  Huang [39] 2020 1,5 Magnetom Aera, Siemens UTE free-breathing
9 Koo [36] 2019 3,0 Magnetom Skyra, Siemens T2FSE

10 Koyama [37] 2008 1,5 Intera, Philips STIR

11 Koyama [38] 2015 1,5 Achieva, Philips DWI (ADC)

12 Meier-Schroers [9] 2016 1,5 Ingenia, Philips T2FSE

13 Meier-Schroers [10] 2019 1,5 Ingenia, Philips T2STIR

14 Ohno [11] 2017 3,0 Vantage Titan, Canon Medical Systme UTE

15 Regier [12] 2011 1,5 Achieva, Philips DWI (ADC)

16  Satoh [13] 2008 1,5 Intera NovoDual, Philips DWI (ADC)

17  Schaefer [14] 2006 1,0 Magnetom Expert, Siemens PDWI

18 Schroeder [15] 2005 1,5 Magnetom Sonata, Siemens HASTE

19 Sommer [16] 2014 1,5 Magnetom Avanto, Siemens HASTE

20  Vogt [17] 2004 1,5 Magnetom Sonata, Siemens HASTE

21 Yi[18] 2007 3,0 Achieva, Philips T1WI 3D TFE*

Note. MRI PS: pulse sequences of magnetic resonance imaging

Flow and synchronization

Overall risk of bias

o

25

B Low risk

Fig. 2. Histogram of the risk of bias

When the results of the meta-analysis were exam-
ined, high sensitivity rates were observed in studies that
calculated overall sensitivity and specificity rates for the
entire MR protocol rather than separately for each PS (see
Table 2). This phenomenon demonstrates the peculiarity
of the meta-analysis for MRI as a method in which the
signal characteristics are assessed in conjunction with the
scanning protocol. These examples may indicate a lack of
research into MRI capabilities in the differential diagnosis
of SPN, the need for studies of current PS, and the careful

00l https://doi.org/10.17816/DB70306

50 75 100%

] Controversial results [ No data

tuning of routine PS on a tomograph. This approach will al-
low for greater MRI efficiency in detecting SPN and study-
ing their characteristics, which is especially important in
lung cancer diagnosis.

Lung cancer continues to be the leading cause of
death worldwide, including in the Russian Federation,
and it is a serious social and economic problem [41,
42]. The presence of cancer among detected SPN ranges
from 10% to 70% [2]. In some countries, low-dose CT
is performed in high-risk groups as part of screening.
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Currently, the coverage of the screening program remains
low, and the criteria for inclusion of patients are limited
to ensure its economic viability. Thus, many patients will
still be diagnosed after the onset of symptoms, rather
than at an early stage of disease development and at a
high cost of misdiagnosis [41]. Furthermore, radiologists
and clinicians continue to face difficulties in monitoring
and managing ambiguous SPN. Accordingly, only a com-
prehensive approach is always used for diagnosis, patient
routing, and selection of optimal management and treat-
ment strategies [43].

This meta-analysis revealed an alternative approach for
assessing SPN that are suspicious for cancer. In addition, the
emphasis was on standard studies that did not make use of
contrast enhancement.
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Limitations

There were several limitations to this study. For vari-
ous reasons, the meta-analysis included data with le-
sions larger than 6 mm. First, nodule sizes greater than
6 mm are the most common in selected studies; second,
nodules smaller than 6 mm have a fairly low risk of ma-
lignancy according to recent data from Fleischner Society
[3]. In addition, the meta-analysis did not compare MRI
with histologic data, which could be considered a limita-
tion of the study.

CONCLUSIONS

MRI has the sensitivity and specificity needed for addi-
tional diagnosis of SPN that are suspicious for malignancy

Test for overall effect: Z = 7.70 (P < 0.00001)

MPT KT Std. Mean Difference Std. Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight 1V, Random, 95% CI 1V, Random, 95% CI

Both 2005 100 1 20 100 1 20 5.7% 0.00 [-0.62, 0.62] r

Bruegel 2007 0 0 28 0 0 28 Not estimable

Chang 2015 89 1.275 36 25.6 14.703 36 5.6% 6.01 [4.90, 7.12] -

Cieszanowski 2016 0 0 50 0 0 50 Not estimable

Dewes 2015 79.1 2.25 54 100 1 54 5.5% -11.92 [-13.58, -10.26] -

Fatihoglu 2019 88.2 1.43 53 100 1 53 5.6%  -9.49 [-10.85, -8.14] -

Heye 2012 100 1 28 100 1 28 5.7% 0.00 [-0.52, 0.52]

Huang 2020 98.9 0.099 120 100 1 120 5.7% -1.54 [-1.83, -1.25] -

Koo 2019 70.4 2.527 68 100 1 68 5.5% -15.32[-17.19, -13.44] -

Koyama 2008 60.6 1.882 161 100 1 161 5.5% -26.08 [-28.12, -24.05] —

Koyama 2015 33.3 3.926 32 100 1 32 4.7% -23.00 [-27.14,-18.86] ——

Meier-Schroers 2016 100 1 30 100 1 30 5.7% 0.00 [-0.51, 0.51]

Meier-Schroers 2019 93 0.719 82 100 1 82 5.7% -8.00 [-8.93, -7.07] -

Ohno 2017 99.6 0.055 52 99.6 0.055 52 5.7% 0.00 [-0.38, 0.38]

Regier 2011 92.3 1.589 20 100 1 20 5.6% -5.68 [-7.14, -4.23] -

Satoh 2008 61.1 3.328 51 100 1 51 5.4% -15.71[-17.95, -13.48] -

Schaefer 2006 75 3.125 36 100 1 36 5.5% -10.66 [-12.51, -8.81] -

Schroeder 2005 93.5 1.11 30 100 1 30 5.6% -6.07 [-7.31, -4.84] -

Sommer 2014 0 0 49 0 0 49 Not estimable

Vogt 2004 96.2 0.468 61 100 1 61 5.7% -4.84 [-5.55, -4.13] -

Yi 2007 67 1.962 127 100 1 127 5.5% -21.13 [-23.00, -19.26] -

Total (95% CI) 1188 1188 100.0% -8.28 [-10.45, -6.11] L 2

IZ' Heterogeneity: Tau? = 21.41; Chi? = 2471.61, df = 17 (P < 0.00001); I* = 99% —50 —iO ) 150 250

Test for overall effect: Z = 7.48 (P < 0.00001) MPT [experimental] KT [control]
MPT KT Std. Mean Difference Std. Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI 1V, Random, 95% CI

Both 2005 100 1 20 100 1 20 4.9% 0.00 [-0.62, 0.62] T

Bruegel 2007 72 3.81 28 100 1 28 4.5% -9.91[-11.89, -7.94] -

Chang 2015 84.8 1.678 36 84.8 1.678 36 4.9% 0.00 [-0.46, 0.46]

Cieszanowski 2016 100 1 50 100 1 50 4.9% 0.00 [-0.39, 0.39]

Dewes 2015 88.1 1.427 54 100 1 54 4.7% -9.59 [-10.95, -8.23] -

Fatihoglu 2019 72.2 3.684 53 100 1 53 4.7% -10.22 [-11.68, -8.77] -

Heye 2012 100 1 28 100 1 28 4.9% 0.00 [-0.52, 0.52]

Huang 2020 81.2 3.684 120 100 1 120 4.9% -6.94 [-7.62, -6.27] -

Koo 2019 70.4 2.527 68 100 1 68 4.5% -15.32[-17.19, -13.44] -

Koyama 2008 96.1 0.295 161 100 1 161 4.9% -5.28 [-5.74, -4.81] -

Koyama 2015 70.4 3.684 32 100 1 32 4.5% -10.83[-12.83, -8.83] _—

Meier-Schroers 2016 100 1 30 100 1 30 4.9% 0.00 [-0.51, 0.51]

Meier-Schroers 2019 87 1.249 82 100 1 82 4.7% -11.44[-12.73,-10.15] -

Ohno 2017 93 0.903 52 93.4 0.855 52 4.9% -0.45 [-0.84, -0.06] b

Regier 2011 97 0.651 20 100 1 20 4.8% -3.48 [-4.50, -2.47] -

Satoh 2008 88.9 1.382 51 100 1 51 4.7% -9.13 [-10.47, -7.80] -

Schaefer 2006 100 1 36 100 1 36 4.9% 0.00 [-0.46, 0.46]

Schroeder 2005 85.4 2.276 30 100 1 30 4.6% -8.20 [-9.80, -6.60] -

Sommer 2014 78 2.451 49 100 1 49 4.6% -11.66[-13.37,-9.95] -

Vogt 2004 93 0.834 61 100 1 61 4.8% -7.55[-8.58, -6.53] -

Yi 2007 97 0.258 127 97 0.258 127 4.9% 0.00 [-0.25, 0.25]

Total (95% CI) 1188 1188 100.0% -5.59 [-7.01, -4.16] <&

ity 2 . i2 .12 + + + +
El Heterogeneity: Tau? = 10.70; Chi* = 2239.91, df = 20 (P < 0.00001); I* = 99% 5 10 ) ) 20

MPT [experimental] KT [control]

Fig. 3. Forest plot of grouped data for specificity (a) and sensitivity (b) [40]

Note. SMD: standardized mean difference; Cl: confidence interval
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Table 2. Characteristics of studies with the highest sensitivity and specificity values

No. Author, Sensiti_vity SpecifiFity MRI PS N!agnet!c field
year of study (general index) (general index) induction, T

1 Both, 2005 [7] 100 100 VIBE, HASTE, T2TSE 1,5

2 Cieszanowski, 2016 [30] 100 - T2TSE, T2-STIR, T2-HASTE 1,5

3 Meier-Schroers, 2016 [9] 100 100 T2FSE 1,5

4 Regier, 2011 [12] 97 92,3 DWI (ADC) 1,5

5 Heye, 2012 [35] 100 100 VIBE, HASTE 1,5

6  Schaefer, 2006 [14] 100 75 PDWI 1,5

Note. MRI PS: pulse sequences of magnetic resonance imaging

and revealed by CT. The mean MRI sensitivity was 88.3%,
while the mean MRI specificity was 71.3%.

MRI is a non-ionizing imaging method that can be used
as an additional technique in the evaluation of various PS
while resolving controversial cases.

Further research into the most efficient PS, the feasibility
of contrast enhancement, and new technological solutions
for high-quality diagnostics of SPN is necessary.
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Tomorpaqmn PaKa rososbl U LWeU

B.C. Metposuues’, M.B. Hekniogosa', B.E. Cunuusin?, U.I. HUKNTUH'

! HaumoHanbHbIi MeAULMHCKUIA MCCea0BaTesbCKUN LEHTP «JledebHo-peabuinTaumonHbIi LeHTp», Mockea, Poccuitckan ®eaepaums
2 MOCKOBCKMIA rocyapcTBeHHbIN yHUBepcuTeT uMeHn M.B. NloMoHocosa, MockBa, Poccuitckan Depepauns

AHHOTAUMA

BbinonHeH 0630p nybnmKaumin No AMarHOCTMKe paka 06n1acTi rofoBbl U LWen MeTOA0M [ABYX3HEPreTUYECKON KOMbio-
TepHon ToMorpadum (A3KT); u3yyeHsl pe3ynbTaThl KAHECTBEHHOMO U KONMYECTBEHHOMO aHanW3a AaHHbIX, NOMy4eHHbIX Me-
To0M [I3KT ¢ BHYTPMBEHHBIM KOHTPACTMpOBaHWEM NpU OMYXONAX AaHHON NOKaNU3aLumm; NoKasaHa BaXHOCTb MOCTPOEHNA
VOOHBIX KapT ANA NOAyYeHUA [OMNONHUTENBHON OUArHOCTUYECKOM MHPOPMALIMK; ONMCaHbl aCNeKTbl YNyYLLEHWA BU3yanu-
3aumum opodapwvHreansHon 0bnacTu Ha GoHe apTedaKToB OT CTOMATONOrMYECKUX UMMNIAHTaToB. PAR NpuBEAEHHBIX B CTa-
Tbe Hay4HbIX paboT 0CBELLAeT COBPEMEHHOE COCTOAHWE BOMPOCA U POib MOCTMPOLIECCUHIA «ChipbiX faHHbIX» [A3KT, nony-
YeHWA [ManasoHa MOHOXPOMATUYECKMX U306ParKeHWIA OMYXOMEBbIX U UHBIX MaTONOrMYECKUX U3MEHEHWI 06N1acTy ronoBbl
u wewu, B ToM yncne cpasHuBatotcA [I3KT ¢ BHYTPMBEHHBIM KOHTPACTUPOBaHWEM W PYTUHHAA KOMMbOTEPHaA TOMorpagus
C TOYKM 3pEHMA YMEHbLUEHUA NIy4eBOM Harpy3KM Ha MALMEHTOB, B YAaCTHOCTM 3a CYET nonyyeHUsA B xofde noctobpaboTtku
BMPTYyabHbIX HAaTUBHBIX AWArHOCTUYECKUX U300parKeHnit U3 KoHTpacTHoM cepum obbéMoB [3KT. 0630p, noMmnmo nocnea-
HWX aKTyanbHbIX Hay4HbIX AaHHbIX, BKMIOYAET TaKMKe CChIKM Ha paboTbl no uctopum passutua J3KT kak Metofa. Kpatko
WU3N0MeHbI PU3MYecKMe NPUHLMNBI, Nexallme B ocHoBe [3KT, 1 nepcneKTvBbI pasBuTuA MeToda.
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and neck cancer
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ABSTRACT

This study reviewed the head and neck cancer diagnosis publications using dual-energy computed tomography (DECT).
The qualitative and quantitative analysis of the data was DECT obtained using intravenous contrast enhancement for localized
tumors, which shows the importance of constructing iodine maps for obtaining additional diagnostic information, described
aspects of improving visualization of the oropharyngeal region against the background of artifacts from dental implants. Sev-
eral research articles highlight the current state of the issue and the role of post-processing of “raw data” DECT, obtaining a
range of monochromatic images of a tumor and other pathological changes in the head and neck region in the article. Several
learned treatises were also reflected. DECT with intravenous contrast enhancement and routine computed tomography to
reduce radiation exposure to patients were compared particularly due to the possibility of obtaining virtual native diagnostic
images from a contrasting series of DECT volumes during post-processing. In addition, this review also includes references
to works that highlight the development of DECT as the method. Finally, the physical principles underlying DECT and the pros-
pects for the development of the method are briefly represented.

Keywords: dual energy computed tomography; spectral computed tomography; DECT; head and neck cancer; squamous
cell carcinoma; SCC.
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BACKGROUND

The importance of early diagnosis in head and neck
cancer stems from the pathology’s dominance in the mor-
bidity structure of malignant neoplasms worldwide [1]. In
Russia, the number of patients with newly diagnosed ma-
lignant neoplasms of the head and neck region is steadily
increasing [2].

Obviously, clinical and endoscopic examinations allow
for evaluation of the mucosa of the oral cavity and tongue,
as well as the larynx and pharynx. However, the submu-
cosal areas remain unprotected. Moreover, exophytic and
endophytic growth can occur in squamous cell cancer, but
a mixed type is more common. If a primary or recurrent
tumor is found in the mucosa, the submucosal compo-
nent cannot be reliably assessed (only indirectly through
palpation) [3, 4]. Following chemoradiotherapy, a zone of
vitreous edema develops, altering the normal anatomy,
appearance, and density of the mucosa. Because of their
thickening and increase in volume, the root of the tongue,
parapharyngeal and paraesophageal areas, and laryngeal
and laryngopharyngeal elements may cause dysphagia and
dyspnea and complicate endoscopic examination [5]. After
immunotherapy of head and neck squamous cell cancer,
pseudoprogression is possible, particularly an increase
in tumor size and extent, which requires strict dynamic
control to rule out true disease progression [6, 7]. All
this necessitates the use of objective dynamic monitoring
methods such as computed tomography (CT) and magnetic
resonance imaging (MRI). Due to a lack of scanners to
cover the population and the higher cost of the study, hy-
brid imaging techniques (positron emission tomography or
single-photon emission computed tomography combined
with CT) are less accessible. In addition, the timing of hy-
brid diagnosis during treatment is limited. Thus, for a more
reliable differentiation between inflammatory and tumor
changes, at least 3 months should elapse after chemora-
diotherapy and surgery [8, 9].

MRI is a useful tool for detecting head and neck tumors.
The application of current basic pulse sequences resolves a
variety of diagnostic issues. Thus, T1, contrast-enhanced T1-
weighted images, and T2 weighted sequences and fat-sup-
pressed sequences are the best for visualizing inflammatory
changes, staging tumor lesions, and revealing developmen-
tal embryonic tumors. Vascular and perfusion sequences
are used to rule out vascular malformations and assess
microcirculatory parameters of tissue perfusion. Diffusion-
weighted images may be useful for imaging cholesteatomas,
assessing malignancy and treatment response, and detect-
ing recurrent or residual tumors in head and neck cancers
[10, 11]. Aside from the obvious advantages of the method,
the time required to perform a full MR, including various
pulse sequences, is longer than CT, limiting the scanner’s
throughput and the number of possible examinations within
a day.
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CURRENT DUAL-ENERGY IMAGING
TECHNIQUES

The physical methods that underpin the interaction of
X-rays with substance and provide a dual-energy scanning
are the photoelectric effect, Compton effect, and Thomson
scattering.

The fundamental principle of dual-energy computed to-
mography (DECT) is based on the fact that different ana-
tomical structures and tissues may have the same or dif-
ferent density depending on the X-ray energy under which
they are exposed, that is, in the range between high and
low kW values. The primary advantage of using dual-energy
systems is the ability to decompose the images into under-
lying materials. In this case, different attenuations at vari-
ous X-ray energies are recorded. This reveals how much of
each material is present in a particular voxel of the image
and expands the possibilities for postprocessing the obtained
image volumes (Figure). For example, the construction of
virtual non-contrast images, subtraction of bone structures,
and analysis of radiopaque stones are possible. In addition,
iodine maps with isolated iodine images may be generated.

The DECT method has been known since the early days
of CT, but its applications were mostly limited to determin-
ing bone mineral density [12, 13]. Recently, DECT has been
introduced into clinical practice to examine patients with ma-
lignant head and neck tumors. When scanning, this method
employs either scanners with two energy sources or rapid
current switching on the tomograph X-ray tube.

DUAL-ENERGY TOMOGRAPHY
OF THE HEAD AND NECK REGION

An early scientific paper discovered no statistically sig-
nificant difference in the quality of anatomical images of
the head and neck region when using dual-energy (80 and
140 kW tube currents) versus routine multispiral computed
tomography (MSCT, 120 kW tube current). In addition, a
lower radiation load on patients was observed in DECT [14].
Concurrently, since 2010, numerous studies have been
conducted to evaluate the dual-energy computed angio-
graphy possibilities of the brachycephalic arterial pathol-
ogy [15-25]. According to A. Schwahofer et al. [26], the use
of monoenergetic reconstructions obtained during DECT
volume post processing allows to reduce artifacts from
metal in the oral cavity only if the density of the latter does
not exceed 4.5 g/cm? (e.g., titanium or aluminum). This has
little application in calculating total radiation dose; howev-
er, it may be useful for delineating anatomical landmarks
of the area of interest when planning radiotherapy. For ar-
tifacts from dental metal with a source density of >4.5 g/
cm?®, only a slight reduction in artifacts was observed. The
majority of the patients included had metal-containing den-
tures or other dental hardware with an even higher density
(>10 g/cm?). Thus, monoenergetic reconstructions are not
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Fig. Dual-energy computed tomography after chemo radiotherapy for squamous cell cancer of the mouth floor that had spread to the
tongue. Residual tumor on the lower surface of the tongue and metastasis with decay to the submandibular lymph node on the left
(yellow arrows). g, iodine map; b, virtual non-contrast image; c, pixel distribution plot for an individual slice between high and low kV

values; d, monochromatic image with a low value equal to 80 kV

a universal tool for reducing metal artifacts in radiotherapy
planning [26].

In contrast, J. Weif et al. [27] reported that the iterative
metal artifact reduction mode allows for improved visual-
ization of the oral cavity area and surrounding anatomical
structures in the presence of dental implant artifacts. The
images and diagnostic significance were assessed both
qualitatively according to the Likert scale and quantitatively
using Hounsfield units (HU). The study discovered that in 30
cases, using metal artifact reduction made images more in-
formative when compared to not using this mode (3.8 + 0.5
versus 2.6 + 0.5, respectively; p < 0.0001). When the degree
of artifacts was quantified using HU, correlated results were
obtained. The findings for metal artifact reduction were sig-
nificantly lower than for standard reconstruction (0.9 + 1.6
versus 20 + 47, respectively; p < 0.05) [27].

According to N. GroPe Hokamp et al. [28], hypo- and
hyperattenuating artifacts in virtual monoenergetic images
(VMI) with high kiloelectronvolt (keV) values showed in-
creased and decreased HU values compared to conventional
CT imaging (CI) (CI/VMlyqq oy: =218.7/-174.4 HU, p = 0.1 and
309.8/119.2, p = 0.05, respectively). In addition, artifacts in
fat decreased on VMI with high keV values (CI/VMlygq y:
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23.9/16.4, p = 0.05). Moreover, a qualitative decrease in su-
perdense artifacts on VMI with high (=100) keV values (e.g.,
CI/VMl g ey 2(1-3)/3(1-5), p = 0.05) was observed. Reduced
artifact evidence improved imaging of the soft palate and
cheeks (e.g., ClI/VMlyg oy: 2(1-4)/3(1-5) and 2(1-5)/3(1-5),
p < 0.05). In general, VMI obtained during postprocessing of
DECT volumes reduces the intensity of artifacts from dental
implants and improves diagnosis of the surrounding soft tis-
sues [28].

Another study found that using high-energy VMI reduces
artifacts while weakening the visualization of iodine-contain-
ing contrast agents in tumor tissue. In general, high-energy
VMI (<100 keV) as useful additional diagnostic images for
assessing head and neck cancer may achieve a moderate re-
duction in artifacts while maintaining sufficient visualization
of iodine-containing contrast agents [29]. This is supported
by the study of E. Liao [30], which found that DECT improves
visualization of the head, neck, and spine in the presence
of artifacts from metal implants. According to some other
authors, spectral CT improves radial diagnosis of malignant
head and neck neoplasms [31-36].

AM. Tawfik et al. [37] conducted a study to improve ima-
ging of head and neck tumors. This included the assessment
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of images obtained with different weighting factors (0.3, 0.6,
and 0.8) for 80 and 140 kW, as well as the assessment of
tumor lines. The study included 35 people with malignant
head and neck neoplasms who were selected from a group
of 60 patients with suspected cancer. The authors compared
such parameters as signal-to-noise ratio, signal attenua-
tion measurements, and objective noise between different
sets of head and neck images. The results were analyzed
by two independent radiologists who assessed the follow-
ing parameters on a five-point scale: lesion contours, image
sharpness, and subjective noise. The scientists concluded
that combining DECT diagnostic data obtained at 80 kW and
140 kW tube currents with a weighting factor of 0.6 (60%
of the 80 kW data) improves the signal-to-noise ratio from
the tumor focus and subjectively increases the overall im-
age quality, including tumor borders. This weighting factor
showed more diagnostic information than the 0.3 coefficient,
which simulates current values on a 120 kW tube and is as
close as possible to standard MSCT images [37].

According to M. Li et al. [38], using DECT to analyze ma-
terial composition in conjunction with reconstructed mono-
chromatic images has a promising potential for differential
diagnosis of thyroid nodules and tumor grade clarification.

When assessing the local spread of laryngeal cancer,
determination of the degree of thyroid cartilage invasion is
critical. In the study of this diagnostic problem, the invasion
degree was assessed on a five-point scale: true invasion be-
gan with erosion (3 points) and ended with cartilage invasion
(5 points). These data were used to generate iodine maps
and weighted average images. Further, weighted average
images and iodine maps had 100% sensitivity, specificity,
and accuracy in assessing thyroid cartilage invasion. In only
one case, the weighted average images missed the complete
invasion of the thyroid cartilage by squamous cell cancer of
the laryngeal fold; however, the prevalence was clarified on
the iodine maps [39].

The potential of the method in assessing the cartilagi-
nous structure of the larynx was described in several other
studies. In particular, R. Forghani et al. [40] noted differenc-
es in signal attenuation on VMI (= 95 keV) of head and neck
squamous cell cancer versus unossified thyroid cartilage of
the larynx. In another study, a group of scientists from Japan
and the United States compared MRI and DECT in assessing
the cartilaginous structure of the larynx in general and the
thyroid cartilage in particular in head and neck squamous
cell cancer. DECT had a higher specificity when compared
to MRI. Such data were obtained for both the invasion of
the entire cartilaginous structure of the larynx (84% for MRI
versus 98% for DECT, p < 0.004) and the thyroid cartilage
(64% versus 100%, respectively, p < 0.001). The mean area
under ROC curve (0.94 vs. 0.95, p = 0.70) was calculated.
The sensitivity of the methods for a similar task was not
significantly different for the entire cartilaginous structure
of the larynx (97% for MRI versus 81% for DECT, p = 0.16)
and separately for the thyroid cartilage (100% versus 89%,
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respectively, p = 0.50); however, there was a tendency to-
ward a higher sensitivity for MRI. DECT allows for the avoid-
ance of overestimation of the extent of laryngeal cartilage
invasion caused by inflammatory changes. This is achieved
by employing appropriate diagnostic criteria on weighted av-
erage images and iodine maps for both ossified and unossi-
fied laryngeal cartilage. Concurrently, DECT may miss small
tumor invasion of ossified laryngeal cartilages, which deter-
mines the efficiency of the method precisely in the absence
of overestimation of the invasion degree of cartilaginous
structure of the larynx and thus contributes to the growth of
organ-preserving approaches to the treatment of laryngeal
and laryngopharyngeal squamous cell cancer [41].

J.L. Wichmann et al. [42] investigated the diagnostic ac-
curacy of a series of DECT images (80 kW and linear-mixed
120 kW) in 170 cases of various head and neck pathologies.
Subsequent analyses were carried out by three independent
radiologists who had been referred for clinical trials. Other
data, such as images from other diagnostic modalities, were
not available to the examiners. The findings were compared
with medical records, CT scans, and histologic reports.
Sensitivity, specificity, positive predictive value, and nega-
tive predictive value were calculated separately for each
examiner. Agreement between radiologists was assessed
by using intraclass correlation coefficients. The following
clinical nosologies were assigned to the diagnostic groups:
squamous cell cancer (n = 107; presence/absence for pri-
mary/recurrent squamous cell cancer), lymphoma (n = 40;
presence/absence for primary/recurrent lymphoma), and be-
nign diseases (n = 23; e.g., abscess). For the 80 kW imaging
series and the 120 kW line-mixed images, the cumulative
sensitivity, specificity, positive predictive value, and nega-
tive predictive value were 94.8, 93.0, 95.9, and 91.1, respec-
tively. Moreover, the results (%) for the group of patients
with squamous cell cancer were extremely high (94.8/95.3,
89.1/89.1, 94.3/94.4, and 90.1/91.0); a similar pattern with
lymphoma-related disease (95.0, 100.0, 100.0, and 95.2 for
the 80/120 kW image series) was noted. The agreement
between investigators was nearly perfect (intraclass cor-
relation coefficients of 0.82 and 0.80; 95% Cl: 0.76-0.74 and
0.86-0.85). The absorbed dose per scan length was approxi-
mately 48% lower at 80 kW when compared to standard 120
kW scans (135.5 versus 282.2 mGy/cm). The researchers
concluded that low-kilovoltage CT (80 kW) has high resolu-
tion, providing good diagnostic accuracy for routine clinical
practice while significantly reducing the radiation load on
the patient [42].

Several other studies provided similar evidence of im-
proved imaging of primary head and neck cancers in DECT
data postprocessing with two energy sources when con-
structing nonlinear image mixing compared to linear image
mixing at low and high energies (80/140 kW) [43]. According
to S. Lam et al. [44], the optimal soft tissue imaging of the
head and neck region on VMl is at 65 keV, while the optimal
contrast-to-noise ratio for squamous cell cancer imaging
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is at 40 keV. This is because there is a difference in signal
attenuation between the tumor and unaffected surrounding
soft tissues (p = 0.03).

A group of scientists from China investigated the use of
DECT in the detection and differential diagnosis of metastati-
cally affected cervical lymph nodes in squamous cell head
and neck cancer and other lymphoproliferative diseases. The
authors concluded that optimal visualization of the affected
lymph nodes was achieved on 70 keV monoenergetic im-
ages. In addition, the study design included the slope of the
spectral curve of soft tissue radiability for iodine molecules
depending on the kW value [45]. According to F. Fu et al.
[46], virtual noncontrast images obtained in DECT postpro-
cessing for visualization of metastatically affected cervical
lymph nodes are of comparable quality to a full-scale native
study. Moreover, such images have a lower effective dose
of radiation to the patient when compared to the standard
native study (p < 0.05). The combination of DECT with intra-
venous contrast enhancement and subsequent construction
of virtual native images allows adequate visualization of the
secondary affected lymph nodes with a lower radiation ex-
posure to the patient [46].

R. Forghani (Canada) [47] compared the reconstruc-
tions and postprocessing potential of DECT with one energy
source and fast switching kilovoltage (kW) on an X-ray tube
and DECT with two energy sources and suggested that post
processing be used for optimal imaging of soft neck tissues.
Thus, virtual monoenergetic reconstructions for all neck area
scans were performed at 65 and 40 keV minimum; for la-
ryngeal tumor diagnosis, similar reconstructions and iodine
mapping and virtual monoenergetic reconstructions at 95
keV (or at higher values) were used. The author proposes
using all of the above, except for iodine maps, to visualize
tumors of the oral cavity and oropharynx and reduce dental
artifacts [47]. Further, another group of scientists provides
comparable data [48].

The differential diagnosis of spectral imaging in the ex-
clusion of residual or recurrent tumors after special treat-
ment is given in the study of the international group of au-
thors. Thus, according to a small cohort study by Yamauchi
et al. [49], when comparing virtual monoenergetic recon-
structions at 40 and 70 keV, the former allows for a better
differential diagnosis of recurrent or residual tumors from
benign changes caused by the performed treatment. In ad-
dition, L. Yang et al. [50] discovered differences in iodine
concentration, water, and spectral curve slope in affected
cervical lymph nodes from patients with various nosological
diseases, including thyroid and salivary gland cancer, lym-
phoma, and squamous cell cancer.

M.S. May et al. [51] compared dual-energy and mono-
energy (70 kW) DECT scanning with two energy sources
in patients with head and neck cancer. When constructing
monoenergetic reconstructions at 40 keV, the former allows
for better visualization of tumor borders, whereas a 70-kW
monoenergetic scanning is appropriate to reduce artifacts in

Vol 2 (3) 2021

DOl https://doi.org/10.17816/DD62572

Digital Diagnostics

the presence of metal implants in the oral cavity. A group
of Canadian scientists found similar results when compar-
ing dual-energy and standard CT scanning of patients with
squamous cell head and neck cancer [52].

According to R. Forghani et al. [53-55], various DECT
reconstructions combined with subsequent quantitative
analysis may improve the characteristics of tissue assess-
ment and tumor imaging, including invasion into anatomical
structures, which may impact patient management. L. Yang
et al. [56] used DECT to assess therapeutic response to
chemoradiotherapy in two groups of patients with laryngeal
and pharyngeal cancer in complete and incomplete remis-
sion. The spectral curve had a different slope depending on
whether or not residual tumor was. A ROC analysis of diag-
nostic efficiency showed an area under the curve of 0.83.
When assessing the effects for esophageal cancer radiation
therapy before and after, a group of other scientists pro-
posed that the construction of iodine maps in DECT post-
processing allows them to assess iodine concentration in
both cases. In addition, the effect of chemoradiation therapy
may be analyzed while avoiding an increased radiation dose
during treatment [57].

An interesting method for assessing nasopharyngeal
cancer in DECT was proposed by measuring the concentra-
tion of gold nanoparticles that were attached to folic acid
as a linker. DECT has the ability to decompose the studied
material, allowing for the separation and identification of dif-
ferent elements in the examined tissues, particularly gold
nanoparticles. Actually, this diagnostic method is molecular
targeted imaging of nasopharyngeal cancer cells [58].

Recently, machine learning has gained prominence in the
treatment of head and neck cancer. One group of authors de-
scribed the advantages of the automated multi-energy tex-
ture analysis of soft tissues of all image series compared to
the analysis of individual monoenergetic reconstructions to
predict metastatic lesions of loco regional lymph nodes [59].
Another group of scientists studied the DECT potential in as-
sessing lymph nodes in the neck region in various neoplastic
lesions using machine learning, including lymphoprolifera-
tive diseases [60]. This research avenue is both scientific and
practical in nature, and it merits further study.

CONCLUSIONS

Thus, in addition to the examination of patients with sus-
pected head and neck cancer, DECT with intravenous bolus
contrast provides more detailed information when compared
to conventional contrast MSCT. DECT enables the decompo-
sition of the obtained images into underlying materials, in
particular, to obtain both isolated and mixed iodine maps of
the area of interest, i.e., tumors and metastatically affected
regional lymph nodes. This information may be of diagnostic
value in dynamic examination of patients following special
antitumor treatment, such as remote radiation, chemother-
apy, and immunotherapy.
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K Bonpocy 06 3TMYeCKUX acneKrax BHeApeHUA CUCTEM
UCKYCCTBEHHOro UHTeNJIeKTa B 3paBO00XpPaHeHUU

[.E. LLlapoBa, B.B. 3uHueHko, E.C. AxMag, 0.A. MokueHKo, A.B. Bnagsumupckui, C.I1. Mopo3os

Hay4Ho-npaKTUYecKWi KIMHWUYECKUIA LEHTP AMArHOCTUKM U TeneMeauLIMHCKUX TexHonormi [enaptameHTa 34paBooxpaHeHua . Mockebl, Mockea,
Poccwiickan Qegepauma

AHHOTAUNMA

PaccMaTpuBaloTcA 3TMUECKME BOMPOCH! MPUMEHEHUA B XO[E MU3HEHHOTO LIMKIIA CUCTEM WCKYCCTBEHHOTO MHTENNEKTa;
npeAcTaBneHa aKTyanbHaA MHGOPMALMA 0 MUPOBLIX U OTEYECTBEHHBIX TEHAEHUMAX B 3TOM chepe. OnucaH MerayHapoa-
HbI W HaLMOHabHBIMA OMbIT B 06/1aCTV 3TUYECKUX BOMPOCOB NMPUMEHEHUA CUCTEM UCKYCCTBEHHOMO MHTEN/EKTA B 3[paBo-
OXPaHeHWW; pa3obpaHbl MerayHapOAHbIE U HaLMOHanNbHbIE CTPaTErMM Pa3BUTUA UCKYCCTBEHHOTO MHTEN/IEKTA B 34paBo-
OXpaHeHWUW, rae 0coboe BHUMaHWe yOenAeTcA HALMOHANbHOMY Pa3BUTUIO, U BbIABNEHbI OCHOBHbIE TEHAEHLUMM, CXOACTBA
W pas3nnumnaA Memxay ctpaternamu. OnucaHbl Take 3TUYECKMe COCTaBMALLME MPOLIECCa KITMHUYECKUX UCTIbITAHWIA CUCTEM
MCKYCCTBEHHOr0 MHTeNNEKTa B Poccuu, B paMKax KOTOpbIX OLEHMBAIOTCA MX 6e30MmacHOCTb M 3QPERTUBHOCTb. B paMKkax
nepesioBOro OTEYECTBEHHOMO OMbITa MO TEXHUYECKOMY PErysIMpOBaHUI0 CUCTEM MCKYCCTBEHHOMO WHTEN/IEKTa, aHanoroB
KOTOpPOMY HET B MMpE, NpeACcTaBfieHbl paboTbl N0 YHUGMKaLMK M CTaHAapTU3aLumMmM TpeboBaHMM, UCMONb3yeMble NpU pas-
paboTKe, TECTUPOBAHWM M 3KCMNTyaTaLMM CUCTEM UCKYCCTBEHHOMO MHTEMNEKTA B 3[PaBOOXPAHEHUN U YHUKANLHBINA OMbIT
Poccun B yacT cepTUGMKALMOHHBIX TPE6OBaHUI K MEAULIMHCKUM U3LENNAM, UCMOMb3YIOLMM TEXHOMOMMU UCKYCCTBEH-
HOrO UHTENMeKTa.

Ocobo nog4épKHYTa BaXKHOCTb MOCTPOEHWA YCMELIHOW CUCTEMbI 34paBO0XPaHEHMA B 0611acTU TEXHONIOMMUI UCKYCCTBEH-
HOr0 WHTEN/EKTa, KOTOpan crnocobCTBYET YKPENNEHWO OBEPUA U COBMIOAEHUIO STUUYECKUX HOPM.

KnioueBble cnoBa: KNMHUYECKAA 3TUKa; MCHYCCTBEHHbIVI MHTENNeKT, CTaHAapTU3aumA; KIMHUYEeCKUe UCNbITaHUA.
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ABSTRACT

This article aimed to analyze the ethical issues associated with different stages in the life-cycle of artificial intelli-
gence (Al) systems and provide up-to-date information about global and domestic trends in this subject. Described herein
are the international and national experiences with ethical issues of Al systems used in healthcare. In addition, the inter-
national and national strategies for the development of Al in healthcare are analyzed, with a focus on national develop-
ment. Moreover, the main trends, similarities, and differences between strategies are identified. Furthermore, the ethical
components of the clinical trial process are described to evaluate the safety and efficacy of Al systems in Russia. Domestic,
state-of-the-art, and globally unique experience in the technical regulation of Al systems is shown on unification papers
and standardization of requirements for the development, testing, and operation of Al systems in healthcare are presented;
finally, the unparalleled Russian experience in certification requirements for Al-based medical devices is demonstrated.
Furthermore, the article summarizes the main conclusions and emphasizes the importance of a strong successful health-
care system based on Al technologies that build trust and compliance with ethical standards.
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INTRODUCTION

According to GOST R 59277-2020, artificial intelligence
(Al) is defined as a set of technological solutions that simu-
lates human cognitive functions, including self-learning,
identifying solutions without a predetermined algorithm, and
achieving insight, thereby obtaining results that are compa-
rable at least to human intellectual activity. Thus, systems
based on Al technologies have certain characteristics, such
as the ability to “evolve” and apply “new knowledge.” This
imposes on society the responsibility to develop new ethical
standards for the application of such systems, such as those
that help physicians diagnose diseases and make decisions
to provide substantial help in medicine. Al systems must be
effective (due to their variety of options), safe, and assured
by regulatory control, including ethical standards (develop-
ment of a code of ethics and national and international ethical
standards for using Al technologies in medicine) and techni-
cal regulation that are subjected to reforms and updates.
Despite their similarity to a black box, Al systems should not
cause distrust as their use the benefits are much greater,
such as handling staff shortages and obtaining independent
second opinion due to the emerging well-established norms
and rules.

The development of Al systems brings forth ethical is-
sues regarding the impact on decision-making processes
and interactions in medicine and the overall healthcare
system [1]. Even with the use of Al systems, human rights
should be respected, which requires systematic ethical dis-
cussions; certain ethical standards must be established for
their global application [2].

The ethical part is a characteristic of all stages of the Al
lifecycle, a set of processes from the development (scientific
and clinical research, design, and creation) and operation
(market launch, financing, maintenance, monitoring, and
performance evaluation) to the withdrawal from an opera-
tion. Bearing in mind the ethical issues during the interaction
of objects with Al systems is of particular relevance. In this
case, objects involved with Al systems are defined as any
party that is involved in any of the stages of the Al lifecycle,
such as legal and physical persons, including researchers,
scientists, physicians, data processing specialists, engi-
neers, information technology (IT) specialists, commercial
and public companies, universities, and research centers.

Particularly, the ethical issues of Al application in glob-
al and national healthcare systems are worth mentioning
[3, 4]. Al systems that involve medical products are increas-
ing. Therefore, minimizing the potential for errors associ-
ated with medical and personal patient data that are used
to develop and test Al technologies is necessary. To per-
form these tasks, access to sufficient verified, high-quality
medical data of patients is required, which may be used
for disease prediction, diagnosis, treatment optimization,
as well as external and internal testing algorithms [5-7].
Thus, a set of solutions is needed, including state regulation,

Vol 2 (3) 2021

DAl https://doi.org/10.17816/DD7 7446

Digital Diagnostics

involvement of highly qualified experts (engineers, physi-
cians, and IT specialists); raising patient awareness to solve
the ethical problems associated with the development and
implementation of medical Al systems is also warranted.

Therefore, this study aimed to present the currently
available documents that regulate the ethical aspects and
norms of the global Al application, particularly in the health-
care industry. Moreover, the normative legal and technical
regulatory documents for Al systems worldwide were stud-
ied, along with the presentation of the Russian experience of
the first national standards that will control the development
and application of Al technologies in healthcare.

INTERNATIONAL AND NATIONAL
EXPERIENCE TO SOLVE THE ETHICAL
ISSUES OF Al APPLICATION IN
HEALTHCARE: GENERAL PROVISIONS

Data privacy concerns are raised with the widespread
use of patient data for Al training. Improving healthcare by
maintaining a balance between the secondary use of data
from other patients and the privacy of personal information
presents several challenges. For example, the challenge at
the individual level is to understand the extent to which per-
sonal data may be used at the secondary level and what
elements are involved, who can access these data, how ef-
fective and complete their anonymity is, the potential use
of data to harm the patients, the financial use of data, and
the effect of the data privacy policy on the care received [6].
In addition, the issue of “liability awareness” for the own-
ership of personal data may arise at the level of medical
institutions that share medical data, and such sharing may
be problematic.

However, in case of a misdiagnosis made by a physician
when using an Al system, the extent to which the involved
party (physician, institution, healthcare system, or Al manu-
facturer) is ethically responsible is unclear. According to the
existing normative legal acts (Federal Law of November 21,
2011, No. 323-FZ, Art. 98 [as amended on July 2, 2021] on
Fundamentals of Healthcare in the Russian Federation), the
responsibility of violations of various legal norms in health-
care lies on the medical organization and the physician.

The responsibility for medical errors becomes more am-
biguous at the state level. Thus, Al systems may not meet
all the established requirements, and risks are present when
using medical devices, including Al systems, for diagnoses.
The United State Food and Drug Administration states that
these medical devices may be risky due to the following five
reasons: increased false positives leading to unnecessary
additional procedures, increased false negatives, use in un-
suitable settings, misuse by people, and malfunction due to
improper product (Al system) introduction in the market [8].
Thus, a transparent and well-established state regulatory
system is needed to minimize the risks, thereby partially
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removing or controlling the ethical issues associated with
using Al systems at the state level.

By definition, a regulatory system is a set of rules. For
products manufactured by an industry, such as drugs, vac-
cines, medical devices, and Al systems, the role of regula-
tions is to limit the risks associated with the product, such
as an unsafe product, the product not meeting the purpose
for which the product was intended for (inefficient product),
or the risk of not meeting up with quality standards based on
the global report of the World Health Organization (WHO) on
Ethics and Governance of Artificial Intelligence for Health [9].
The national legislation is responsible for developing such
rules and creating the conditions to ensure compliance with
these laws. Among those who are required to follow these
rules are manufacturers and users of Al systems (medical
organizations, physicians, and other medical staff). For ex-
ample, the Al manufacturer is recommended to use the ac-
cepted classification of pathologies according to approved
thesauruses and the International Classification of Diseases
or name the phenomena as recommended by professional
associations.

GENERAL APPROACHES
TO SOLVE ETHICAL ISSUES

WHO experts have formulated principles to address ethi-
cal issues, which apply to Al systems in healthcare [9].

1. Protecting autonomy

With Al development, physicians began to raise concerns
about being replaced by these technologies. However, the
proposed principle of protecting autonomy implies that Al
systems should be designed to help in decision-making and
be fully controllable when operated by medical staff. In ad-
dition, this principle requires data protection and privacy on
the part of Al manufacturers, dataset creators, and national
governments, which should be enshrined in regulations. In
Russia, an experimental regime of personal data process-
ing was introduced in Moscow (Federal Law No. 152-FZ of
July 27, 2006, on Personal Data), which allowed changes in
the informed consent of patients. Moreover, changes were
initiated in the regulatory legal documents related to medi-
cal devices in 2020. These amendments outlined the role
of the Al system as an aid to physician decision-making,
thereby removing the issue of using Al without physician
interventions.

2. Ensuring patient safety and well-being

Al systems should be designed not to cause physical
or mental harm to the patient and must meet the approved
requirements for safety, efficiency, and quality throughout
the life cycle. Therefore, quality control and monitoring
mechanisms will be put in place to ensure that Al systems
function as intended. The recommendations of the Inter-
national Medical Device Regulators Forum to perform a
clinical evaluation of software were approved and are being
adopted in Russia [10]. In addition, standards for protocols

Vol 2 (3) 2021

DAl https://doi.org/10.17816/DD7 7446

Digital Diagnostics

and reports on clinical trial results are being developed. For
example, randomized controlled studies are considered the
gold standard of experimental design to provide evidence
on the safety and efficiency of Al systems. In this regard,
the extension of Consolidated Standards of Reporting Tri-
als—AI (CONSORT-AI) to CONSORT 2010 and Standard Pro-
tocol Items: Recommendations for Interventional Trials—Al
(SPIRIT-AI) was developed [11].

3. Ensuring transparency, explainability,

and intelligibility of Al systems

The intelligibility of Al systems includes ensured trans-
parency and explainability. Al manufacturers must demon-
strate transparency by publishing and presenting data to the
professional community on how the Al model was devel-
oped, its application scenario, the parameters of data sets
that were used to develop and validate the Al system, and
clinical studies that are conducted to demonstrate the ef-
ficiency of this system [10].

Al algorithms and the principle of data processing and
decision-making should be explained as much as possible
to inform the individuals and patients.

In addition, the specified principle of Al intelligibility is
related to the principle of safety as it requires disclosure of
information about the performed tests and their complete-
ness and quality.

4. Enhancing responsibility and accountability

Engineers and manufacturers of Al systems along with
medical experts must develop and visualize scenarios for
applying this technology, including the efficiency and perfor-
mance results obtained. In this case, concerned parties are
responsible to use the Al system for its intended purpose
and within the stated conditions, and all its incorrect opera-
tions must be documented and further monitored.

5. Ensuring equity

Al technologies should be available to all segments of
society, irrespective of age, gender, race, financial status,
and social status. Al manufacturers must ensure and pro-
vide information that the data sets for Al training and testing
are free from systematic sampling errors (biases) and are
therefore accurate, complete, and diverse, which give equal
parameters for the Al efficiency within the entire population.

6. Promoting Al that is responsive and sustainable

Responsiveness requires the manufacturer and user of
the Al system to continuously collect and analyze informa-
tion on its use to monitor the compliance of its performance
with the stated requirements. The parameters of resources
and external systems for the Al functioning, as well as its
integration (such as medical information systems), should
be ensured. Responsiveness is relevant in assessing the
place of a particular Al system in healthcare, the opinions of
physicians, and the execution and efficiency of anticipated
scenarios for Al applications.

The principles presented for solving ethical problems
are general and should be adapted to national contexts.
Many world powers presented their national strategies with
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consolidation of basic principles of Al development, which
includes those previously mentioned.

INTERNATIONAL STRATEGIES FOR Al
DEVELOPMENT IN HEALTHCARE

Main documents from the world-leading powers were
reviewed to study the international strategies for Al use and
development in healthcare.

Most world powers, such as the United States, China,
Japan, South Korea, the European countries, and Russia, re-
cently developed and published national strategies or policy
documents defining the goals, objectives, and plans for Al
development, all of which emphasized the ethical component
in healthcare (Fig. 1) [12, 13].

Japan, being one of the first countries to develop a na-
tional Al strategy and a report on the Artificial Intelligence
Technology Strategy in 2017, identified healthcare as a major
industry for further development [14]. In the same year, Sin-
gapore launched an Al Singapore National Program, which
focused on the national health system [15]. In addition,
South Korea published its Al Development National Strategy
in 2019, which also prioritized the healthcare system [16].

The European Commission adopted the Al for Europe
strategy in 2018, which presented an initiative aimed at
ensuring appropriate ethical and legal approaches by cre-
ating a European Al Alliance and developing guidelines for
Al ethics [17].
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Moreover, the United States published the National Al
R&D Strategic Plan (2019 Update), which identified eight
strategic priorities, namely, long-term investments, effec-
tive methods of human-Al interaction, regulation of legal
and ethical Al implications, Al safety and security, publicly
available data sets, Al standardization and testing, advanc-
ing the Al R&D workforce, and public-private partnerships
[12]. In the same year, the report on Current State and Near-
Term Priorities for Al-Enabled Diagnostic Support Software
in Health Care was published. Therein, experts substantiated
the need for changes in government policy and regulation to
ensure safer and more effective Al applications in health-
care [18]. This paper provides an overview of the current
regulatory framework that governs the development and use
of clinical decision support systems, as well as diagnostic
support. The experts concluded that regulatory changes for
Al systems in healthcare based on the following tenets are
needed:

First, providing evidence that Al systems improve pa-
tient outcomes, increase the quality of life, and reduce
the cost of care, as well as provide physicians with rel-
evant information that is “useful and trustworthy.”

Second, assessing the potential risks of using Al
products in clinical settings. “The degree to which a
software product comes with information that explains
how it works and the types of populations used to train
the software will have significant impact on regula-
tors’ and clinicians’ assessment of the risk to patients

Al DEVELOPMENT STRATEGIES
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when clinicians use this software,” the researchers note.

“Product labeling may need to be reconsidered and the

risks and benefits of continuous learning versus locked

models must be discussed.”

A White Paper on Ethical and Legal Issues Related to
Artificial Intelligence in Radiology was published in Canada
in 2019 [6]. This official document of the Canadian Asso-
ciation of Radiologists provides a framework for exploring
legal and ethical Al issues in medical imaging. Particu-
lar attention was paid to patient data privacy, Al systems
(levels of autonomy, liability, and legal aspects), Canadi-
an healthcare practices (best practices and current legal
framework), and the projected opportunities that Al may
provide for healthcare.

Ethics Guidelines for Trustworthy Al published by a group
of experts of the European Commission in 2019 contain a
set of key requirements, which elevates Al systems to the
level of trustworthy technologies, such as human agency
and oversight, technical robustness and safety, privacy and
data governance, transparency, diversity, non-discrimination
and fairness, societal and environmental well-being, and ac-
countability [19].

In 2020, the European Parliament postulated the creation
of a new legal framework that outlines ethical principles
and legal obligations for the development of Al and robotics,
and their deployment and use were all described in a White
Paper on Artificial Intelligence Regulation [3].

The Council of Europe (the Ad hoc Committee on Artificial
Intelligence, CAHAI), including the representatives of Russia,
actively developed approaches to European regulation [20].

Moreover, UNESCO developed draft guidelines on Al
ethics to be adopted by its member countries at the end of
2021 [21]. Thus, Europe is becoming a global player in Al
ethics and actively developing documents in this sphere,
including those for the intended use of Al systems in
healthcare [20].

Notably, the United States has a freer market approach
to Al compared with Europe, and the United States market
for medical devices using Al-based software is one of the
largest around the world. Al is predicted to contribute up
to 13.33 trillion euros to the global economy in 2030, and
the regions estimated to benefit most are China and North
America, followed by Southern Europe [22].

China's strategy for Al development correlates with that
of the scientific and technological development of the Rus-
sian Federation that focused on the transition to “digital and
intelligent production technologies, robotic systems, new
materials, and methods of construction, as well as creat-
ing systems for processing large data volumes, machine
learning, and artificial intelligence” [23]. The State Council of
China published a New Generation Artificial Intelligence De-
velopment Plan in 2017, which outlined step-by-step goals
for Al development; subsequently, China Al Industry White
Paper was developed in 2018 [24]. Both documents listed
healthcare and ethics among their priorities.
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Separate studies raise the issue of ethical development
and implementation of Al systems in the medical commu-
nity. For example, a joint statement by the European and
North American communities addressed basic ethical prin-
ciples similar to those proposed by the WHO, whereas the
radiology community stated its intention to develop a unified
code of ethics to create a sound ethical foundation with rapid
technological advancements [25, 26].

In Russia, the current priority is Al development and
implementation in healthcare, which could help in achiev-
ing strategic goals and objectives of the Healthcare National
Project, including decreased morbidity and mortality and in-
creased life expectancy. This strategy will be discussed in
more detail in the following section.

NATIONAL STRATEGY FOR THE Al
DEVELOPMENT IN HEALTHCARE

National processes of Al development in Russia, includ-
ing Al in healthcare, are built on the principles of openness
with the involvement of researchers, Al manufacturers, and
government agencies. The work on the Code of Al ethics was
initiated in 2020 by the order of the President of the Russian
Federation [27].

Russia attaches great importance to international coop-
eration in Al development [28]. Concurrently, proper man-
agement of Al potential and the creation of necessary foun-
dations and standardized approaches for the safe and ethical
development of Al systems, which should include creative
force and contribute to the development of human potential
and abilities, is important.

Russia is an active participant in Al development and
follows all global trends. Thus, the Russian government
developed and adopted a comprehensive policy that al-
lowed the national strategy to be further implemented [29].
In October 2019, the Russian President signed a Decree on
the Development of Artificial Intelligence in the Russian
Federation, which introduced the National Strategy for the
Development of Artificial Intelligence until 2030 and ap-
proved the plans for initiating the Al Federal Project (in-
troduced in 2020 as part of the national project for Digital
Economy of the Russian Federation) [30]. The Federal proj-
ect includes six main blocks, namely, support for scientific
research, creation of a comprehensive legal regulation
system, software design and development, improvement
in data accessibility and quality, increased hardware ac-
cessibility, staff training, and increased public awareness
on Al technologies.

The uniqueness of the Russian national strategy, which
differs from the strategies of other countries, is their priority
in the development of Al in healthcare, including the need to
move from general principles to a more practical level. One
of such routes is the creation of normative legal and techni-
cal regulations (standardization). In Russia, software; cre-
ated using Al technologies and intended by the manufacturer
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to provide medical care refers to medical devices (software
as a medical device).

The Technical Artificial Intelligence Committee for Stan-
dardization (TC164) was created in July 2019 to develop
technical regulations and improve the Al standardization ef-
ficiency [31]. In addition, Artificial Intelligence in Healthcare
PCO1 Subcommittee was created within the TC164 Commit-
tee to elaborate the national and international standards that
cover the requirements for the development, testing, appli-
cation, and operation of medical Al software and coordinate
the work on unification and standardization of requirements
used in the development, testing, and operation of Al sys-
tems in healthcare, as well as set certification requirements
for medical products based on Al technologies [32].

Russian experts recently developed and prepared a cor-
responding standard for approval to regulate the process
of Al clinical trials (as part of clinical assessment for in-
dependent testing of Al systems), where their safety and
efficiency are evaluated, and Al systems are registered as
medical devices. Ethical review is recommended before
conducting clinical trials of unregistered medical devices (Al
systems). This review includes issues related to the ethical
components and analysis of possible adverse events aris-
ing from the Al application. Moreover, the Ethical Committee
should review the clinical trial program (in the trial design
approval and formation of data sets monitoring), and evalu-
ate the compliance of the qualifications of investigators with
the proposed trial.

Remarkably, the challenge of recent years, namely, the
coronavirus disease-2019 (COVID-19) pandemic, has in-
creased the understanding of the ethical Al application as-
pects in healthcare, including in the diagnosis of this disease
using chest computed tomography [33]. The paper shows
that Al technologies may adjust the patient flow by track-
ing radiological sign categories of pulmonary changes in
COVID-19, which influences the tactics for managing such
patients, because Al systems automatically process patient
images and, accordingly, assess the volume of changes in
the lungs more accurately; physicians perform such an as-
sessment visually. Another ethical aspect of Al application
during the COVID-19 pandemic was the issues of privacy,
data protection, and their use for virus tracking [21].

CONCLUSIONS

Currently, standards for Al regulation in healthcare are ac-
tively developed at the national and international levels. How-
ever, these regulatory agencies did not form a full-fledged
legal framework and control systems and have insufficient
experience in using Al technologies. Therefore, ethical aspects
of this process remain unresolved or controversial.

Russia actively develops legal and technical Al regula-
tion, as well as issues of assessment, measurement, and
standardization of Al technologies to improve and finalize
normative and legal documents. The most active work is
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performed in the national industry standardization of health-
care. The unification of best practices will structure the de-
velopment, evaluation, regulation, and security control in
the application and development of Al technologies, thereby
increasing public confidence.

A system based on ethical performance must be created
to achieve the desired public goal for Al systems to benefit
the society. Therefore, the existing legal framework must be
reviewed and updated for new technological advancements.
Regulations and industry standards in clinical medicine re-
quire that Al systems be developed and evaluated according
to ethical standards, especially those intended for physicians
and other members of the medical community. Al systems
must be “transparent” in understanding by healthcare pro-
viders and protect the interests of physicians and patients,
especially in the area of ethical regulation. Only by this can a
trustworthy and ethically safe relationship be built between
the physician, patient, and Al manufacturer.

The international community and private companies
should develop ethical monitoring and verification mecha-
nisms to identify, prevent, and minimize the impact of Al
systems in human rights, good scientific practice, legality,
and protection, and evaluate the efficiency of such mecha-
nisms. States are encouraged to consider forms of gover-
nance, such as Al certification mechanisms and mutual rec-
ognition of standardization while considering the healthcare
industry and the use of Al systems and their potential impact
on human lives, as well as other ethical aspects.

The Al safety and security may be improved by develop-
ing reliable systems against unauthorized access to personal
information complex solutions that will provide more effec-
tive training of Al models based on quality data.

Importantly, public and political discussions should focus
on the ethics of healthcare. Al has enormous potential to
improve healthcare. However, its realization will be possible
if ethical problems facing society are addressed as soon as
possible.

Whether the use of Al systems is ethically acceptable
depends on the extent to which Al technologies contribute
positively to individual patients and the entire society, includ-
ing medical organizations and physicians (users). All levels
of interaction should be guided by a relative level of equity
between the principles of fairness and expected positive
outcomes.
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CoBpeMeHHble TEXHOJIOrMU BU3yanusauum
U TepMoabnauuu ovaroB runepnapaTupeosa

N.0. Pymanues', A.A. By6ros? 3, M.B. [lertapes?, K.l0. Cnawyk?, C.M. 3axaposa’,
[0.10. Arn6anos?, B.10. TumoLuenko™ *

! MeayHapoaHbIit MeaMumMHCKMiA LeHTp «COMA3 MEOWLMHA», Cankr-Metepbypr, Poccuitckas Oepepaums

2 HaumoHasbHbIM MeMUMHCKMIA MCCRIe[0BaTENbCKMIA LIEHT SHOOKpUHonorm, Mockea, Poceuitckas Qepepaumsa
3 HaumoHanbHbIl UccnenoBaTenbeKkuii AepHbIit yHreepeuteT MUOU, Mockea, Poceuitckas Oepepaumsa

“ MoCKOBCKMI rocy1apcTBeHHbIN YHMBepcUTeT uMeHn M.B. JloMoHocoBa, Mockea, Poccuiickas Qenepauma

AHHOTALUA

MaTonorua OKONOLUMTOBUAHBIX HeME3 Mo YacToTe BCTPEYAEMOCTM HaXOOMUTCA Ha TPETHEM MeCTe Cpeay SHOAOKPUHHBIX
bonesHen, ycTynasa caxapHoMy AuabeTy W 3aboneBaHUAM LUUTOBUAHON Hene3bl. Ha cerofHAWHUIA AeHb B KIMHUYECKO
MPaKTUKe LUMPOKO NPUMEHAIOTCA TONTbKO [Ba METO/a JIEYEHMA rMNepnapaTMpen3a — KOHCEPBATMBHBIN U XUPYPrUYECKUN.
OpHako B nocnefHve BpeMA MOMMMO HUX MOSBMIMCH CMOCOObLI TPAHCKYTaHHOWM TepMOAecTpyKumMu (abnaumm), ocHoBaH-
Hble Ha NpULENIEHOM PU3NYECKOM BO3[EMCTBUM — Nla3epHOM, PaMoYacToTHOM, MUKPOBOJSTHOBOM, Y/bTpa3ByKoBoM. Ha-
CTOALLMIN 0630p MOCBALLEH KPUTMYECKOMY aHanM3y COBPEMEHHOr0 apceHana MeTo[0B JIOKaNbHOM TEPMOLECTPYKLMUMN TU-
nepyHKLMM OKONOLUMTOBUAHBIX HeNé3 npu runepnapatupeose. Llenb 063opa — noKasaTb BO3MOMHOCTU COBPEMEHHBIX
HEMHBA3WBHbIX M MaNOMHBa3UBHbLIX METOJOB NIEYEHWUA rMneprapaTupeo3a 6e3 NpoTMBOMOCTABAEHUA X XMPYPTrU4ECKOMY
meTody. B 0630p BKNIoYeHbl faHHble paHAOMU3MPOBaHHLIX KMHUYECKUX MCCNegoBaHuiA 3a nepuog ¢ 2012 no 2021 r.,
HanpeHHbIx B Google Scholar, Pubmed. O6wee Konuuyectso naumentos — 1938 (nasepHas abnauma — 216, paguoya-
CTOTHaA abnaumsa — 225, MMKPOBO/IHOBaA abnauma — 1467, abnauma ynbTpasByKoM BbICOKoW nnotHoct — 30). Mony-
YeHbl KpUTEPUM NPUMEHUMOCTU MeTO0B TepMoAEeCTPYKLUMKW. CocTaBneH anropuTM no JieYeHuto runeprnapatyMpeo3a. TakuMm
06pa3oM, B Ka4ecTBe anbTepPHATMBbI XMPYPrMyecKoMy BMELLATeNbCTBY NPOaHaNM3MpoBaHbl YeThipe COBPEMEHHBIX MeToaa
TEPMOLECTPYKLIMM NATONOrMYECKU U3MEHEHHBIX OKOJIOLLMTOBUIHbIX HENE3, KarKablA U3 KOTOPbIX MMEET NpenMyLLecTBa
M HeJoCTaTKK, CBOW NPoduib 3pGeKTMBHOCTM U be3onacHocTU. Kak NoKasbiBaeT aHanu3 CyLLeCTBYIOLLEN [oKa3aTeNbHOM
NPaKTUKKW, HanbonbLLE NONYNAPHOCTbIO CPEAM KIMHULMCTOB NOMb3yeTcA METOA MWUKPOBOJIHOBOW abnauuu, ofHako 60-
nee 3 $eKTMBHBEIM METOZOM TEPMOZECTPYKLUMU FUNepPYHKLMOHMPYIOLLIMX OKONOLLMTOBUAHBIX HENE3 ABNAETCA Na3epHan
abnaums.

KnioueBble cnoBa: runepnapatvMpeos; TepMOAECTPyKUMS; abnauma OKOMOLMTOBMOHBIX Menés; nasepHana abnauus;
pafiMoyacToTHaA abnauua; MUKpoBoHOBaA abnauma; HIFU-abnaums.
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Methods of medical visualization and thermal
ablation as a new approach to treatment
of hyperparathyroidism
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“ Lomonosov Moscow State University, Moscow, Russian Federation

ABSTRACT

The pathologies of parathyroid glands are widespread among endocrine system diseases, excluding diabetes and thyroid
pathology. There are only two methods that are used to treat hyperparathyroidisms, such as surgery and conservative thera-
py. However, transracial thermal destruction methods (ablation) have recently appeared in clinical practice. The methods have
good precision and connect with physical phenomena, such as interaction laser, radiofrequency, microwave, and HIFU irradia-
tion with bio substance. The review is dedicated to critically analyze the modern methods for local thermal destruction of the
hyper-functioning parathyroid glands. The review includes data from randomized clinical trials from 2012 to 2021. The studies
were from Google Scholar and Pubmed with a total number of 1,938 patients (laser ablation — 216 patients, radiofrequency
ablation — 225, microwave ablation — 1467, high-density ultrasound ablation — 30 patients). Recommendations methods
of thermal destruction application were obtained during the review. Furthermore, we have designed some algorithms for
hyperparathyroidism treatment. Moreover, thermal destruction methods were observed. There are four modern methods of
thermal destruction which have been analyzed like alternatives to surgery. Each of them has advantages and disadvantages,
its profile of safety and effectiveness. After processing information from a proven database, the most popular among spe-
cialists is methods of microwave ablation. However, laser ablation is more effective than other ways.

Keywords: hyperparathyroidism; thermal destruction; ablation of parathyroid glands; laser ablation; radiofrequency ablation;
microwave ablation; HIFU ablation.
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INTRODUCTION

Hyperparathyroidism (HPT) is an autonomous hyperfunc-
tion of one or more parathyroid glands. Primary HPT (PHPT)
results from primary autonomous hyperfunction, mostly of
a single parathyroid gland of neoplastic nature. Second-
ary (SHPT) and tertiary HPT, which are most common with
multiple hyperfunctioning parathyroid glands, occur in re-
sponse to chronically low blood calcium concentrations due
to chronic renal failure [1].

PHPT is characterized by excessive secretion of para-
thyroid hormone (parathormone) with upper normal or in-
creased blood calcium concentrations due to primary para-
thyroid gland pathology. The worldwide PHPT prevalence
ranges between 1-40 cases per 100,000 population [2]. In
addition, PHPT is more common in the working age. In the
age group of up to 45 years, the probability of developing the
disease is equal for both genders, whereas after 45 years,
this pathology becomes more typical for women [3].

SHPT results from a compensatory increased parathor-
mone production in response to decreased serum calcium
concentrations [4] and is most frequently observed in the
end-stage renal disease. Up to 75% of patients with renal
failure have clinically evident SHPT; of these patients, 5%
require surgical treatment [5].

The main methods for diagnosing HPT are biochemi-
cal blood test (parathyroid hormone, calcium, phosphorus,
creatinine, and vitamin D concentrations) and a 24 h urine
test (calcium). Once the diagnosis is confirmed, and if radi-
cal treatment is indicated, instrumental examinations (ultra-
sound (US), contrast-enhanced X-ray computed tomography,
and radioisotope scanning) are performed, including hybrid
methods of molecular imaging (planar scintigraphy and

Table 1. Conventional HPT treatments

Vol 2 (3) 2021

Digital Diagnostics

single-photon emission computed tomography/computed
tomography [SPECT/CT]) with technetril staining (*"Tc-MIBI)
or 18F-choline positron emission tomography/CT (PET/CT)
(6, 71.

Currently, two methods of HPT treatment are widely
used in clinical practice, that is, conservative therapy and
surgery (Table 1). Conservative therapy includes drug treat-
ment [8] to reduce hypercalcemia and prevent hypercalce-
mic crises and fractures. This method lacks a radical HPT
treatment and is used mostly in mild, uncomplicated HTP
forms, the impossibility of parathyroidectomy, or refusal of
the patient to undergo surgery. The surgical treatment can
radically eliminate parathormone hyperproduction; however,
this method is associated with hospitalization, anesthesia,
risk of surgical complications, scarring on the neck, and re-
covery period [9, 10].

The introduction of new algorithms for imaging parathy-
roid glands in HPT into surgical practice improved the topical
differential diagnosis, increased the precision, and reduced
the number of surgical injuries. [11]. Endoscopic technolo-
gies, intraoperative neuromonitoring, and fluorescence im-
aging of the periothyroid glands allow improved efficiency
and safety of interventions [12]. The efficiency of surgical
treatment is 92%-94% [13]. However, not all patients are
willing to be operated on, and others have no opportunity
to undergo surgery (contraindications and risk to life with
anesthesia and surgery).

Thus, in the study by B. Wu et al. [14], surgical HPT treat-
ment was performed in only 29% of patients with absolute
indications. Most frequently, patients aged up to 60 years
undergo surgery, whereas in older age groups, the propor-
tion of surgical interventions decreases by 1.5-3 times every
decade.

Treatment Indications Approach Imaging
g
E Z e« Correction of hypercalcemia « Palliative
5 « Prevention of hypercalcemic crises  Symptomatic -
2=+ Prevention of low traumatic fractures
(@]
« Serum total calcium concentration of 0.25 mmol/L (1 mg%)
exceeding the laboratory norm
« Decreased glomerular filtration rate (<60 mL/min/1.73 m?)
= « Visceral PHPT manifestations (ICD) « US, scintigraphy
3 « Daily calcium excretion (>400 mg/10 mmol per day) « Radical (SPECT/CT, PET/CT)
3 « Decreased bone mineral density in radius, femur, or vertebrae « Contrast-enhanced CT,

(<=2.5 SD by T-criterion)

PET/CT

« A history of low traumatic fractures and/or radiologically
detectable vertebral body fractures (based on MSCT or MRI)

« Age of <50 years

Note. PHPT (ICD), primary hyperparathyroidism; MSCT, multispiral computed tomography; MRI, magnetic resonance imaging;
SPECT/CT, single-photon emission computed tomography/computed tomography; PET/CT, positron emission tomography/computed

tomography.
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In this regard, the development of alternative methods of
destruction (ablation) of hyperfunctioning parathyroid glands
is necessary.

In addition to surgical treatment, methods of transcu-
taneous thermal destruction (ablation) based on targeted
physical effects (laser, radio frequency, microwaves, and
US), appeared in clinical practice (Table 2) [15-17].

According to the Google Scholar database, microwave
ablation was used in the largest number of papers on ther-
mal destruction of hyperfunctioning parathyroid glands,
whereas high-intensity focused US (HIFU) ablation was used
in the smallest number (Fig. 1).

Radiofrequency and laser ablation occupy an intermedi-
ate position. The high popularity and accumulated wide ex-
perience of microwave ablation is due to the leading position
among all currently known methods for thermal destruction
of the parathyroid glands.

Vol 2 (3) 2021
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CURRENT PREOPERATIVE IMAGING
AND INTRAOPERATIVE NAVIGATION
OPTIONS

Before considering alternative surgical methods of para-
thyroid gland destruction in HTP, the current possibilities of
their imaging at the preoperative and intraoperative stages
should be highlighted.

Preoperative parathyroid gland imaging

US is the standard, most accessible, and safe method for
preoperative imaging in HTP (Fig. 2).

In addition to US, either single-isotope biphasic scintig-
raphy with *™Tc-MIBI or dual-isotope scintigraphy in SPECT/
CT mode with *™Tc-MIBI and *™Tc0, (pertechnetate) is per-
formed [18, 19] (Fig. 3).

Table 2. Characteristics of different methods for thermal destruction of hyperfunctioning parathyroid glands in verified HPT (based on

international recommendations)

Ablation n Applicability criteria Opn(zl(')adt:eng Efficiency Side effects

« Lesion diameter (<30 mm)
2 M6 " (éontr_aindications to surgery 3w _ 92% 8% _
8 « Restrictions on ectopia 6-10 min (dysphonia)

 Age over 18 years
‘,-? « Parathormone (=800 ng/mL) 2,1%
%’_ » Number of parathyroid hyperplasias (<4) 10=50 W (transient
£ 225 < Uncontrolled SHPT with drug treatment 1=2 mi 83,6% hypocalcemia,
=) « No serious clotting disorders, heart failure, or min transient
S 9 ! !
= uncontrolled hypertension hoarseness)

« Renal failure with hyperparathyroidism

« Inefficient conservative treatment (despite
0 adequate drug therapy)
% « Parathormone concentrations (=600 pg/mL) 0W 6%
2 1467 < At least one enlarged parathyroid gland 325 mi 89,4% 0
S « Minimum gland diameter (=6 mm) —omin (hoarseness)
= 19 . X

« Not applicable for surgical resection

« Parathyroid glands in an area that is difficult to

access for resection

n « Serum calcium concentrations (=2.60 mmol/L)
2 « A cytologically proved lesion of parathyroid origin Temporary side
g « Adenoma depth (<23 mm) between posterior margin Complete effects included
§ and skin surface remission in 23% impaired vocal cord
‘5 30 « Adenoma thickness (>8 mm) 5W after one year; mobility (23.1%),
2 « Distance from trachea (>3 mm), distance from 2-3min  good control of subcutaneous
2 esophagus and carotid artery (>2 mm) the disease in swelling (23.1%),
o « No significant macrocalcifications at <10 mm distance 69% and combined effect
2 from the target (15.2%)

« Age over 18 years

Note. n, the total number of patients treated at the date of writing.
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Fig. 1. Dynamics of publications on the use of alternative methods for periothyroid gland destruction.

Fig. 3. Dual-isotope scintigraphy: a, *""Tc-MIBI scintigraphy; b, **™Tc-TcO4 scintigraphy.

The most informative method for topical HPT diagnosis
is ?™Tc-MIBI radionuclide diagnostics, especially in SPECT/
CT mode (Fig. 4). On average, the sensitivity of the method
reaches 88% (with a positive prognostic value of 96%) [20].

According to the literature, the sensitivity of " Tc-MIBI

D0l https://doi.org/10.17816/DD71434

studies in patients with PHPT is 88% [21], whereas a com-
bination of diagnostic methods gives better results. Thus, a
combination of #™Tc-MIBI scintigraphy and US has a sen-
sitivity of 95% compared with the 80% and 87% for US and
separate radionuclide diagnosis, respectively [22].
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Fig. 4. ™Tc-MIBI radionuclide examinations (technetril): a, dual-phase planar scintigraphy (early and delayed scans). A parathyroid mass
is visualized in the right lobe projection (arrows) with preserved and increased accumulation of radiopharmaceuticals on the delayed
scan; b, #™Tc-MIBI SPECT/CT. A periothyroid mass is visualized behind and downward from the lower pole of the left lobe (arrow), which

accumulates radiopharmaceuticals.

Intraopera'tive imaging for_minimally invasive of pathological structures when using minimally invasive
parathyroid removal techniques techniques for the removal of parathyroid glands (Fig. 5).
The complementarity of preoperative and intraoperative Among intraoperative imaging methods, US is most com-

imaging methods is an important factor for the localization  monly used to obtain real-time information about the region

Preventive medical examination Blood calcium, phosphorus,
Screening .. creatinine, parathormone, ___
Accidental detection and vitamin D
Hyperparathyroidism
Secondary
(SHPT)

o W S

Cross-sectional N_Iolec_ular
methods imaging
Contrast-enhanced 4 _—— uUs ®——— ""Tc-MiBI planar
MSCT \é » scintigraphy
\ ) j 9ImTc-MIBI
US-guided fine- SPECT/CT
needle aspiration
biopsy and thyroid
puncture (if indicated) 3
X 18F-Choline
PET/CT

Fig. 5. Hyperparathyroidism diagnosis algorithm.
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Fig. 6. Images obtained with Sentinella-102 (a—c) and CrystalCam (d) multichannel gamma probes.

of interest. However, with advances in technologies, multi-
channel gamma probes, including portable (Sentinella-102)
and handheld (CrystalCam) gamma cameras, may be used
in addition to US (Fig. 6).

These devices are based on the same physical princi-
ples. However, they implement different technical solutions,
which make the use of handheld gamma cameras more
promising (Table 3). Given the better characteristics, Crys-
talCam provides higher-quality (contrast) images as opposed
to Sentinella-102.

Thus, intraoperative imaging techniques allow to control
the thyroid bed area and use parathyroid gland destruction
methods, which are alternatives to parathyroidectomy.

MINIMALLY INVASIVE THERMAL
ABLATION OF HYPERFUNCTIONING
PARATHYROID GLANDS

Thermal ablation has uncontrolled effects on surrounding
tissues to varying degrees, and the location of the parathyroid
glands may be adjacent to the recurrent laryngeal nerve. The

Table 3. Characteristics of gamma probes

need to assess the risk of recurrent laryngeal nerve damage
during thermal ablation creates additional difficulties in the
choice of treatment, given that the loss of vocal function is
a highly undesirable complication. The more focused and
controlled the thermal exposure, the lower the risk of sur-
rounding tissue damage. For example, the MRgFUS method
(InSightec, Israel) uses MR-guided focused US by heating
the object of thermal destruction (see below). Currently, no
sufficient evidence exists for the full comparison of thermal
ablation and surgical treatment in terms of risk of recurrent
laryngeal nerve damage. However, the evidence base will
continually grow.

Laser destruction (ablation)

The invention of the ruby crystal laser by the American
physicist Theodore H. Maiman in 1960 ushered in an era of
using this technology in various fields of human life, includ-
ing medicine [23]. The laser found its first practical applica-
tion in medicine for microadhesion during retinal surgery in
1962. Historically, lasers were originally used in ophthal-
mology, given that the eye and its interior are among the

Installation

Parameters

Portable gamma camera Handheld gamma camera

Model
Sensitivity, count rate, MBq

Count rate, 10¢
Spatial resolution with collimator (native), mm

Energy resolution, %

Dynamic range of detectable energies, keV

Sentinella-102 CrystalCam
300-200 5000
1,7 6,2
véith1 gi?ftelgn(t:rgo(ljlli?;zrt]gss 54-9.2
16 <7
50-200 40-250
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most accessible organs due to their transparency. The first
procedure that may be called laser ablation was performed
at the National Medical Laser Centre in London in 1984. A
patient with skin cancer underwent a 10 min surgery using
Nd-YAG laser radiation with a 20 W output power [24].

Laser ablation is based on heating pathological biostruc-
tures by the application of energy to cause irreversible dam-
age at the cellular level (tissue necrosis due to fluid heating
in cells and its subsequent evaporation). Typically, tissues
are heated to a temperature of 50 °C-54 °C to achieve co-
agulation within the region of interest.

Currently, laser ablation is increasingly used to remove
parathyroid glands. The technique is based on the US-guid-
ed introduction of fibers into the periothyroid gland (Fig. 7).
Then, the laser is switched on, and energy is brought in
through the fiber to further coagulate the tissue. For laser
ablation, a hybrid system is commonly used (EchoLaser X4,
Esaote, Genova, Italy), and it combines US with a linear sen-
sor and four independent fibers to deliver laser radiation to
the periothyroid gland. The radiation is generated by a diode
laser with a wavelength of 1064 nm, a beam diameter of
0.3 mm, and an output power level of 1-7 W. Optical fibers
1.5 m long with a 300 um core are inserted percutaneously
into the target using a 216 needle.

The use of laser ablation to treat patients with functional
adenomas of parathyroid glands demonstrates high levels
of sustained complete response with a clinically significant
follow-up period within 24 months. Clinical HPT symptoms
disappeared by 6 months. Alternatively, persistent serologic
normalization of parathormone and calcium was observed
by the same period [25].

Radiofrequency ablation

The capability of radiofrequency waves to pass through
biological tissues was discovered in 1891. However, an in-
crease in tissue temperature did not result in neuromuscular
excitation. Thus, this discovery became the starting point for
the development of the radiofrequency ablation method [26].
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For a long time, scientists faced the problem of tissue necro-
sis expansion during exposure to radiofrequency waves and
after its solving, had difficulties associated with the uncon-
trollable form and unpredictability of necrosis development.
This problem was solved only by the end of the XX century,
with the invention of a special electrode type that allowed
the prediction of necrosis in tissues more accurately [27].

The physical basis of the method is resistive heating
through an electrically conductive pathway (exposure to
alternating current on the tissue), which consists of tissue
molecules with most of the particles being water molecules.
The dipole moments of the molecules, while attempting to
remain aligned in the direction of the current, are forced to
oscillate when the alternating current is rapidly applied and
transmit the oscillations to neighboring molecules. Energy
losses due to friction between adjacent molecules lead to
local energy release and temperature increase above 50 °C,
which activates the subsequent tissue necrosis. Radio waves
are generated in the frequency range of 450-500 kHz. The
main physical limitation of the method is its use in tissues
with low electrical conductivity [28].

Radiofrequency ablation is used for various tumors,
including those of lungs, kidneys, breasts, bones, thyroid
glands, and liver [29-31]. Recently, studies have been con-
ducted to verify the efficiency and safety of this technique
in PHPT treatment and consider it as an alternative to open
parathyroidectomy [32]. The procedure is US guided. A probe
is inserted into the adenoma through a puncture, and the
total power delivered to the adenoma varies from 10 W to
70 W, depending on the mass size [33].

The method is an alternative to open parathyroidectomy
for patients with comorbidities and a single adenoma that
is visible on US and SPECT/CT. Large adenomas that cause
discomfort in the neck or cosmetic problems are also good
candidates. If periothyroid glands are suspected for a ma-
lignancy (US signs of local invasion, size >3 cm, laboratory
parathormone >300 pmol/L, and albumin-corrected calcium
>3 mmol/L), the procedure is contraindicated. If periothyroid

Fig. 7. Laser ablation in primary hyperparathyroidism: @, parathyroid adenoma; b, two laser fibers and a periothyroid area after ablation.
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carcinoma is suspected, then surgical removal and patho-
morphologic verification are recommended.

Microwave ablation

Microwave ablation is the “youngest” method. The first
references to the use of microwave ablation date back to the
1980s. However, generators applicable for this procedure
began to be produced commercially in the XXI century, which
largely pushed the development of this area [34].

The mechanism of microwave ablation is based on the
effect of electromagnetic fields with high frequencies (915
MHz to 2.45 GHz). This type of radiation is between infrared
radiation and radio waves. Water molecules are polar, that
is, electric charges on molecules are asymmetrical. The part
of molecules that contains two hydrogen atoms is positively
charged, whereas that with oxygen is negatively charged.
Molecules function as small electric dipoles that rapidly
rotate back and forth in spatial orientation and attempt to
align with charges of opposite polarity. Polar molecules in
the tissue are forced to continuously rearrange with the os-
cillating electric field and increase their kinetic energy and
consequently, the temperature of the tissue. Tissues with a
high-water content (such as solid organs and tumors) are
the most favorable for this type of heating. When tempera-
tures reach 50 °C-100 °C, protein and enzymatic degradation
and denaturation of histone complexes, which are necessary
to maintain the tertiary DNA structure, are activated. After
exposure to these cytotoxic temperatures, cell death through
coagulation necrosis eventually occurs [35].

Microwave ablation for PHPT is US-guided. The surgeon
creates access through a 17G needle to bring the applicator
antenna to the periothyroid gland. At the end of the applica-
tor, a field is formed through which energy is transmitted
to the tissue. Ablation is performed in a fractionation mode
with an input power of 30 W for 25-30 s for each point in
the volume. The duration of the procedure is 3-5 min, and
it is performed until a hypoechogenic picture is obtained on
the US image [36].

According to the literature, the incidence of recurrent and
persistent HPT after parathyroidectomy was 0.83%-26% and
0.4%-15%, respectively [37]. When microwave ablation was
used to remove the parathyroid glands, the rates of local
recurrence and new cases were 8.8% and 11.8%, respec-
tively. Ablation implicitly differed from surgical treatment;
however, the long-term efficiency was not inferior to para-
thyroidectomy [38]. The use of microwave ablation as a radi-
cal method for treatment in patients with PHPT is safe and
effective, whereas the long-term follow-up period showed
no increase in the number of complications.

High-intensity focused ultrasound ablation

R.W. Wood and A.L. Loomis first introduced the ther-
mal properties of high-intensity US in 1927. Subsequently,
J.G. Lynn described the use of a focused US generator in
1942, and this generator can induce ex vivo focal thermal
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ablation of liver and brain samples through intermediate
areas of the skull and cerebral membranes without skin
damage [39]. In the 1950s, brothers William and Francis Fry
developed a transcranial system based on high-intensity US,
and it can be used after craniotomy in animals to target deep
parts of the brain, contributing to the development of inter-
est in this type of ablation for the treatment of movement
disorders such as Parkinson's disease [40].

The earliest cases of high-intensity US ablation therapy
were described in the early 1990s in patients with prostate
diseases, and further improvements in imaging techniques
(US and MRI) allowed the treatment of a wide range of be-
nign and malignant tumors [41]. Currently, the HIFU method
is used to remove benign functionally active nodular neo-
plasms of the thyroid gland, hyperfunctioning parathyroid
glands, and in prostate cancer [42—-44].

The formation of ultrasonic waves occurs as a result of
the inverse piezoelectric effect. The generator supplies an
alternating voltage to the plate covers, which are applied
to the piezoelectric crystal (quartz crystal). Consequently,
the crystal lattice is deformed when exposed to the electric
field, and forced oscillations occur. Resonance of oscilla-
tions is observed when the change frequency in the electric
field voltage and the natural frequency of the crystal oscil-
lation coincide. As a result, with a decrease in the crystal
thickness, rarefaction is developed in the adjacent layers of
the surrounding medium, and with its increase, the medium
particles thicken. Thus, an ultrasonic wave arises in the me-
dium, and it propagates in the direction perpendicular to the
piezoelectric crystal surface.

Ultrasonic waves are generated in the frequency
range from 20 kHz to 1 THz. Therapeutic US has an inten-
sity of >5 W/cm?, which may result in coagulation tissue
necrosis and is most commonly used for ablation. Protein
denaturation and coagulation necrosis usually occur at
56°C and have a 1 s exposure time, whereas tempera-
tures above 43° for 1 h make tissues more susceptible to
chemotherapy and radiation. The increase in temperature
of biological tissues, which results from the absorption
of ultrasonic radiation, is linearly proportional to sound
intensity.

Currently, EchoPulse (Theraclion, Paris, France) is the
only system available for high-intensity US ablation in
PHPT. The device contains a diagnostic US unit for intraop-
erative imaging (7.5 MHz) and a therapeutic US component
(3 MHz) for delivering the energy to the target volume. A
special cooling circuit reduces the temperature between
successive pulses. A pulse of therapeutic US creates an el-
liptical ablation area with the semi-major and semi-minor
axes of 4.5 and 1 mm, respectively. After preplanning the
procedure, several pulses are delivered to perform abla-
tion. Safe boundaries of the treated area from the trachea,
carotid artery, and skin are 3, 2 mm, 5 mm, respectively. The
maximum treatable depth from the skin surface is 28 mm.
The procedure is usually performed under sedation, during
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which the patient is conscious, and local anesthesia is rarely
required.

Thus, the size of parathyroid glands and parathyroid hor-
mone level decrease significantly after one month of therapy,
whereas the calcium concentrations slowly decrease. Com-
plete remission is noted in 23% after a year, good disease
control is achieved in 69%, and the procedure is considered
unsuccessful in 8% of the treated patients. The number of
sessions largely depends on the therapeutic response [45].

Despite the encouraging results of these studies,
high-intensity US therapy still has limiting factors. The pro-
cedure is time consuming, and the patient must remain im-
mobile during the entire ablation period because the treat-
ment will have to be restarted when they move. Moreover,
additional procedures are needed to treat large and deep
lesions, given that the maximum depth at which the method
works is only 28 mm from the skin. If scars or moles are
present between the transducer and the skin, performing
ablation is not possible. Thus, larger studies are needed to
introduce HIFU ablation into clinical practice.

DISCUSSION

Importantly, the quality of HPT destruction when
using the above-mentioned methods may vary significantly.
Adenomas or hyperplasia of parathyroid glands function by
every cell, and destruction of only a part of the gland may
not give the proper effect. In this regard, the most significant
controversy is the determination of destruction volume to
achieve the best result and consider the likelihood of compli-
cations. In the articles included in this review, the destruction
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Fig. 8. Hyperparathyroidism treatment algorithm.
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volume was determined under US guidance and compared
with the preoperative SPECT/CT data. Persistent complica-
tions were either not observed, or the authors did not specify
these data in their findings, which further emphasizes the
need for direct comparative and randomized clinical studies
devoted to this issue.

Practically, the HPT nature must be considered and
separately, the use of thermal ablation techniques in PHPT
and SHPT (renal origin), when determining the destruction
volume. These diseases are different, and the tactics of
using minimally invasive techniques therefore may differ.
Morphological changes in PHPT and SHPT are fundamentally
different; therefore, the destruction volume in these diseases
may vary.

A separate concern is the long-term efficiency of thermal
ablation methods compared with surgical treatment. In the
majority of the analyzed articles, a positive attitude toward
the use of alternative treatment methods was observed, and
these methods are rarely extremely and critically compared
with traditional (radical) ones. However, insufficient data
have been accumulated recently on the long-term follow-
up of patients after thermal ablation in comparative studies
to assess the efficiency in comparison with traditional meth-
ods. Therefore, the viability of alternative methods should
mainly be considered at this stage, but only if traditional
methods cannot be used.

Based on the analyzed information, the algorithm for HPT
treatment, which considers the potential of alternative meth-
ods, was developed (Fig. 8). This algorithm differs from the
clinical PHPT treatment guidelines approved by the Russian
Ministry of Health and the recommendations for SHPT treat-
ment proposed by Kidney Disease: Improving Global Out-
comes) [46] and Kidney Disease Outcomes Quality Initiative
[47]. However, the formulated algorithm is based on more
recent data and the results of the latest studies with appli-
cations that are described in the technology review, which
make them relevant for further discussion without changing
or compromising other algorithms.

Thus, the review analyzed four methods of thermal
HPT destruction as an alternative to surgical intervention.
(Fig. 9). These methods use different physical principles
of thermal ablation, and considerable clinical experience
in their application has been accumulated. The HPT cause
is determined by using functional and topical diagnostic
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High-intensity
focused ultrasound
ablation

1) Significant reduction in the size of the
parathyroid glands and HPT one month
after therapy

2) The procedure is performed under sedation
and local anesthesia is rarely required

1) Significant microcalcifications at a distance
of >10 mm from the parathyroid glands

2) A cytologically proved lesion of parathyroid
origin

3) Restrictions on ectopia

4) Lack of large-scale studies

Fig. 9. Summary of the advantages (green) and disadvantages (red) of the methods for thermal destruction of the parathyroid glands.

methods. The current algorithm for preoperative topical
HTP diagnosis, including US, MSCT, SPECT/CT, and PET/
CT, allows to achieve 95% detection of hyperfunctioning
parathyroid glands.

CONCLUSIONS

Thus, any of the selected methods of thermal destruc-
tion requires monitoring (US and MRI) of the thermal effect
and highly qualified and experienced specialists. Each basic
method of thermal destruction of hyperfunctioning parathy-
roid glands has its advantages and disadvantages, efficiency,
and safety profile. The analysis of clinical practice shows
that microwave ablation is the most popular (the first and
best known) method at present. However, laser ablation
is potentially more effective and safer primarily due to the
technical capability of the method to perform more targeted
and US-guided thermal destruction.

Not all patients with indications for surgical HPT
treatment may be operated on. Hence, the interest in
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Pap,MOTepaHocmua npuxoauT Ha nNoMoLlb
[1.0. PymAHUEeB

MexayHapoaHbii MeauumHckmi LeHTp «COMA3-Mepaumumnar, CaHkT-etepbypr, Poccuiickan ®efepauns

AHHOTAUNA

Cutyaumsa ¢ naHgemmenn COVID-19 He yMeHblUMMA MHTEpECA K PagMOTepPaHOCTMKE, CKopee, HaobopoT, 3anpoc Ha BU-
3yanusaumio NaTenorMyeckmx NpoLEeCCcoB C MOMOLLbIO KPOCC-CEKLMOHHBIX M FMOPUOHBIX TOMOrpadnuecKMx uccienoBaHui
(pPeHTEHOBCKOWM M MarHWTHO-Pe30HAHCHOW, 0AHO(OTOHHOW 3MMUCCMOHHOM, NMO3UTPOHHO-3MUCCUOHHOM) TOMBKO YCUITUACA.
(DaKTn4eckm 3a nocnegHue 15 Mec B MUpe HabnIoAaeTCA IKCMOHEHLMANbHDBIA POCT UHBECTULIMIA B HOBble paauodapMales-
TUYeCKUe Npenapatbl AN1A paguoTepaHocTUKK. [To Mepe BbIACHEHWA MONEKYAPHBLIX MEXaHU3MOB PErynALUM U UCMONHEHUA
METaboNMYEeCKMX NPOLLECCOB, PacLLMPAETCA NepeyveHb aHTUTEN U INraHOOoB, MEYEHHbIX «MeAULIMHCKUMUY pain0aKTUBHbI-
MM M30TOMaMK. TaKkKe pacLUMPAETCA CMEKTP AMarHOCTUYECKMX U NieYebHbIX PaaMoaKTUBHBIX M30TOMOB, YTO B KOHEYHOM
UTOre pa3BMBAET aCCOPTUMEHT M LOCTYMHOCTb PaAMOTEPAHOCTUKM B LIEHTPaX ALEPHON MeaMLMHBI BO BCeM Mupe. [InA pas3-
BUTWA PagMoTePaHOCTUKM HeobX0aMMO 0b6beguHEHME YCUMIA U3MKOB, paaModapMaLeBToOB, XMMUKOB, 610M10r0B, Bpayei
“ MaTeMaTuKoB. Mcnonb3oBaHMe M COBEPLUEHCTBOBaHME NEPCOHANM3MPOBAHHOM O3MMETPUM ANA NNAaHUPOBaHMA paamo-
HYKMIMZHOM Tepanum TaK*Ke ABAETCA NPUOPUTETHBIM HanpaBneHneM. MexayHaponHbin doHg Oncidium, HanpuMep, noMo-
raet B UHPOPMALIMOHHOM MaHe U 0OMEHY OMbITOM, @ MEHKYHapoAHoe AMarHocTuyeckoe uccnegosaune NOBLE nossonset
MOBbICUTb JOCTYMHOCTb U CHU3UTb cToMMocTb PSMA-peuienTopHoi cumMHTUrpaduu. B Lienax MHTeHCUGUKaLMK UHTerpaum-
OHHOro 06HOBNIEHMA ALEPHOM MeAMLUMHBI CO3[aHa accoumaLma pasBUTMA TeEPaHOCTUKM.

KnioyeBble cnoBa: pagMoTepaHOCTUKa; pak NpeacTaTensHoii enesbl; PSMA,
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Radiotheranostics is here to help

Pavel 0. Rumyantsev

SOGAZ International Medical Center, Saint Petersburg, Russian Federation

ABSTRACT

The COVID-19 pandemic did not diminish interest in radiotheranostics. However, the demand for visualization of patho-
logical processes using cross-sectional and hybrid imaging (CT, MRI, SPECT, and PET) is increased. Over the past 15 months,
the world has seen an exponential increase in investment in new radiopharmaceuticals for radiotheranostics. The list of
antibodies and ligands labeled with "medical" radioactive isotopes is expanding as the molecular mechanisms of regulation
and implementation of metabolic processes become clearer. The range of diagnostic and therapeutic radioactive isotopes is
also expanding, ultimately increasing the range and availability of radiotherapy in nuclear medicine centers worldwide. It is
necessary to unite the efforts of physicists, radiopharmacists, chemists, biologists, doctors, and mathematicians to develop
radio technology. Usage and improvement of personalized dosimetry for planning radionuclide therapy is also a priority. For
example, the International Foundation Oncidium helps with information and exchange of experience, while the international
diagnostic study NOBLE increases the availability and reduces the cost of PSMA receptor scintigraphy. An association for the
development of theranostics was created to intensify the integration renewal of nuclear medicine.

Keywords: radiotheranostics; prostate cancer; PSMA.
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INTRODUCTION

Recent studies and nuclear medicine advancements
showed the leading role of radiotheranostics in oncology.
Whatever the term of this promising area (radiotherapy,
theranostics, radiotargeting, radioligand, peptide-receptor,
or radionuclide therapy), this is a new area of nuclear medi-
cine, particularly, in the diagnosis and treatment of malig-
nant tumors using radioactive isotopes (Fig. 1).

The situation with the coronavirus disease-2019 pandem-
ic did not diminish the interest in radioteranostics. Contrarily,
only the demand for visualization of pathological processes
using ultrasound and tomographic studies, such as com-
puted tomography (CT), magnetic resonance imaging (MRI),
single-photon emission CT (SPECT), and positron emission
tomography (PET), as well as hybrid methods, has increased.
The world saw the exponential growth of investments in
new radiopharmaceuticals (RPHs) for radioteranostics over
the past 15 months. This trend is due to both the availabil-
ity of funds from promising investors and the realization
of the enormous growth market potential of radioactive

DIAGNOSIS & THERAPY
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isotope-labeled molecules for therapy. The growing invest-
ments in radiotherapy are based on the advances achieved
in this field over the past 10 years. The monetary capital
growth estimation in this industry revealed that the nuclear
medicine market in 2019 was $4.1 hillion and this figure is
expected to increase within 5 years to $5.2 billion at an aver-
age annual growth rate of 4.7% by 2024'. Key players see
growing revenues from therapeutics as clearly superior to
those from diagnostics. The increased attention to radionu-
clide technologies in the last 20 years is comparable to the
growing interest in cancer immunotherapy in 1980-2000. At
that time, the pharmaceutical industry preferred to watch the
evolution of technologies through start-ups and small com-
panies, most of which went bankrupt, whereas the rest per-
fected the technologies and made multibillion-dollar profits.

Currently, the range of radiotherapeutic drugs exceeds
300 items and has long surpassed the list of diagnostic
RPHs, which require much fewer financial investments. For
the past 50 years, the global RPH industry had an insuffi-
cient budget to develop such drugs in government agencies.
Only “traditional” pharmaceutical companies had sufficient
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Fig. 1. Radioactive isotopes to diagnose and treat various diseases.

! Nuclear Medicine/Radiopharmaceuticals Market by Type (Diagnostic [SPECT—Technetium, PET—F-18], Therapeutic [Beta Emitters—I-131, Alpha
Emitters, Brachytherapy—Y-90]), Application (oncology and cardiology), Procedures—Global Forecast to 2026. Available at https://www.market-

sandmarkets.com/Market-Reports/radiopharmaceuticals-market-417.
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capital and infrastructure to develop and market RPHs. In
addition to huge financial resources, they have access to the
target audience, i.e., doctors (oncologists, radiologists, en-
docrinologists, etc.). The pharmaceutical companies, Bayer
(Germany) and Novartis (Switzerland), were the first to en-
gage in this area and brought therapeutic RPHs (**Ra-Xofigo
and ""Lu-Lutathera, respectively) to the market, which were
limited to generic patents, thus have not reached (at least
so far) blockbuster levels (annual sales of over $1 billion).
Nevertheless, the next generation of therapeutic RPHs, such
as glutamate carboxypeptidase Il or prostate-specific mem-
brane antigen (PSMA), will be based on proprietary names.
The first radioligand, '"’Lu-PSMA-617 for prostate cancer
(Novartis), is expected to hit the global market next year. In
addition to Novartis, which is actively investing in new radio-
therapeutic drugs (for example, based on fibroblast activity
protein inhibitor for radionuclide therapy of a large number
of malignancies or CXCR4, a chemokine receptor-4, which
is used in myeloma, lymphoma, aldosterone, esophageal
cancer, and glioblastoma), a growing interest is noted in the
industry worldwide from iTheranostics (Switzerland), Sofie
Biosciences (USA), Aktis Oncology (USA), Astellas (Japan)
and Actinium Pharma (USA) collaborations, Jubilant (India),
Lantheus and Noria Therapeutics (USA), Bracco Blue Earth
Diagnostics (ltaly), Scintomics (Germany), Fusion Pharma
(Canada), Ipsen (France), and, more recently, EZAG and
Pentixapharm consortium (Germany). New names appear
annually on the RPH market, such as Abscint (Belgium), Ab-
dera Therapeutics (Canada), Precirix (Belgium), and RayzeBio
(US).

All of these companies are very young and emerged at
the nexus of nuclear medicine, radiopharmacy, and medi-
cal physics. Thus, Telix Pharmaceutical (Australia) develops
cutting-edge radiotheranostical agents for prostate cancer
(iPSMA, J591), glioblastoma, kidney, bladder, and ovarian
cancers by combining "’Lu-labeled peptide-based RPHs
and monoclonal antibodies with "7’Lu and '¥'l in its product
portfolio.

Current approaches to neuroendocrine tumors and pros-
tate cancer treatment are represented by both radiotargeting
therapy in a single-mode, i.e., one RPH during all courses,
and the use of “tandem” RHPs by combining the same base
molecules with different radiolabels. An example is the se-
quential use of "’Lu-PSMA-617 and ?2°Ac-PSMA-617. One
of the first companies to specialize in ligand radiolabeling
with 225Ac alpha emitter was Fusion Pharmaceuticals (2014).
The profile of Precision Molecular Inc. (the US, 2019) is radio
targeting therapy for prostate cancer and other malignancies
using ""’Lu and ?25Ac. Since 2020, Point Biopharma (USA)
and RayzeBio (with a focus on similar 2°Ac-labeled ligands)
have actively developed and used radiotheranostical drugs
for neuroendocrine tumors and prostate cancer based on
177Ly RPH.

2 Oncidium. Official website: https://www.oncidiumfoundation.org.
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Currently, over 60 radiotheranostical agents that target
over 20 malignancies are in various stages of clinical trials;
of these, 6 agents are in Phase lll. Among the first 27 RPH
names (9 for neuroendocrine tumors and 18 for prostate
cancer), only a few (the most effective and safe ones) will
enter the medical market.

Further development of radiotheranostics, especially
in combination with existing anticancer therapy methods,
will significantly expand the range of cancers with highly
positive treatment responses. In oncology, radiotheranos-
tics is an alternative to surgery (e.g., radioiodine therapy for
thyrotoxicosis) or adjuvant treatment (as in thyroid cancer)
in conjunction with surgery and hormonal therapy, or with
distant radiotherapy, chemotherapy, and targeted drugs in
other cases.

Accumulating an evidence-based clinical base will refine
the indications for radioactive isotopes in the third, second,
and first line of anticancer therapy. The concept of radiother-
anostics generates much interest in personalized medicine,
in which the patient is treated not according to a general, but
to an individual plan, where specific targets and treatment
mechanisms are determined using specific radiotheranosti-
cal agents (see Table 1). However, this is still a goal, for
which a lot of logistical and regulatory issues will have to be
resolved, allowing financial investments of pharmaceutical
companies and private investors in the promising area of
personalized medicine. Moreover, further informational and
methodological work should be done with doctors, “non-
nuclear” physicists, chemists, and public opinion.

RAPIDLY INCREASING DEVELOPMENT
OF RADIOTHERANOSTICS
WORLDWIDE

The international non-profit Oncidium? Foundation (head-
quartered in Belgium) was established in 2011 and operates
globally to inform the public and professionals about radio-
theranostics. The foundation aimed to promote and accelerate
the development of radiotheranostics in oncology, making it
more accessible to patients with cancer worldwide by updat-
ing information about the centers’ work. Hopefully, the num-
ber of such centers in the Russian Federation will increase.

The corresponding section of the website is continuously
updated with information about new RPHs, evidence-based
preclinical and clinical trials and practical application, mech-
anisms of action, efficiency and safety, and combinations
with other technologies for cancer diagnosis and treatment.
For example, the NOBLE Registry (a project of international
collaboration) offers patients with prostate cancer access
to SPECT or preferably to SPECT combined with CT (SPECT/
CT) and PSMA, regardless of their place of residence and
financial situation, particularly, if PET combined with PSMA
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Table 1. The concept of radiotheranostics for prostate cancer
Diagnosis . Radionuclide
Stage (molecular imaging) Surgery Dosimetry therapy Follow-up
Tumor staging, ESMA . Radiokinetics, Tumor
. receptor expression in Intraoperative . . recurrence
Aim AT radionuclide Treatment .
tumor cells, treatment radionavigation X detection and
e o therapy planning L
efficiency monitoring localization
S PET/CT o SPECT/CT,
Visualization SPECT/CT or PET/MRI Gamma probe SPECT SPECT PET/CT, PET/MRI
Mol MGaPSMATT  YNIC-PSMA ”mTlfs;:\/(\Nlc-
RPHs HYNIC- [y A "77Ly-PSMA (617, I1&T, J591) " "k
PSMA  16F_pSMA.1007 mTc-nanocolloid Ga-PSMA-11%,
) - 18F-PSMA-1007
Additional TRUS, MSCT/MRI, puncturing, 0S, and PSA
methods

Note. * More preferable (theranostic pair with "7’Lu-PSMA); ** whole body posttreatment scintigraphy (SPECT for all, SPECT/CT if
indicated). SPECT: single-photon emission computed tomography; CT: computed tomography; MRI: magnetic resonance imaging; PET:
positron emission tomography; TRUS: transrectal ultrasound; MSCT: multispiral computed tomography; 0S: osteoscintigraphy; PSA:

prostate-specific antigen.

is unavailable. The simplicity and convenience of SPECT/CT
with PSMA (a technetium generator is always at hand) is
much higher than PET combined with CT (PET/CT), and the
cost is significantly lower, whereas virtual digital registra-
tion is possible if SPECT is not performed in hybrid mode us-
ing CT. The NOBLE Registry compares SPECT/CT and PET/CT
results with PSMA, clarifying accuracy parameters, benefits,
limitations, and indications. However, the foundation can-
not solve all problems alone, thus 18 nuclear medicine and
radiotherapy experts from 11 countries came for assistance,
including the Russian Federation representatives, i.e., P.0.
Rumyantsev and Ye.V. Kargapoltseva. The Scientific Board of
Oncidium Foundation and the NOBLE Registry Steering Com-
mittee, consisting of respected leaders of nuclear medicine
and |, are honored to be a member. The Scientific Board
ensures international communication and radiotheranostic
improvements, considering the development of new RPHs
and Next-Generation Imaging.

In 2021, the Theranostics Development Association was
registered in the Russian Federation®.

Radiotheranostics provide an opportunity to update ap-
proaches to personalized diagnosis, treatment, and rehabili-
tation of patients with cancer. Therefore, many organization-
al, methodological, economic, and regulatory issues arise.
According to foreign colleagues, the cost of a new-genera-
tion radionuclide therapy session per patient ranges between
$15,000 and $50,000, excluding the cost for diagnostic ex-
amination using SPECT and/or PET, which are necessary for
dosimetry-based treatment planning and monitoring.

The toxicity and frequency of radionuclide therapy are
much lower than that of chemotherapy or radiation therapy;
however, this information is often unknown to doctors who

are unfamiliar and inexperienced with this area of medicine.
Clinical practice shows that the patient has maximum com-
pliance with a high benefit/convenience ratio of the treat-
ment option.

CONCLUSIONS

Therefore, “nuclear” oncologists greatly enhance the po-
tential of multidisciplinary teams in advanced clinics world-
wide. Physicians improve both the treatment outcomes by
increasing the radiation dose and the quality of life by mini-
mizing the dose to surrounding tissues in patients with early
tumor stages. This is commonly done through regression
(not cure), tumor stabilization, or palliative care in advanced
stages by a dose reduction for non-tumor tissues. The use
and improvement of personalized dosimetry for radionuclide
therapy planning are prioritized to ensure the delivery of the
optimal dose in tumor tissues and minimize the effects of
ionizing radiation on normal tissues for an effective and safe
treatment for each patient.
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