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АННОТАЦИЯ 
Обоснование. Разметка наборов медицинских изображений во многом полагается на субъективную интерпре-

тацию наблюдаемых подозрительных структур. На настоящий момент не существует рекомендованного протокола 
по определению эталонных данных (ground truth), основанных на врачебных описаниях.

Цель ― анализ правильности и согласованности оценок рентгенологов, принимавших участие в подготовке 
общедоступного набора данных CTLungCa-500; определение взаимосвязи этих показателей с количеством специ-
алистов, проводящих независимую интерпретацию изображений, полученных при компьютерно-томографическом 
(КТ) исследовании.

Материал и методы. Набор данных, в разметке которого принимали участие 34 рентгенолога, включает 536 
КТ-исследований пациентов из группы риска развития рака лёгкого. Каждое КТ-исследование было независимо 
интерпретировано шестью специалистами, после чего обнаруженные ими подозрительные структуры проходили 
арбитраж другим экспертом. Для каждого эксперта подсчитывали количество истинно положительных, ложнопо-
ложительных, истинно отрицательных и ложноотрицательных находок, на основании которых проводили оценку 
диагностической точности рентгенологов. Для анализа согласованности между заключениями рентгенологов ис-
пользовали метрику процентного показателя. 

Результаты. Увеличение количества специалистов, проводящих независимую интерпретацию КТ-исследований, 
ведёт к росту правильности их оценок при снижении согласованности. Среди факторов, влияющих на согласован-
ность заключений между парами исследователей, выделяется расхождение мнений по поводу наличия лёгочного 
очага в конкретном участке КТ-снимка.

Заключение. Увеличение числа независимых первичных интерпретаций способно повысить их комбинирован-
ную правильность при условии проведения арбитража, причём квалификация рентгенологов не имеет определя-
ющего значения для качества анализа. Проведение первичной разметки силами четырёх рентгенологов является 
оптимальным с точки зрения сочетания правильности интерпретации и её стоимости.

Ключевые слова: компьютерная томография; набор данных; эталонные данные; согласованность между заклю-
чениями.
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AbstrAct
bAcKGrOUND: The markup of medical image datasets is based on the subjective interpretation of the observed entities 

by radiologists. There is currently no widely accepted protocol for determining ground truth based on radiologists’ reports.
AIM: To assess the accuracy of radiologist interpretations and their agreement for the publicly available dataset 

“CTLungCa-500”, as well as the relationship between these parameters and the number of independent readers of CT scans.
MAtErIALs AND MEtHODs: Thirty-four radiologists took part in the dataset markup. The dataset included 536 patients 

who were at high risk of developing lung cancer. For each scan, six radiologists worked independently to create a report. After 
that, an arbitrator reviewed the lesions discovered by them. The number of true-positive, false-positive, true-negative, and 
false-negative findings was calculated for each reader to assess diagnostic accuracy. Further, the inter-observer variability 
was analyzed using the percentage agreement metric.

rEsULts: An increase in the number of independent readers providing CT scan interpretations leads to accuracy increase 
associated with a decrease in agreement. The majority of disagreements were associated with the presence of a lung nodule 
in a specific site of the CT scan.

cONcLUsION: If arbitration is provided, an increase in the number of independent initial readers can improve their com-
bined accuracy. The experience and diagnostic accuracy of individual readers have no bearing on the quality of a crowd-
tagging annotation. At four independent readings per CT scan, the optimal balance of markup accuracy and cost was achieved.

Keywords: X-ray computed tomography; datasets as topic; ground truth; observer variation.
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结构简评

理由: 医学图像集的标记在很大程度上依赖于观察到的可疑结构的主观解释。目前，没有

推荐的协议用于根据医学描述确定参考数据（ground truth）。

目标: 评估参与编制公开数据集»CTLungCa-500»的放射科医生评估的正确性和一致性，以

及确定这些指标与对CT研究进行独立解释的专家数量的关系。

方法: 该数据集包括有患肺癌风险的患者的536项CT研究，其中34名放射科医生参加了该

研究。每项CT研究都由六位专家独立解释，之后他们发现的可疑结构由另一位专家进行仲

裁。对于每位专家计算真阳性，假阳性，真阴性和假阴性结果的数量，在此基础上评估放射

科医生的诊断准确性。为了分析放射科医生的结论之间的一致性，使用了百分比度量。

结果:对CT研究进行独立解释的专家数量的增加在一致性降低的情况下导致其评估的正确

性增加。在影响成对研究人员之间结论一致性的因素中，关于CT图像的特定部分中存在肺焦

点的观点不一致。

结论:独立的初级解释数量的增加使它们的组合正确性会升高，但需要仲裁，放射科医生

的资格对分析的质量没有决定性的价值。从结合解释的正确性及其成本的角度来看，由四名

放射科医生进行主要标记是最佳的。

关键词: 计算机断层扫描，数据集，参考数据，结论之间的一致性.
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InTRoducTIon
In 2017, S.P. Morozov et al. prepared a publicly avail-

able dataset, “Tagged results of computed tomography of 
the lungs,” later called “CTLung500-Ca” [1, 2]. This set com-
prises 536 computed tomography (CT) chest X-ray images of 
lung cancer high risk patients. Each study was independently 
interpreted by six radiographers, and the findings were sub-
sequently reviewed by an additional expert. The markup used 
an approach with a weak annotation of findings, i.e., the in-
dication of a limited number of nodules on the CT image, 
which were localized by specifying the coordinates of the 
enclosing spheres of maximum diameter with their subse-
quent clustering [2, 3]. S.P. Morozov et al. developed such a 
markup and annotation protocol because the interpretations 
of radiologists tend to be subjective and are not immune to 
error. Under conditions in which the costs of false positive 
(FP) and false negative (FN) findings are equally high, the 
arbitration of primary interpretations can increase the cor-
rectness of conclusions [4]. Such arbitration is only effec-
tive if radiographers commit different mistakes. According 
to P.G. Herman and S.J. Hessel, the probability that two or 
more radiographers can make the same FP finding is low. 
However, a significant proportion of FN errors, as a rule, is 
made by two or more specialists [5]. Thus, the number of 
radiologists who independently interpret CT scans can affect 
significantly the correctness of markup and annotation.

STudy AIm
The study primarily aimed to investigate the relationship 

between the number of independent interpretations located in 
the CTLungCa-500 CT scan database and the number and type 
of errors made and to search for a CT scan interpretation pro-
tocol that promotes optimal tagging correctness. The second-
ary aim of the study was the analysis of agreement between 
the radiographers who participated in the dataset preparation.

mETHodS
Study design

In this work, we analyzed the data of a retrospective 
multicenter observational study focused on the analysis of 
prospects for the use of computer vision technologies in the 
healthcare system of Moscow.

Inclusion criteria
The inclusion criteria were patients of polyclinics in Mos-

cow, aged 50–75 years, who underwent a diagnostic CT study 
referred by an attending physician due to suspected lung cancer.

conditions in conducting the experiment
In accordance with the inclusion criteria, 3897 CT ex-

aminations were downloaded from the Unified Radiological 

Information Service. A total of 550 CT examinations were se-
lected randomly from this array to create a dataset, “Tagged 
results of computed tomography of the lungs.” Exactly 14 
CT scans were excluded from the sample due to non-com-
pliance with the inclusion criteria or the protocol of medical 
intervention.

Study duration
The dataset included the results of CT examinations con-

ducted from January 01, 2015 to December 31, 2017.

description of the medical intervention
The recommended scanning parameters for adult pa-

tients (height: 170 cm, body weight: 70 kg) included the au-
tomatic modulation of the current on the tube at a voltage of 
120 kV, field of view of 350 mm, slice thickness of 1.5 mm 
or less, and the distance between adjacent slices the same 
as the slice thickness or less. Scanning was performed with 
the patient in the supine position, with the scanning directed 
from the diaphragm to the apex of the lungs within a single 
breath-hold. Reconstruction kernels were specific for a par-
ticular tomographic scanner manufacturer, namely, FC50, 
FC51, FC52, FC53, and FC07 for lungs and FC07, FC08, FC09, 
FC17, and FC18 for soft tissues for Toshiba machines; B70, 
B75, and B80 for Siemens devices; Y-Sharp and LUNG for 
lungs and SOFT for soft tissues for Philips devices; LUNG 
for lungs and SOFT for soft tissues for GE (General Electrics) 
devices.

Primary study outcome
Two groups of volunteer radiographers participated in 

the tagging and annotation of the studies. Representatives 
of Group 1 (primary experts), consisting of 15 specialists 
with working experience of 2–10 years or more, performed 
the primary interpretation of CT scans. In accordance with 
the developed methodology, doctors searched for pulmo-
nary nodules with sizes from 4 mm to 30 mm on CT images 
and retained the information about the findings, such as 
localization of pulmonary nodules (position of the center 
of the finding by defined by two dimensions in the image 
and the slice number); diameter of the finding; type of pul-
monary nodule (solid, part solid, or ground glass opac-
ity nodule). Medical specialists were advised not to mark 
calcified and peri-fissural lesions in the lungs and not to 
mark more than five of the largest pulmonary nodules on 
a single CT scan. Each study was reviewed independently 
by six radiographers to reduce the probability of missing 
potential pulmonary lesions. Then, one of the participants 
in Group 2 (arbitrators), consisting of three radiologists 
with 10 or more years of working experience, reviewed 
the tagging made by the radiologists of Group 1 to assess 
the significance of each mark. The arbitrators also as-
sessed the malignancy of the lesions detected, referring 
them to the category of “malignant” or “benign,” guided by 
the Fleischner Society recommendations [6].
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Ethical considerations
The study, whose data were used for the analysis in this 

work, was approved by the Independent Ethics Committee 
of the Moscow Regional Branch of the Russian Society of 
Roentgenologists and Radiologists (Protocol No. 2 1-II-2020 
dated February 20, 2020). All procedures performed on pa-
tients during the study were in accordance with the stan-
dards of the regional and national research committee and 
the Declaration of Helsinki and the Taipei Declaration of the 
World Medical Association.

Statistical analysis
The numbers of true positive (TP), FP, true negative (TN), 

and FN findings were counted for each radiologist who per-
formed the initial interpretation to determine the specificity 
(Sp) and sensitivity (Se) of individual specialists. The cases 
were considered TP if the opinions of the radiologist and the 
arbitrator coincided about the presence and type of a pul-
monary nodule (solid, part solid, or ground glass) in a par-
ticular area. The cases were FP if the arbitrator recognized 
the primary expert’s assessment as erroneous regarding 
the presence or type of a pulmonary nodule in a given area. 
The cases were considered TN when the radiologist did not 
mark the entity, which in the opinion of the arbitrator, was 
mistaken for a lung nodule by one or more of the other five 
primary experts. Finally, for FN cases, the radiologist did not 
recognize a pulmonary nodule that was correctly identified 
by one or more of the five other participants, in the opinion 
of the arbitrator. When analyzing the data, we assumed that 
the arbitrator’s opinion is always correct.

Se was calculated by the following equation:

Se = .TP
(TP + FN)  

(1)

Sp was calculated as follows:

Sp = .TN
TN + FP  

(2)

For each participant, Youden’s index (J) was determined:

J = Se + Sp – 1. (3)

To calculate the accuracy indicator (Acc) of different 
samples of primary experts, we defined the TP as the cases 
when at least one specialist from the sample identified cor-
rectly, in the opinion of the arbitrator, a pulmonary nodule 
in a specific area of the CT scan. The TN results included 
cases in which at least one specialist from the sample did 
not notice a lesion, which was mistaken, in the opinion of the 
arbitrator, for a pulmonary nodule by any other participant in 
the study. The accuracy was calculated as follows

Асс = × 100 ,
(TP + TN)
(P + N)  

(4)

where P is the number of correct findings, and N is the num-
ber of incorrect findings.

A number of metrics are available for the assessment of 
agreement among one or more researchers. O. Gerke et al., 
in their recommendations for the systematization of agree-
ment studies, suggested using the Bland–Altman analysis 
[7]. Other common metrics are Cohen’s [8] and Fleiss’ [9] 
kappa. However, with all the advantages of these methods, 
they are difficult to interpret. Thus, the authors of this work 
settled on the simplest option, that is, the percentage agree-
ment between researchers, which disregards the factor of 
random coincidences of radiologists’ conclusions but at the 
same time is intuitively comprehensible and reflects reliably 
the main regularities, provided that repeated experiments 
are performed. The percentage was calculated as the pro-
portion of nodules for which expert opinions (presence, type) 
coincided in relation to the total number of jointly tagged 
nodules:

Consistency = × 100.
Matches

Matches + Mismatches  
(5)

Statistical analysis was performed using the dplyr [10], 
irr [11], and ggplot2 [12] packages for R 3.6.3 [13]. When 
preparing the data, we used self-written scripts in the Py-
thon 3.8.2 language [14].

RESuLTS
Research objects

A total of 31 radiologists took part in the primary 
interpretation of CT images. Each radiologist from the 
initial cohort of 15 specialists was replaced by another 
specialist during the study due to refusal or inability to 
continue the study; one participant was replaced twice. 
The radiographers’ workload was distributed unevenly. 
Each specialist from the initial cohort participated in la-
beling and annotating an average of 1050 ± 140 lesions. 
The radiologists who replaced them tagged an average 
of 110 ± 42 lesions.

Based on the tagging results, the dataset included 72 CT 
scans, in which radiologists did not find pulmonary nodules 
from 4 mm to 30 mm, and 464 CT scans with pulmonary 
nodules, comprising 3151 findings confirmed by the arbitra-
tor. A total of 1761 lesions were classified by experts as pre-
sumable malignant, 445 lesions as benign, and 945 entities 
of a different nature (they contained calcifications, adipose 
tissue, fibrous tissue, or fluid).

Key research findings
se and sp of radiographers involved in the tagging

During the work on the dataset, a three-digit identifica-
tion number (ID) was assigned to each radiologist. In the 
case of replacement of a specialist, the new participant 
inherited his ID with an additional “+” symbol. The aver-
age value of Se was 34.9% (95% confidence interval [CI]: 
30.4–39.4), and that of Sp was 78.4% (95% CI: 74.9–81.9), 

ORIGINAL STUDIES
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Table 1. Diagnostic correctness of study participants.

Expert Id
Indicators for individual nodules

Se, % Sp, % youden’s Index number of tagged nodules*

000 39,52 73,17 0,127 1079
001 32,63 79,04 0,117 1068
002 28,25 80,19 0,084 1045
003 44,05 67,75 0,118 1094
004 31,37 68,75 0,001 844
005 33,08 72,76 0,058 1222
006 36,91 71,32 0,082 1085
007 37,31 73,43 0,107 884
008 42,01 68,00 0,100 1227
009 36,79 79,50 0,163 1265
010 38,62 71,16 0,098 1166
011 26,05 79,51 0,056 853
012 33,97 71,88 0,058 1045
013 38,52 77,40 0,159 1028
014 37,16 82,32 0,195 850

000+ 31,63 79,17 0,108 194
001+ 52,94 82,46 0,354 108
002+ 62,50 57,14 0,196 46
003+ 60,71 86,21 0,469 86
004+ 27,78 86,49 0,143 110
005+ 41,49 75,86 0,173 152
006+ 31,34 74,14 0,055 125
007+ 29,73 85,71 0,154 86
008+ 18,99 62,16 -0,188 176
009+ 25,76 85,11 0,109 113
010+ 25,00 75,36 0,004 145
011+ 31,58 93,33 0,249 68
012+ 53,85 93,33 0,472 97
013+ 34,29 85,71 0,170 77
014+ 17,95 100,0 0,179 63

000++ 0,00 94,87 -0,051 48

Note. *All lesions revealed in CT examinations were considered in the tagging in which the expert participated, regardless of whether he recognized them or not.

which was noticeably inferior to the minimum indicators 
demonstrated by radiologists in a similar study of D. Ardila 
et al., namely, 62.5% (95% CI: 54.4–70.7) and 95.3% (95% 
CI: 94.0–96.6), respectively [15].

The difference noted was possibly caused by the tag-
ging recommendations, guided by which the primary ex-
perts tagged a maximum of five nodules in the image. This 
recommendation is based on the results of the NELSON 
study, according to which the risk of primary cancer in-
creases with increase in the number of lesions to four but 
decreases for patients with five or more lesions [16]. In 
cases of multiple lesions (>5), this approach can artificially 
underestimate the diagnostic accuracy of primary experts 
because it introduces an additional degree of freedom as-
sociated with a specific set of lesions that each radiologist 

has tagged. This uncertainty can be corrected by introduc-
ing an alternative classification of findings, recognizing 
the cases as TP when the primary expert tagged at least 
one confirmed nodule on the CT scan. With this assess-
ment scheme, the average Se of primary experts was 
66.2% (95% CI: 62.1–69.9), and the Sp was 78.5% (95% CI: 
72.3–84.8). However, the markup was aimed at creating a 
dataset designed to train artificial intelligence algorithms, 
and every suspicious structure on a CT image was of in-
terest. For this reason, in this work, the criteria set out in 
the Methods section were used to assess the diagnostic 
accuracy. In accordance with these criteria and based on 
Youden’s index, the radiologist with ID 012+ showed the 
highest accuracy (J = 0.472), and the specialist with ID 
008+ had the owest (J = −0.188) (Table 1).
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Influence of the number of researchers 
on the interpretation accuracy

Interpretation by two primary experts. In this analysis, a 
sample of 97 CT studies was considered and interpreted by 
the radiologist (ID 012+) who showed the highest Youden’s 
index score among all participants (Table 1). With this sam-
ple size, all estimates obtained may differ from the average 
for the full data set by no more than 10% [17]. The sample 
tagged by this specialist contained 53 solid pulmonary le-
sions, 6 part solid, and 5 ground glass lesions. In addition, 
33 entities discovered by radiologists were not confirmed in 
the course of arbitration. The accuracy of assessments by 
Radiologist 012+ was 65.98%, that is, he correctly identified 
28 solid nodules and avoided 32 out of 33 FP errors made 
by other specialists in the same studies while recognizing in-
correctly 2 solid and 1 part solid nodules and committing 34 
FN errors. In addition, the radiologist with ID 012, who had 
one of the lowest Youden’s index scores (0.058, place 24; 
Table 1), also participated in tagging all 97 CT studies in the 
sample. This specialist correctly recognized 32 solid lesions, 
1 part solid, and 1 ground glass lesion and avoided 18 FP 
errors. With the agreement between researchers equaling 
59.8%, the joint accuracy of their estimates was 81.44%. The 
sources of disagreement were the discrepancy between the 
opinions within the pair regarding the presence of a lesion in 
a particular area (92.3% of cases) and the type of pulmonary 
nodule (7.7% of cases).

The distribution of CT studies among specialists was per-
formed in a random manner. For this reason, all 97 CT stud-
ies in the studied sample were interpreted only by primary 
Experts 012 and 012+. In addition, 17 radiographers par-
ticipated in sample tagging (the number of tagged nodules 
is indicated in the brackets for each ID), namely, 000(11), 
002(54), 003(30), 004(27), 005(18), 006(40), 007(10), 
008(16), 009(17), 010(32), 011(24), 013(30), 014(52), 004+(7), 
005+(10), 011+(1), and 014+(9). They enabled the compari-
son of the situation in which the second opinion on all stud-
ies in the sample was expressed by one specialist, with the 
crowd-tagging model, in which an opinion is provided by a 
participant selected randomly from a certain expert group 
with variable Sp and Se indices.

Group 1 included six researchers (Table 2). The average 
Youden’s index in this group was 0.078 ± 0.045 (maximum 
value: 0.127; minimum value: 0.001), which exceeded the 
indicator of Radiologist ID 012 (0.058). Nevertheless, the 

agreement of estimates with Radiologist 012+ was 40.2%, 
and the joint accuracy of the estimates was 74.23%. The 
source of most of disagreements in the pair (97.4%) was 
the divergence of opinions about the presence of pulmonary 
nodules.

In a repeated similar experiment, a group with a differ-
ent composition of participants was analyzed (Table 3). The 
number and composition of participants differed between 
Groups 1 (Table 2) and 2 (Table 3). Moreover, the distribution 
of the number of nodules tagged by each expert was uneven.

The mean Youden’s index in Group 2 was 0.099 ± 0.055 
(maximum: 0.173, minimum: 0.01) and was higher than 
that by Radiologist 012 and in Group 1. The agreement and 
joint accuracy of the assessments of participants in Group 
2 and Radiologist 012+ were the highest of the three con-
sidered options for the interpretation of CT studies by two 
experts, accounting for 71.1% and 83.50%, respectively. The 
disagreement between researchers in 89.3% of cases was 
associated with the presence of a pulmonary nodule in this 
area and with its type in 10.7%. The average accuracy of 
interpretations during the primary tagging by two specialists 
in any combination was 79.72% ± 4.87%.

Interpretation by three or more researchers. When 
analyzing the interpretation by three or more researchers, 
all groups included Radiologists 012 and 012+. With the 
primary tagging and annotation by three radiologists, the 
agreement of their estimates ranged from 32.0% to 42.3%, 
and the average joint accuracy was 89.18% ± 5.10%. The 
inter-observer agreement between the assessments of 
four independent specialists decreased to 16.5% ± 5.7%, 
whereas the average joint accuracy increased to 93.82% 
± 3.57%. For five radiographers, the inter-observer agree-
ment continually declined to 9.8% ± 8.1%, and the accuracy 
continually increased to 97.94% ± 0.14%. Finally, the joint 
accuracy of the six experts was 100% under our experi-
mental conditions, with the agreement of 3.1% (Fig. 1). 
Thus, a significant inverse correlation existed between the 
accuracy and agreement of expert assessments (r = −0.78, 
p < 0.05).

In support of the conclusions by P.G. Herman and 
S.J. Hessel [5], in a sample of 97 studies, when interpreted 
by six specialists, 85.7% of FP errors were made by one ex-
pert, 11.4% by two experts, and 2.9% by three experts at the 
same time. All six experts identified correctly 8.1% of posi-
tive findings in the sample. Meanwhile, 25.8% of FN errors 

Table 2. Distribution of tagged suspicious structures in Group 1.

Researcher Id 000 002 003 004 005 006

Number of tagged nodules 11 54 9 3 11 9

Table 3. Distribution of tagged suspicious structures in Group 2.

Researcher Id 005+ 010 003 004 005 006 008 009

Number of tagged nodules 10 10 21 9 7 31 8 1

ORIGINAL STUDIES
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Fig. 2. Examples of CT studies with significant disagreement (a and b; CTLungCa-500 AN RLADD02000018919, ID RLSDD02000018855) 
and full consistency (c and d; CTLungCa-500 AN RLAD42D007-25151, ID RLSD42D007-25151) between experts. The studies are presented 
in frontal projection in pulmonary (a and c) and soft tissue (b and d) modes. The vertical division is 50 mm, and the horizontal division 
is 100 pixels. The radiologists’ marks are presented with different colors: a and b: the nodule was tagged by five primary experts out of 
six; four experts classified it as a solid type, and one expert classified it as a semi-solid one. The arbitrator disagreed with their opinion, 
recognizing the finding as benign calcification; c and d: all six primary experts and the arbitrator classified the lesion as a potentially 
malignant solid.

a b

c d

were made by one expert out of six, 8.1% by two experts, 
8.1% by three experts, 19.3% by four experts, and 30.6% by 
five experts (Fig. 2).

Markup cost
To assess the optimal efficiency of tagging from the 

standpoint of the rational use of resources, we considered 

the cost of involving additional experts in the interpretation 
of CT images. Thus, the improvement in accuracy can be bal-
anced against the increased cost of annotating the studies.

Given that volunteer radiologists participated in tagging 
the dataset, their work was not paid. Thus, we calculated 
the cost of tagging in terms of the time spent by the ex-
perts. On the average, the primary expert spent 12 min on 

Fig. 1. Accuracy and agreement of estimates as a function of the number of radiologists participating in the primary tagging. The 95% CI 
is presented in gray. The points correspond to different samples of primary experts. For experiments with two, three, and four experts, 
three different samples were selected from the initial six radiologists; two various samples were used for five experts.
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the interpretation of one CT image, and the arbitrator spent 
4 min. In the present study, the cost of eliminating error C in 
the studied sample of 97 CT images was calculated as the 
difference in the average cost of tagging by a given number 
of primary experts with the involvement of an arbitrator and 
the cost of tagging by one radiologist without the involve-
ment of an arbitrator divided by the number of errors elimi-
nated (Nerr):

C = ,(n × 12 × 97 + n × 4 × 97) – 12 × 97
Nerr  

(6)

where n is the number of primary experts.
Expert 012+ committed 33 FP and FN errors. Table 4 

presents the number of errors eliminated due to attracting 

additional experts and conducting arbitration and the cor-
responding cost of eliminating the error. We observed a 
dependence according to which each new primary expert 
increased the cost of error elimination by 42.5 ± 10.7 min, 
excluding one point. The tagging of the dataset by four pri-
mary experts with subsequent arbitration was accompanied 
by a rapid increase in the number of eliminated errors and a 
decrease in cost (Table 4).

Additional research findings
Given the aspects of the study design, in which each ex-

pert interpreted an individual CT scan only once, this study 
did not assess the intra-observer agreement among individ-
ual radiologists. The average value of inter-observer agree-
ment between pairs of specialists was 60.5% ± 5.3%, with 
a minimum value of 53.1% and a maximum value of 73.0%.

Another way to assess the agreement between primary 
experts was the analysis of positive findings of each radi-
ologist (Fig. 3). For each representative of the initial cohort, 
the maximum proportion of detected nodules (37.6% ± 5.4%) 
corresponded to unique findings that were not recognized 
by other experts (Fig. 3a). Then, in descending order, 
the findings were approved by one (21.4% ± 2.8%), two 
(14.0% ± 2.0%), four (9.5% ± 2.3%), three (9.2% ± 1.8%), 
and five (8.1% ± 3.1%) primary experts. The proportion of 

Table 4. Estimated cost of error elimination

number of primary 
experts

number of errors 
eliminated

cost,  
min/error

2 15 129,3

3 19 183,8

4 29 173,9

5 31 212,8

6 33 246,9

Fig. 3. Agreement between primary experts: a. representatives of the initial cohort of 15 radiographers; b. replacement radiographers. The 
data for the expert with ID 000++ are not given due to the small number of lesions annotated. For each radiologist, Column 1 corresponds to 
the number of lesions tagged uniquely by that specialist (none of the other five experts recognized this finding). The following are columns 
corresponding to cases where the lesion identified by the radiologist was noted by one, two, three, four, and five other primary experts. 
The graph disregards the approval of the arbitrator and the differences in the opinion between radiologists about the type of lesion.
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unanimously approved findings exceeded 10% for four ra-
diologists from the initial cohort (ID 002, 004, 007, and 010). 
None of these experts was included in the leading group 
in terms of Youden’s index, which was calculated in accor-
dance with the methodology proposed in this work. More-
over, Radiologist 004 showed the poorest performance in 
the cohort for this indicator (Table 1). Meanwhile, Radiologist 
014, which showed the highest Youden’s score in the cohort 
(0.195), did not stand out among his colleagues in terms of 
the consistency of positive findings (Fig. 3a).

The cohort of radiographers who replaced the initial pri-
mary experts had a different distribution of finding agree-
ment (Fig. 3b). The maximum proportion of identified nodules 
(28.9% ± 18.2%) was still represented by unique findings. 
This result was followed by findings identified simultane-
ously by two (23.3% ± 11.0%), three (13.3% ± 10.7%), five 
(13.2% ± 11.9%), six (11.5% ± 9.8%), and four (9.7% ± 7.6%) 
experts. This cohort had eight radiographers (ID 000+, 004+, 
006+, 010+, 011+, 012+, 013+, and 014+), for which the pro-
portion of unanimously approved positive findings exceeded 
10%, and the value was above 20% for four of them (ID 000+, 
010+, 011+, and 014+). Nevertheless, these indicators may 
be due to the small number of positive findings in this co-
hort, which is indirectly evidenced by the high variation in 
their consistency, expressed in terms of mean values and 
standard deviations. For example, Expert 014+ participated 
in the interpretation of CT studies, where other experts iden-
tified 63 entities (Table 1). This expert tagged seven nodules, 
one of which was identified by another expert, three by two 
experts, one by five experts, and two nodules by six experts 
(Fig. 3b). Furthermore, the expert committed 32 FN errors, 
thus ignoring approximately 50% of true positive findings. 
For this cohort, no correlation was registered between 
the consistency of the positive findings and the expert’s 
Youden’s score.

dIScuSSIon
Summary of the main research findings

Our results demonstrated that an increase in the number 
of specialists conducting an independent interpretation of CT 
studies led to an increase in the accuracy of their estimates, 
and the level of qualification showed no significant effect 
on either the consistency of opinions of radiologists or their 
joint accuracy. Among the factors affecting the inter-observ-
er agreement between the pairs of researchers, a discor-
dance of opinions was observed concerning the presence of 
lesions in a particular area of the CT scan.

main research results
No consensus is currently available regarding the rec-

ommended number of radiologists to participate in the pri-
mary markup and annotation of medical imaging datasets. In 
general, this number ranges from one [18, 19] to four [20]. 

Only the work by P.G. Herman and S.J. Hessel addressed 
this issue; according to their research, the number of error-
free descriptions gradually decreases with the increase in 
the number of specialists providing independent interpreta-
tions of studies [5]. Although this finding piques interest, it 
is of little practical value because the arbitrage model is, in 
principle, based on the assumption that primary interpre-
tations comprise errors. Moreover, its efficiency increases 
provided that these errors are different.

The last statement is not always true. In particular, the 
results of this work indicate that radiologists committing dif-
ferent mistakes does not lead automatically to an increase 
in the joint accuracy of their conclusions. In an experiment 
with two specialists who performed the primary interpreta-
tion of CT images, the highest level of disagreement was 
registered in pair 2 (agreement 40.2%), which had also the 
lowest accuracy of the three considered pairs (74.2% ver-
sus 81.4% and 83.5%). In addition, pair 3 showed the high-
est accuracy value with the maximum agreement (71.1%). 
Nevertheless, according to the data obtained in this work, a 
significant negative correlation existed between the agree-
ment of expert assessments and their accuracy (r = −0.78). 
Thus, at the initial interpretation by two radiographers, the 
agreement of 57.0% ± 15.6% was noted, with the accuracy of 
79.7% ± 4.9%. For five radiographers, these indicators were 
equal to 9.8% ± 8.1% and 97.9% ± 0.1%, respectively, and 
this dependence was retained in all the considered variants 
of dataset tagging (Fig. 1).

According to the results of this study, the optimal com-
bination of accuracy and markup cost can be achieved by 
an approach involving four primary experts and subsequent 
arbitration (Table 4). In that case, a rapid increase in the 
number of eliminated errors was observed in comparison 
with the tagging by three radiologists, accompanied by a 
decrease in the time spent on eliminating one error (−9.9 
min). The involvement of additional primary experts led to a 
further increase in the accuracy of interpretations. However, 
this finding was due to an increase in the cost of eliminating 
errors by an average of 42.5 ± 10.7 min.

In the present work, when classifying the assessments 
of primary experts to the categories of FN, TN, FP, and TP, 
we relied on the assumption that all pulmonary nodules 
will be tagged on each CT scan. However, the study results 
indicated that the study participants limited themselves to 
the five largest pulmonary lesions on CT scans, following 
the recommendations given to them. Thus, some pulmonary 
nodules were ignored by individual radiographers, which 
affected their diagnostic accuracy and the inter-agreement 
values in expert pairs. Nevertheless, differences in the 
opinions between primary experts are a desirable outcome 
when using arbitration because they expand the range of 
tagged lesions. This condition reduces the proportion of 
FN findings, even under artificial restrictions on the num-
ber of nodules to be tagged. One of the main outcomes of 
this work is that consensus among several radiographers 
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is not a prerequisite for proper tagging of datasets. The 
arbitrators bear the main responsibility because they must 
correctly interpret all entities noted by the primary experts 
(Figs. 2a and 2b).

Research Limitations
The main limitation of this work was the model for 

determining the ground truth, that is, the findings that 
should be considered pulmonary nodules. When inter-
preting CT scans, radiologists lacked access to the clini-
cal, biological, and genomic data of patients. Moreover, 
the set did not contain two studies that spread out over a 
period of time, which would have enabled the assessment 
of the dynamics of development of lesions, for any of the 
patients. We also proceeded from the assumption that the 
opinion of the arbitrator is always correct, and we inter-
preted the disagreements between the primary experts 
and the arbitrator always in favor of the latter. Howev-
er, the set presented a number of examples that raised 
doubts about the reliability of this approach. In particular, 
19 pulmonary lesions were tagged by the arbitrator as 
both benign and malignant. This result is consistent with 
the results of S.J. Hessel et al., who demonstrated that 
arbitrators can resolve correctly about 80% of disagree-
ments between primary experts [4].

Another limitation of the work was the inability to assess 
the reproducibility of the conclusions of individual radiogra-
phers. A limited sample was used to achieve the main objec-
tives of the study. For more reliable statistics, the optimal 
approach would be the bootstrap method. Finally, the as-
sessment of the diagnostic accuracy of the primary experts 
in the present study relied on the assumption that they would 
mark all pulmonary nodules. If more than five lesions were 
observed on the CT scan, this assumption was in conflict 
with the recommendations for tagging, which can affect the 
final individual indicators of Se and Sp. To compensate for 
this methodological limitation, the study authors attempted 
to assess the consistency in the number of positive findings 
for each primary examiner approved by two, three, four, and 
five other radiographers (Fig. 3). However, such an analysis 
neglected the FN errors, and therefore, its results showed 
no correlation with the obtained values of Youden’s index for 
each expert. In addition, this study analyzed the results of 
interpretation of standard dose CT scans. Thus, its findings 
may not apply to the data obtained from screening studies 
characterized by the use of low-dose and ultra-low-dose 
CT protocols.

concLuSIon
Despite its limitations, this work demonstrated con-

vincingly that an increase in the number of independent 
primary interpretations can increase their accuracy, if the 
arbitration is performed. In addition, the qualifications of 
radiologists are not the decisive factor of the quality of 
their analysis because according to the results obtained, 
the joint accuracy of their assessments was independent 
of individual Youden’s indices. The optimal combination of 
accuracy and cost of tagging was achieved during the ini-
tial independent interpretation of CT examinations by four 
experts. This statement created a theoretical basis for the 
development of requirements for artificial intelligence al-
gorithms intended for use in the diagnosis of diseases by 
tagging suspicious structures on CT scans, guiding and at-
tention of radiologists. In addition, the results obtained in 
this work enable the substantiation of the project model 
for crowd-tagging of datasets, in which an increase in the 
number of taggers will lead to a decrease in agreement 
and a simultaneous increase in the quality of the final 
product, given arbitration.
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