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ABSTRACT

Background:

A growing number of research studies have reported inter-observer variability in sizes of tumors
measured from computed tomography (CT) scans. It remains unclear whether the conventional statistical
measures correctly evaluate the CT measurement consistency for optimal treatment management and
decision making. We compared and evaluated the existing measures for evaluating inter-observer

variability in CT measurement of cancer lesions.

Methods:

13 board-certified radiologists repeatedly reviewed 10 CT image sets of lung lesions and hepatic
metastases selected through a randomization process. A total of 130 measurements under RECISTS 1.1
guidelines were collected for the demonstration. Intraclass correlation coefficient (ICC), Bland-Altman
plotting, and outlier counting methods were selected for the comparison. Each selected measure was used

to evaluate three cases with observed, increased, and decreased inter-observer variability.

Results:

The ICC score yielded a weak detection when evaluating different levels of the inter-observer variability
among radiologists (increased: 0.912; observed: 0.962; decreased: 0.990). The outlier counting method
using Bland-Altman plotting with 2 standard deviation yielded no detection at all with its number of
outliers unchanging regardless of level of inter-observer variability. Outlier counting based on domain
knowledge was more sensitized to different levels of the inter-observer variability compared to the
conventional measures (increased: 0.756; observed: 0.923; improved: 1.000). Visualization of pairwise
Bland-Altman bias was also sensitized to the inter-observer variability with its pattern rapidly changing in

response to different levels of the inter-observer variability.
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Conclusions:

Conventional measures may yield weak or no detection when evaluating different levels of the inter-
observer variability among radiologists. We observed that the outlier counting based on domain
knowledge was sensitized to the inter-observer variability in CT measurement of cancer lesions. Our
study demonstrated that, under certain circumstances, the use of standard statistical correlation
coefficients may be misleading and result in a sense of false security related to the consistency of

measurement for optimal treatment management and decision making.

Strengths and weaknesses of study
e To the best of our knowledge, this manuscript is the first to compare performance of measures
commonly used for evaluation of the inter-observer variability in radiologic measurements of cancer

lesions.

o The Bland-Altman heat map of pairwise systematic discrepancy offered some useful insight on how

the inter-observer variability can be addressed in interventional studies.

e Measurements were collected under a highly controlled environment which differs from the daily

realities of clinical practice.

e The cancer lesion image selection process used in the study is potentially subjective, which may limit

generalizability of the findings.
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BACKGROUND

Clinical evaluation of cancer therapeutics is based on the assessment of change in tumor burden, which is
an important surrogate marker reflecting the therapeutic efficacy of cancer treatments. A comprehensive
evaluation of tumor burden often involves a series of measurements of multiple tumor diameters.
Measurement accuracy and consistency are essential; a large inter-observer variability in measuring tumor
size may interfere with precise assessment of cancer treatment response when serial measurements are
performed by multiple radiologists. Some studies suggest there are radiologist-dependent factors (e.g.
preferred guideline, measurement technique, years of clinical experience) that may contribute variability
in the anatomic measurements.!% A potentially heightened patient risk associated with the inter-observer
variability may be present when a patient’s repeat CT imaging is assigned to a radiologist different from
the radiologist who originally measured the tumor. As a result, clinical disagreement due to the variability
between the radiologists may result in an unnecessary change in treatment management.

Predominant methods for evaluation of the inter-observer variability in radiologic measurements
typically include measures based on statistical correlation coefficient and Bland-Altman plot.?7-'* While
these measures serve as useful assessment instruments in many other fields,'>-!8 their use in evaluating the
variability in radiologic measurements has not been adequately explored. There is a paucity of research
investigating either the absolute or comparative effectiveness of these measures in evaluating inter-
observer measurement variability among radiologists. Despite multiple statistical studies containing an
explicit warning against the use of correlation-based measures and visualization in some cases,'** it
remains unclear whether the measures are sufficiently responsive to appropriately evaluate the inter-
observer variability. Consequently, it is also not known whether these measures can be utilized for
interventional studies aiming to reduce inter-observer variability in measurement.® Previous studies on
inter-observer variability in radiologic measurement have reported correlation coefficient scores ranging
from 0.860 to 0.999.27-11 14 From a radiologist’s perspective, these numbers offer little clinical insight on
level of the inter-observer variability other than the fact that the scores are very high. The question of how

high score is small inter-observer variability is open for further investigation.
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In this paper using cases with different levels of inter-observer measurement variability, we
compare sensitivity and clinical usefulness of different evaluation measures for inter-observer variability
in CT lesion measurements. Additionally, cases were assessed using these measures to offer a better
clinical insight for the question of how high the scores should be to achieve clinically acceptable

measurement variability in daily clinical practice.

METHODS

Our demonstration is based on three cases with increased, observed, and decreased inter-observer
measurement variability that were generated from real clinically observed data. Descriptions of how data
were generated for each case are detailed below. The observed dataset was acquired from a single-site,
double-blinded, observational study, conducted in the Department of Radiology, Prisma Health System,
located within the Southeast United States. The study was conducted between July 2017 to December
2017. The Department of Radiology operates in an academic health center but does not train radiology

residents.

Collecting observed data

Data were collected from 13 board-certified radiologists who regularly read CT examinations of lung
lesions and hepatic metastasis. Each of the 5 lung lesions and 5 hepatic metastases samples were
randomly selected from the Picture Archiving and Communication System (PACS) following two
primary criteria: a) whether the lesions are measurable under the Response Evaluation Criteria in Solid
Tumors (RECIST) 1.1 guideline, and b) whether the lesions are commonly encountered in clinical
practice. See Supplementary Material 1, which are the selected images. These CT images contained
normal anatomy cephalad and caudal to the lesion of interest. Each CT image set did not contain any
recommendations regarding measurement. The 13 radiologists independently reviewed the same 10 CT

image sets, which resulted in a total of 130 measurements (13x10). Individual radiologists adjusted the
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window level according to their preferences, as they would in their clinical practice. According to
RECIST 1.1 criteria, only the longest CT axis of a tumor image and its corresponding measurement were

collected.

Creating cases with different levels of inter-observer variability

The original observed data were used to generate cases with increased, observed, and decreased inter-
observer measurement variability. The extent of variability classified as increased, observed, or decreased
does not indicate the absolute level of measurement variability; the classifications were used to indicate
different cases with relatively high or relatively low inter-observer variability. The original observed data
served as the data representing the case with observed inter-observer measurement variability.

We generated data representing the case with increased inter-observer variability by moving each
measurement in the observed data away from the nearest peer measurements. Specifically, we inflated the
inter-observer variability by increasing the deviation of each measurement from the corresponding
median by 40% for each case. Similarly, the deviation of each measurement from the corresponding
median was decreased by 40% in the case with decreased inter-observer variability, Figure 1. The percent
differences between each measurement and the corresponding median were visualized using scatter plots

for all CT image sets, Figure 2. The raw data for each case can be found in Supplementary 2.

Description of Selected Measures for Comparison

We selected evaluation measures based on Intraclass correlation coefficient (ICC) and Bland-Altman plot,
which are commonly used for the assessment of intra- and inter-observer variability in CT measurement.?
714 While Bland-Altman plot is graphical method rather than statistical measure, some well-respected
studies utilized the plotting for tracking a number of outlier measurement differences outside the 2SD
upper and lower Limit of Agreement (LOA).2'425 Accordingly, we quantified Bland-Altman plots using a
number of data points exceeding the upper and lower LOA. The plotting compares two radiologists at a

time; for each case, we performed a pairwise Bland-Altman analysis for all possible pairs within a group
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of radiologists and counted the total number of outliers from all pairs, Supplementary 3. If the number of
outliers from Bland-Altman plot is sensitized to the different levels of inter-observer variability, more
outliers (i.e. higher proportion of outlier measurement differences) would be observed in the case with
increased inter-observer variability.

In the clinical context, this pairwise approach explores how safely a patient can be transferred
from one radiologist to another within a group of radiologists. If two radiologists reviewed the same set of
CT cases but suggested measurements largely different from each other, there may be concerns associated
with the patient transfer between the radiologists. Similarly, if two radiologists reviewed the same set of
CT cases and suggested measurements similar to each other, the concerns associated with the patient
transfer may be marginal. Having more pairs with fewer outlier measurement differences may imply less

concern for inter-observer variability when a patient is reviewed by multiple radiologists.

Statistical Analysis

We compared three evaluation measures for the comparison: (1) ICC, (2) Bland-Altman plot with 2SD
LOA, (3) Bland-Altman plot with 20% fixed LOA. As for estimations of ICC scores, a two-way random-
effects model that characterizes absolute agreement by incorporating both lesion-wise effect (target
effect) and radiologist-wise effect (rater effect) was applied for both simulated and observed data.? 72627
The ICC scores were estimated based on all 130 measurements for each case (increased, observed,
decreased).

While Bland-Altman plot allows data to be analyzed both as unit differences plot and as
percentage differences plot,”® we used percent difference plot as suggested by previous studies in the
literature.? 1427 Bland-Altman plot with 2SD LOA was quantified into score value by calculating
proportion of data points within the upper and lower LOA.

Bland-Altman plot with 20% fixed limits was also quantified into score value to compare with
ICC and standard Bland-Altman plot with 2SD limits. There have been several clinical studies using

Bland-Altman plot with fixed limits of agreement evidenced by relevant domain knowledge.?*3° This
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essentially aligns with other studies that utilize clinical domain knowledge to define outliers.>'-** We fixed
the maximum acceptable LOA to assess the measurement interchangeability between radiologists at 20%
evidenced by clinical guidelines. The predominant guideline for cancer treatment response evaluation,
RECIST 1.1, heavily depends on percent difference in lesion diameter with a progression defined as a
20% increase in the sum of longest diameters.? 3¢ The absolute inter-radiologist difference already
exceeding 20% in CT measurements may interfere with the application of the 20% criterion from the
guideline when a patient is reviewed by different radiologists. Thus, the 20% measurement difference was
utilized as the fixed LOA for the Bland-Altman plot. In the context of radiologic measurement, this means
that outlier measurement difference is explicitly defined as measurement difference exceeding 20% when
a pair of radiologists reviewing the same image.

Bland-Altman plot also allows identification of any systematic difference (mean difference in
measurements) between two observers. For each case of inter-observer variability, the mean difference in

measurements was calculated for all possible pairs (n=78) and visualized in a heat map, Figure 3.

Patient and public involvement

No patients involved.

RESULTS

Characteristics of CT image sets included in the study

Each CT image set included in the study consisted of multiple CT slices with an average of 7.6 images,
Table 1. The minimum and maximum size of the hepatic metastases ranged between 1.68 cm to 2.21 cm
and 5.32 cm to 6.72 cm, respectively. The minimum and maximum size of lung lesions ranged between
1.27 cm to 1.68 cm and 3.69 cm to 5.02 cm, respectively. In the observed data, the largest lesion-wise
percent difference in measurements was realized in Hepatic Metastasis 5 with 33.1% difference between
the minimum and maximum measurements. The smallest lesion-wise percent difference in measurements

was realized in Lung Lesion 2 with 14.5% difference between the minimum and maximum
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Table 1. Descriptive statistics for the original observed data

CT image sets .Number of | Median Measurements Range Min-Max Percent
image slices (5.D.) Difference
Hepatic Metastasis 1 9 4.46 (0.38) (3.81-5.19) 30.7%
Hepatic Metastasis 2 5 2.68 (0.22) (2.31-3.03) 27.0%
Hepatic Metastasis 3 5 1.91 (0.18) (1.68-2.21) 27.2%
Hepatic Metastasis 4 13 6.14 (0.48) (5.32-6.72) 23.3%
Hepatic Metastasis 5 6 2.68 (0.29) (2.24-3.13) 33.1%
Lung Lesion 1 8 3.46 (0.24) (3.10-3.86) 21.8%
Lung Lesion 2 10 4.18 (0.23) (3.90-4.51) 14.5%
Lung Lesion 3 6 2.00(0.17) (1.71-2.37) 32.4%
Lung Lesion 4 10 4.29 (0.36) (3.69-5.02) 30.5%
Lung Lesion 5 4 1.56 (0.11) (1.27-1.68) 27.8%

Note: Average measurement and range are in centimeters (cm). S.D. denotes standard deviation. Min denotes
minimum measurement for each lesion. Max denotes maximum measurement for each lesion. Percent difference
between minimum and maximum values was calculated using the following formula: difference(min, max) /

average(min, max). Range consists of (minimum observed value — maximum observed value).

Characteristics of cases with different levels of inter-observer variability

The graph visualization of the data from each case suggested varying levels of inter-observer variability,
Figure 2. The visualization of the original observed data suggested a substantial inter-observer variability
with 31 (23.8%) measurements outside the light blue area representing plus or minus 10% interval from
the average measurement value for each case. Additionally, a lesion-wise effect on inter-observer
variability was observed with relatively high measurement variation in some CT image sets. The
visualization of the case of decreased inter-observer variability illustrated a small number of
measurements outside the threshold with 3 (2.3%) measurements locating outside the plus or minus 10%
interval. With the decrease in the deviations of each measurement from the corresponding median, all
measurements moved towards average and closer together as intended for demonstration. On the other
hand, there was a relatively large number of measurements outside the threshold in the case of increased

inter-observer variability with 50 (38.5%) measurements locating outside the plus or minus 10% interval.
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Also, it was observed that all measurements were not only shifted away from median, but also moved

further away from each other as intended.

Visualization of Bland-Altman Analysis

The heat map visualization of average percent measurement difference (fixed bias) for all pairs of
radiologists suggested varying levels of the difference across all pairs, Figure 3. Some pairs of
radiologists achieved a lower average percent difference than others. In the heat map of the original
observed data, the smallest systematic difference in measurement was observed in the pair of Radiologist
11 and Radiologist 13; they maintained an average of 0.03% difference in their measurements when
reviewing the same set of CT images. The largest systematic measurement difference was observed in the
pair of Radiologist 1 and Radiologist 6. The systematic difference in their measurements was 13.6% when
reviewing the same set of CT images. It was observed that some radiologists attributed more to inter-
observer variability than others; Radiologist 1 and 10 generally overestimate lesion size compared to
others while Radiologist 2 and 6 generally underestimated lesion size compared to others.

The heat map visualization from the case of increased inter-observer variability showed the
increased systematic measurement differences between any two radiologists compared to other cases.
Similarly, the heat map visualization from the case of decreased inter-observer variability showed the
decreased systematic measurement differences compared to other cases. Overall, the cases with relatively
high inter-observer variability tend to present the increased systematic measurement differences between
any two radiologists as well as more pairs of radiologists with a systematic measurement difference close

to 20% when reviewing the same CT image sets.

Comparison of the selected measures
The original observed data achieved the ICC score of 0.962. The ICC scores in the cases of increased and
decreased inter-observer variability were 0.990 and 0.912, respectively. The percent increase in the

deviation of each measurement from the corresponding median has a perfect linear relationship with the
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ICC score (R-squared = 1.00), Figure 4. However, the magnitude of association was extremely low; 10
percent increase in the deviation was associated with 0.01 decrease in the ICC score. As a result, the
graph representing a relationship between a percent increase in the deviation and the corresponding ICC
score presented a virtually flat slope, which implies that the score is extremely insensitive to the changes
in deviations.

The original observed data achieved the standard Bland-Altman score of 0.937, which indicates
93.7% of data points within lower and upper LOA along with 6.3% outlier data points. The score based
on standard Bland-Altman presented flat slope with its score unchanging regardless of level of inter-
observer variability (standard Bland-Altman score=0.937).

The presented Bland-Altman score with fixed limits was more responsive to the change in case
than other measures. In the case with decreased inter-observer variability, all pairs were identified to have
a percent difference less than 20% when reviewing the same CT image sets (fixed-limit Bland-Altman
score=1.0). The original observed data suggested Bland-Altman score with fixed limits of 0.923 with
92.3% of all possible pairwise measurements having a percent difference less than 20%. In the case with
increased inter-observer variability, 75.6% of measurements were identified to have a percent difference
less than 20% when reviewing the same CT image sets. The Bland-Altman score with fixed limits
changed by 0.167 (0.756 to 0.923) between increased case and observed data, and 0.077 (0.923 to 1.000)

between observed data and increased case, Figure 4.

DISCUSSION

The importance of consistent measurement of cancer lesions in CT scans has been well documented.!03 36
We have performed an extensive simulation study using conventional evaluation measures and different
cases with varying levels of inter-observer variability. Our study investigated precision of those measures
and found that some measures are not sensitive enough to detect the difference between cases with

clinically desirable and clinically unacceptable inter-observer variability in radiologic measurement.
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The previous studies by McErlean et al and Zhao et al utilized statistical correlation coefficients
and standard Bland-Altman plot as primary measures and concluded that serial CT measurements can be
safely performed by different radiologists.? 7 Our study indicated that the correlation-based measures may
fail to serve as a true indicator of inter-observer variability. When the observed data were analyzed, the
radiologists in our study achieved a high ICC score comparable to previous studies.? '* However, as
demonstrated above, a high ICC score does not always guarantee low inter-observer variability in the
context of radiologic measurement. Our analysis suggests that the statistical correlation-based measures
may yield high scores regardless of level of the inter-observer variability among radiologists. Therefore, a
group of radiologists who achieved a high ICC score within the group could fail to maintain clinically
reasonable measurement consistency. For instance, an ICC score of 0.9 achieved by a group of readers is
often considered to be excellent in many other fields.’¢ 37 However, in the case of cancer treatment
response evaluation, the ICC score of 0.9 may raise serious patient safety concerns with radiologists
always having at least 10% average percent difference in measurement to each other when reviewing the
same CT image sets. In the presented case with increased inter-observer variability, the ICC score of 0.91
was still not high enough to achieve clinically acceptable inter-observer variability in CT measurement, as
affirmed by the participating radiologists, Supplementary 2.

Another measure, outlier counts from standard Bland-Altman plotting with 2SD upper and lower
LOA, presented no response to the varying levels of inter-observer variability in CT measurements. It was
observed that its upper and lower limits increase proportionally to measurement variabilities. Our analysis
suggested no evidence to support its use for the assessment of CT measurement variability or outlier
detection.

While the standard Bland-Altman and ICC scores changed little across the different cases, the
presented Bland-Altman score with 20% fixed limits rapidly changed between cases of increased,
observed and decreased inter-observer variability. The presented score is also intuitive to interpret
because of its self-descriptive nature; the decrease in the score from 0.923 to 0.756 means that the

percentage of pairwise measurements having less than 20% difference has decreased from 92.3% to
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75.6%. As documented, the predominant guideline for cancer treatment response evaluation defines a
diameter increase of 20% as the cutoff for progression of cancer. If multiple pairs of measurements have
20% or higher measurement difference over the same CT image sets, this may interfere with the
application of the 20% criterion from the guideline when a patient is reviewed by different radiologists.
The Bland-Altman score with fixed limits demonstrated a potential to detect a decrease in the number of
pairs having less than 20% measurement difference when reviewing the same image sets, which may
better facilitate the application of guideline.

The Bland-Altman heat map of pairwise systematic discrepancy offered some useful insight on
how the inter-observer variability can be addressed in interventional studies. The visualization identified

radiologists who largely under- or over-measure compared to their peers, which can be a potential target

for intervention to reduce the variability. Risk associated with inter-observer variability is realized when a

patient is referred from one radiologist to another or reviewed by different radiologists. The pairwise
approach to visualize systematic discrepancy may also be useful in addressing the risk by identifying pair
of radiologists whose measurements typically differ greatly from each other.

A potential limitation of the study may result from the image selection process. Although the

images were randomly selected from the health system PACS, the application of the selection criteria was

performed by one senior radiologist. A selection criterion was whether or not images are commonly
encountered in daily clinical practice, which may have introduced a bias in the image selection. Another
limitation is that the measurements were collected under a highly controlled environment where the
radiologists were rarely interrupted throughout the data collection. It is commonly believed that in real-
world clinical practice, one's actual performance may be negatively affected by a heavy workload or
various types of interruptions. Lastly, the suggested measure to evaluate dissimilarity between two
radiologists is overly simple. There is a need for additional research to understand how the measurement

similarity between two radiologists can be better measured in real-world clinical settings.
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CONCLUSIONS

Conventional measures may yield weak or no detection when evaluating different levels of the inter-
observer variability among radiologists. We observed that the outlier counting based on domain
knowledge was sensitized to the inter-observer variability in CT measurement of cancer lesions. Our
study demonstrated that, under certain circumstances, the use of standard statistical correlation
coefficients may be misleading and result in a sense of false security related to the consistency of
measurement. A visualization based on pairwise approach to identify systematic discrepancy may serve as
a useful and practical tool for future efforts to reduce the inter-observer variability in radiologic

measurement.
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Figure legends

Figure 1. Example of increased and decrease inter-observer variability from observed data. To generate a
case with increased inter-observer variability, the difference between each measurement and the median
value was increased by 40% (right). The difference between each measurement and the median value was
decreased by 40% in the case with decreased inter-observer variability (left)

Figure 2. Visualization of measurement distribution for each case. Each vertical line in the graphs
represent different CT case and each point represent percent difference between a measurement and the
corresponding median value. The light blue area represents plus and minus 10% interval from the median
value.

Figure 3. Visualization of pairwise bias from Bland-Altman analysis. The systematic discrepancy (bias)
was calculated using average percent differences and presented in decimal format. Darker red colors
represent larger percent measurement differences. The positive values indicate that the radiologist on y-
axis over-estimated compared to the radiologist on x-axis. The negative values indicate that the
radiologist on y-axis under-estimated compared to the radiologist on x-axis.

Figure 4. Responsiveness comparison of Intraclass Correlation Coefficient and Bland-Altman
outlier scores. Scaling factor d represents percent increase in the deviation of each measurement
from the corresponding median. Horizontal axis corresponds to scaling factor d used to decrease
or increase the inter-observer variability. Vertical axis represent ICC and Bland-Altman scores.
Vertical dotted lines in red represent different datasets. /CC score — Intraclass Correlation
Coefficient. 2SD — 2 Standard Deviation.
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Decreased Inter-observer Observed Inter-observer Increased Inter-observer
Variability Variability Variability
Radiologist Measurement Radiologist Measurement Radiologist Measurement

(cm) (cm) (cm)
7 5.65 7 5.32 7 4.99
6 5.68 6 5.37 6 5.06
2 5.85 2 5.65 2 5.45
8 5.96 8 5.84 8 5.72
13 6.02 13 5.93 13 5.84
9 6.15 « 9 6.15 » 9 6.15
3 6.18 3 6.21 3 6.24
4 6.34 4 6.47 4 6.6
5 6.34 5 6.47 5 6.6
12 6.37 12 6.52 12 6.67
11 6.41 11 6.58 11 6.75
10 6.44 10 6.63 10 6.82
1 6.49 1 6.72 1 6.95

Figure 1. Example of increased and decrease inter-observer variability from observed data. To
generate a case with increased inter-observer variability, the difference between each
measurement and the median value was increased by 40% (right). The difference between each
measurement and the median value was decreased by 40% in the case with decreased inter-
observer variability (left).
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BMJ Open

Case with Observed Inter-observer Variability
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Figure 2. Visualization of measurement distribution for each case. Each vertical line in the graphs represent &ifferent CT case and
each point represent percent difference between a measurement and the corresponding median value. The ligBt blue area represents

plus and minus 10% interval from the median value.
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Figure 3. Visualization of pairwise bias from Bland-Altman analysis. The systematic discrepancy (bias) was cg-lculated using average
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from the corresponding median. Horizontal axis corresponds to scaling factor 4 used to decrease
or increase the inter-observer variability. Vertical axis represent ICC and Bland-Altman scores.
Vertical dotted lines in red represent different datasets. /CC score — Intraclass Correlation
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Supplementary 1.

Examples of measurement for all CT image sets used in this study.
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Supplementary 2.

To generate new data M for the i-th radiologist measurement of the k-th case representing each case, we used
the following formula with a function of a scaling factor d on a percent scale:

oNOYTULT D WN =

Here, My, is the observed reading of the i-th radiologist i for the k-th case, and M}, is the median of measurements
for the k-th case over all 13 radiologists. Specifically, we adjusted the inter-observer variability by assigning
different values of the factor d to the deviation M;, — M, for each radiologist. We assigned d = 40, 0, and -40 so
that the generated new M ' measurement data represent those with increased, observed, and decreased inter-
observer variability, respectively; the deviation of each radiologist-level measurement from the case-specific

My = My + (1+d/100)( My, — My,).

mean was increased, unchanged, or decreased by d%.
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Case with Decreased Inter-observer Variability

oNOYTULT D WN =

Set

Radiologist

6

7

8

10

11

12

13

4.75

4.35

4.05

4.14

4.46

4.29

4.54

4.34

4.53

4.36

4.46

4.88

4.60

2.76

2.59

2.72

2.78

2.48

2.45

2.61

2.84

2.73

2.88

2.54

2.68

2.62

2.04

1.88

1.94

1.91

1.89

1.79

1.80

2.11

2.11

2.00

1.82

1.94

1.83

6.45

5.81

6.14

6.30

6.30

5.64

5.61

5.92

6.11

6.40

6.37

6.33

5.98

2.88

2.51

2.44

2.63

2.76

2.58

2.52

2.94

2.76

2.85

2.63

2.97

2.68

3.46

3.45

3.74

3.53

3.43

3.41

3.73

3.52

3.29

3.41

3.68

3.34

3.52

4.27

4.08

4.37

4.11

4.01

4.04

4.37

4.18

4.06

4.19

4.38

4.02

4.22

2.02

2.21

2.03

1.95

2.02

1.81

1.96

1.97

1.81

2.00

2.03

2.00

2.03

ClO|IN OOV PP WIN|F

4.23

4.29

4.58

4.68

4.23

4.17

4.26

4.32

4.00

4.80

4.41

4.28

4.42

[EY
o

1.62

1.52

1.37

1.51

1.47

1.57

1.57

1.53

1.56

1.61

1.53

1.57

1.61

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

"yBuAdoo Ag paroalold 1sanb Ag €20z ‘vz Jequiadaq uo /wod lwg uadolwg//:dny woly pspeojumod "0Z0Z J8qWSAON T Uo 960070-0Z0Z-uadolwag/9eTT 0T St paysignd 1s1y :uadO NG


http://bmjopen.bmj.com/

oNOYTULT D WN =

BMJ Open

Supplementary 3.

Average percent systematic difference using pairwise approach

The pairwise average percent systematic difference §;; was calculated for Bland-Altman analysis. The
measure is based on the average difference in measurement between any pair of the i-th and j-th
radiologists for the k-th cases as follows.

ZK My, — ]k
U K k 1Mlk+

Here, K is the number of cases (in our study K = 10), and M;;, is a measurement value of the i-th
radiologist for the k-th case.

Bland-Altman outlier scores with standard and fixed-limit

The standard Bland-Altman outlier scores Y, is reliant on the percentage of pairwise measurement
difference less than 2 standard deviations. Similarly, the Bland-Altman scores Y;qo, With 20% fixed limit
is reliant on the percentage of pairwise measurement difference less than 20% and calculated as follows:

(N 2)' <|M Jkl )
Y,sp = Z z < 28D
25D = i=1 j=1 lk+M]k
N —2)! M;;,
Yy00, = ( )2 Z <| ”‘|<o.2)
i=1 j=1 1k+Mk

]

Here, 1( A) is an indicator function whose value is 1 if A is true and 0 otherwise. N represents the number
of radiologists. The fixed-limit Bland-Altman outlier scores were based on the percentage of pairs where
a pair of radiologists reviewed the same CT image set and resulted in measurements that differ by less
than 20%.
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ABSTRACT

Background:

A growing number of research studies have reported inter-observer variability in sizes of tumors
measured from computed tomography (CT) scans. It remains unclear whether the conventional statistical
measures correctly evaluate the CT measurement consistency for optimal treatment management and
decision making. We compared and evaluated the existing measures for evaluating inter-observer

variability in CT measurement of cancer lesions.

Methods:

13 board-certified radiologists repeatedly reviewed 10 CT image sets of lung lesions and hepatic
metastases selected through a randomization process. A total of 130 measurements under RECISTS 1.1
guidelines were collected for the demonstration. Intraclass correlation coefficient (ICC), Bland-Altman
plotting, and outlier counting methods were selected for the comparison. The each selected measure was

used to evaluate three cases with observed, increased, and decreased inter-observer variability.

Results:

The ICC score yielded a weak detection when evaluating different levels of the inter-observer variability
among radiologists (increased: 0.912; observed: 0.962; decreased: 0.990). The outlier counting method
using Bland-Altman plotting with 2 standard deviation yielded no detection at all with its number of
outliers unchanging regardless of level of inter-observer variability. Outlier counting based on domain
knowledge was more sensitized to different levels of the inter-observer variability compared to the
conventional measures (increased: 0.756; observed: 0.923; improved: 1.000). Visualization of pairwise
Bland-Altman bias was also sensitized to the inter-observer variability with its pattern rapidly changing in

response to different levels of the inter-observer variability.
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Conclusions:

Conventional measures may yield weak or no detection when evaluating different levels of the inter-
observer variability among radiologists. We observed that the outlier counting based on domain
knowledge was sensitized to the inter-observer variability in CT measurement of cancer lesions. Our
study demonstrated that, under certain circumstances, the use of standard statistical correlation
coefficients may be misleading and result in a sense of false security related to the consistency of

measurement for optimal treatment management and decision making.

Article summary
Strengths and limitations of this study

e While several conventional statistical measures are frequently used to evaluate inter-
observer variability in radiologic measurement, very few comparative studies have been
performed to quantify the relative merits of the measures.

e The study demonstrated there is no evidence to support the use of statistical correlation
coefficient for the assessment of inter-observer measurement variability.

e This is a retrospective study conducted in a single academic health center.

e Another limitation may be the measurements collected under a highly controlled
environment where the radiologists were rarely interrupted throughout the data

collection.
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BACKGROUND

Clinical evaluation of cancer therapeutics is based on the assessment of change in tumor burden, which is
an important surrogate marker reflecting the therapeutic efficacy of cancer treatments. A comprehensive
evaluation of tumor burden often involves a series of measurements of multiple tumor diameters.
Measurement accuracy and consistency are essential; a large inter-observer variability in measuring tumor
size may interfere with precise assessment of cancer treatment response when serial measurements are
performed by multiple radiologists. Some studies suggest there are radiologist-dependent factors (e.g.
preferred guideline, measurement technique, years of clinical experience) that may contribute variability
in the anatomic measurements.!% A potentially heightened patient risk associated with the inter-observer
variability may be present when a patient’s repeat CT imaging is assigned to a radiologist different from
the radiologist who originally measured the tumor. As a result, clinical disagreement due to the variability
between the radiologists may result in an unnecessary change in treatment management.

Predominant methods for evaluation of the inter-observer variability in radiologic measurements
typically include measures based on statistical correlation coefficient and Bland-Altman plot.2 7-14
Intraclass correlation coefficient (ICC) is a widely used reliability measure comparing the variability of
different ratings by the same raters to the total variation across all ratings and all raters.!> This reliability
measure can be used for test-retest, intra-rater, and inter-rater reliability analyses when the rating scale is
continuous or ordinal. The Bland-Altman plotting is another popular exploratory analysis approach for
intra-rater, and inter-rater reliability when two paired measurements use the same scale. !

While these measures serve as useful assessment instruments in many other fields,'7-?° their use in
evaluating the variability in radiologic measurements has not been adequately explored. There is a paucity
of research investigating either the absolute or comparative effectiveness of these measures in evaluating
inter-observer measurement variability among radiologists. Despite multiple statistical studies containing
an explicit warning against the use of correlation-based measures and visualization in some cases, !> 21-?3 it
remains unclear whether the measures are sufficiently responsive to appropriately evaluate the inter-

observer variability. Consequently, it is also not known whether these measures can be utilized for
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interventional studies aiming to reduce inter-observer variability in measurement.® Previous studies on
inter-observer variability in radiologic measurement have reported correlation coefficient scores ranging
from 0.860 to 0.999.27-11 14 From a radiologist’s perspective, these numbers offer little clinical insight on
level of the inter-observer variability other than the fact that the scores are very high. The question of how
high score is small inter-observer variability is open for further investigation.

In this paper using cases with different levels of inter-observer measurement variability, we
compare sensitivity and clinical usefulness of different evaluation measures for inter-observer variability
in CT lesion measurements. Additionally, cases were assessed using these measures to offer a better
clinical insight for the question of how high the scores should be to achieve clinically acceptable

measurement variability in daily clinical practice.

METHODS

Our demonstration is based on three cases with increased, observed, and decreased inter-observer
measurement variability that were generated from real clinically observed data. Descriptions of how data
were generated for each case are detailed below. The observed dataset was acquired from a single-site,
double-blinded, observational study, conducted in the Department of Radiology, Prisma Health System,
located within the Southeast United States. The study was conducted between July 2017 to December
2017. The Department of Radiology operates in an academic health center but does not train radiology

residents.

Collecting observed data

Data were collected from 13 board-certified radiologists who regularly read CT examinations of lung
lesions and hepatic metastasis. Each of the 5 lung lesions and 5 hepatic metastases samples were
randomly selected from the Picture Archiving and Communication System (PACS) following two

primary criteria: a) whether the lesions are measurable under the Response Evaluation Criteria in Solid
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Tumors (RECIST) 1.1 guideline, and b) whether the lesions are commonly encountered in clinical
practice. See Supplementary Material 1, which are the selected images. These CT images contained
normal anatomy cephalad and caudal to the lesion of interest. Each CT image set did not contain any
recommendations regarding measurement. The 13 radiologists independently reviewed the same 10 CT
image sets, which resulted in a total of 130 measurements (13x10). Individual radiologists adjusted the
window level according to their preferences, as they would in their clinical practice. According to
RECIST 1.1 criteria, only the longest CT axis of a tumor image and its corresponding measurement were

collected.

Creating cases with different levels of inter-observer variability

The original observed data were used to generate cases with increased, observed, and decreased inter-
observer measurement variability. The extent of variability classified as increased, observed, or decreased
does not indicate the absolute level of measurement variability; the classifications were used to indicate
different cases with relatively high or relatively low inter-observer variability. The original observed data
served as the data representing the case with observed inter-observer measurement variability.

We generated data representing the case with increased inter-observer variability by moving each
measurement in the observed data away from the nearest peer measurements. Specifically, we inflated the
inter-observer variability by increasing the deviation of each measurement from the corresponding
median by 40% to create a case with evidently unacceptable measurement variability. Similarly, the
deviation of each measurement from the corresponding median was decreased by 40% in the case with
decreased inter-observer variability, Figure 1. The percent differences between each measurement and the
corresponding median were visualized using scatter plots for all CT image sets, Figure 2. The raw data for

each case can be found in Supplementary 2.

Description of Selected Measures for Comparison
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We selected evaluation measures based on Intraclass correlation coefficient (ICC) and Bland-Altman plot,
which are commonly used for the assessment of intra- and inter-observer variability in CT measurement.?
7-14 While Bland-Altman plot is graphical method rather than statistical measure, some well-respected
studies utilized the plotting for tracking a number of outlier measurement differences outside the 2SD
upper and lower Limit of Agreement (LOA).? 426 Accordingly, we quantified Bland-Altman plots using a
number of data points exceeding the upper and lower LOA. The plotting compares two radiologists at a
time; for each case, we performed a pairwise Bland-Altman analysis for all possible pairs within a group
of radiologists and counted the total number of outliers from all pairs, Supplementary 3. If the number of
outliers from Bland-Altman plot is sensitized to the different levels of inter-observer variability, more
outliers (i.e. higher proportion of outlier measurement differences) would be observed in the case with
increased inter-observer variability.

In the clinical context, this pairwise approach explores how safely a patient can be transferred
from one radiologist to another within a group of radiologists. If two radiologists reviewed the same set of
CT cases but suggested measurements largely different from each other, there may be concerns associated
with the patient transfer between the radiologists. Similarly, if two radiologists reviewed the same set of
CT cases and suggested measurements similar to each other, the concerns associated with the patient
transfer may be marginal. Having more pairs with fewer outlier measurement differences may imply less

concern for inter-observer variability when a patient is reviewed by multiple radiologists.

Statistical Analysis

We compared three evaluation measures for the comparison: (1) ICC, (2) Bland-Altman plot with 2SD
LOA, (3) Bland-Altman plot with 20% fixed LOA. As for estimations of ICC scores, a two-way random-
effects model that characterizes absolute agreement by incorporating both lesion-wise effect (target
effect) and radiologist-wise effect (rater effect) was applied for both simulated and observed data.? 192728
The ICC scores were estimated based on all 130 measurements for each case (increased, observed,

decreased).
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While Bland-Altman plot allows data to be analyzed both as unit differences plot and as
percentage differences plot,'® we used percent difference plot as suggested by previous studies in the
literature.? 14 28 Bland-Altman plot with 2SD LOA was quantified into score value by calculating
proportion of data points within the upper and lower LOA.

Bland-Altman plot with 20% fixed limits was also quantified into score value to compare with
ICC and standard Bland-Altman plot with 2SD limits. There have been several clinical studies using
Bland-Altman plot with fixed limits of agreement evidenced by relevant domain knowledge.?® 3° This
essentially aligns with other studies that utilize clinical domain knowledge to define outliers.>'-** We fixed
the maximum acceptable LOA to assess the measurement interchangeability between radiologists at 20%
evidenced by clinical guidelines. The predominant guideline for cancer treatment response evaluation,
RECIST 1.1, heavily depends on percent difference in lesion diameter with a progression defined as a
20% increase in the sum of longest diameters.? 3¢ The absolute inter-radiologist difference already
exceeding 20% in CT measurements may interfere with the application of the 20% criterion from the
guideline when a patient is reviewed by different radiologists. Thus, the 20% measurement difference was
utilized as the fixed LOA for the Bland-Altman plot. In the context of radiologic measurement, this means
that outlier measurement difference is explicitly defined as measurement difference exceeding 20% when
a pair of radiologists reviewing the same image.

Bland-Altman plot also allows identification of any systematic difference (mean difference in
measurements) between two observers. For each case of inter-observer variability, the mean difference in

measurements was calculated for all possible pairs (n=78) and visualized in a heat map, Figure 3.

Patient and Public Involvement

Patients and/or the public were not involved in the design, or conduct, or reporting, or dissemination plans

of this research.
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Characteristics of CT image sets included in the study

Each CT image set included in the study consisted of multiple CT slices with an average of 7.6 images,

Table 1. The minimum and maximum size of the hepatic metastases ranged between 1.68 cm to 2.21 cm

and 5.32 cm to 6.72 cm, respectively. The minimum and maximum size of lung lesions ranged between

1.27 cm to 1.68 cm and 3.69 cm to 5.02 cm, respectively. In the observed data, the largest lesion-wise

measurements.

percent difference in measurements was realized in Hepatic Metastasis 5 with 33.1% difference between
the minimum and maximum measurements. The smallest lesion-wise percent difference in measurements

was realized in Lung Lesion 2 with 14.5% difference between the minimum and maximum

Page 10 of 27

Table 1. Descriptive statistics for the original observed data

CT image sets .Number of | Median Measurements Range Min—Max Percent
image slices (S.D.) Difference
Hepatic Metastasis 1 9 4.46 (0.38) (3.81-5.19) 30.7%
Hepatic Metastasis 2 5 2.68 (0.22) (2.31-3.03) 27.0%
Hepatic Metastasis 3 5 1.91 (0.18) (1.68-2.21) 27.2%
Hepatic Metastasis 4 13 6.14 (0.48) (5.32-6.72) 23.3%
Hepatic Metastasis 5 6 2.68 (0.29) (2.24-3.13) 33.1%
Lung Lesion 1 8 3.46 (0.24) (3.10-3.86) 21.8%
Lung Lesion 2 10 4.18 (0.23) (3.90-4.51) 14.5%
Lung Lesion 3 6 2.00 (0.17) (1.71-2.37) 32.4%
Lung Lesion 4 10 4.29 (0.36) (3.69-5.02) 30.5%
Lung Lesion 5 4 1.56 (0.11) (1.27-1.68) 27.8%

Note: Average measurement and range are in centimeters (cm). S.D. denotes standard deviation. Min denotes
minimum measurement for each lesion. Max denotes maximum measurement for each lesion. Percent difference
between minimum and maximum values was calculated using the following formula: difference(min, max) /

average(min, max). Range consists of (minimum observed value — maximum observed value).

Characteristics of cases with different levels of inter-observer variability

The graph visualization of the data from each case suggested varying levels of inter-observer variability,

Figure 2. The visualization of the original observed data suggested a substantial inter-observer variability
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with 31 (23.8%) measurements outside the light blue area representing plus or minus 10% interval from
the average measurement value for each case. Additionally, a lesion-wise effect on inter-observer
variability was observed with relatively high measurement variation in some CT image sets. The
visualization of the case of decreased inter-observer variability illustrated a small number of
measurements outside the threshold with 3 (2.3%) measurements locating outside the plus or minus 10%
interval. With the decrease in the deviations of each measurement from the corresponding median, all
measurements moved towards average and closer together as intended for demonstration. On the other
hand, there was a relatively large number of measurements outside the threshold in the case of increased
inter-observer variability with 50 (38.5%) measurements locating outside the plus or minus 10% interval.
Also, it was observed that all measurements were not only shifted away from median, but also moved

further away from each other as intended.

Visualization of Bland-Altman Analysis
The heat map visualization of average percent measurement difference (fixed bias) for all pairs of
radiologists suggested varying levels of the difference across all pairs, Figure 3. Some pairs of
radiologists achieved a lower average percent difference than others. In the heat map of the original
observed data, the smallest systematic difference in measurement was observed in the pair of Radiologist
11 and Radiologist 13; they maintained an average of 0.03% difference in their measurements when
reviewing the same set of CT images. The largest systematic measurement difference was observed in the
pair of Radiologist 1 and Radiologist 6. The systematic difference in their measurements was 13.6% when
reviewing the same set of CT images. It was observed that some radiologists attributed more to inter-
observer variability than others; Radiologist 1 and 10 generally overestimate lesion size compared to
others while Radiologist 2 and 6 generally underestimated lesion size compared to others.

The heat map visualization from the case of increased inter-observer variability showed the
increased systematic measurement differences between any two radiologists compared to other cases.

Similarly, the heat map visualization from the case of decreased inter-observer variability showed the
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decreased systematic measurement differences compared to other cases. Overall, the cases with relatively
high inter-observer variability tend to present the increased systematic measurement differences between
any two radiologists as well as more pairs of radiologists with a systematic measurement difference close

to 20% when reviewing the same CT image sets.

Comparison of the selected measures

The original observed data achieved the ICC score of 0.962. The ICC scores in the cases of increased and
decreased inter-observer variability were 0.990 and 0.912, respectively. The percent increase in the
deviation of each measurement from the corresponding median has a perfect linear relationship with the
ICC score (R-squared = 1.00), Figure 4. However, the magnitude of association was extremely low; 10
percent increase in the deviation was associated with 0.01 decrease in the ICC score. As a result, the
graph representing a relationship between a percent increase in the deviation and the corresponding ICC
score presented a virtually flat slope, which implies that the score is extremely insensitive to the changes
in deviations.

The original observed data achieved the standard Bland-Altman score of 0.937, which indicates
93.7% of data points within lower and upper LOA along with 6.3% outlier data points. The score based
on standard Bland-Altman presented flat slope with its score unchanging regardless of level of inter-
observer variability (standard Bland-Altman score=0.937).

The presented Bland-Altman score with fixed limits was more responsive to the change in case
than other measures. In the case with decreased inter-observer variability, all pairs were identified to have
a percent difference less than 20% when reviewing the same CT image sets (fixed-limit Bland-Altman
score=1.0). The original observed data suggested Bland-Altman score with fixed limits of 0.923 with
92.3% of all possible pairwise measurements having a percent difference less than 20%. In the case with
increased inter-observer variability, 75.6% of measurements were identified to have a percent difference

less than 20% when reviewing the same CT image sets. The Bland-Altman score with fixed limits
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changed by 0.167 (0.756 to 0.923) between increased case and observed data, and 0.077 (0.923 to 1.000)

between observed data and increased case, Figure 4.

DISCUSSION

The importance of consistent measurement of cancer lesions in CT scans has been well documented.!? 3536
We have performed an extensive simulation study using conventional evaluation measures and different
cases with varying levels of inter-observer variability. Our study investigated precision of those measures
and found that some measures are not sensitive enough to detect the difference between cases with
clinically desirable and clinically unacceptable inter-observer variability in radiologic measurement.

The previous studies by McErlean et al and Zhao et al utilized statistical correlation coefficients
and standard Bland-Altman plot as primary measures and concluded that serial CT measurements can be
safely performed by different radiologists.? 7 Our study indicated that the correlation-based measures may
fail to serve as a true indicator of inter-observer variability. When the observed data were analyzed, the
radiologists in our study achieved a high ICC score comparable to previous studies.? '* However, as
demonstrated above, a high ICC score does not always guarantee low inter-observer variability in the
context of radiologic measurement. Our analysis suggests that the statistical correlation-based measures
may yield high scores regardless of level of the inter-observer variability among radiologists. Therefore, a
group of radiologists who achieved a high ICC score within the group could fail to maintain clinically
reasonable measurement consistency. For instance, an ICC score of 0.9 achieved by a group of readers is
often considered to be excellent in many other fields.’¢ 37 However, in the case of cancer treatment
response evaluation, the ICC score of 0.9 may raise serious patient safety concerns with radiologists
always having at least 10% average percent difference in measurement to each other when reviewing the
same CT image sets. In the presented case with increased inter-observer variability, the ICC score of 0.91
was still not high enough to achieve clinically acceptable inter-observer variability in CT measurement, as

affirmed by the participating radiologists, Supplementary 2. Despite the unrealistically high increase in
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the variability observed in the case with increased inter-observer variability, the ICC score failed to
provide an adequate warning.

Another measure, outlier counts from standard Bland-Altman plotting with 2SD upper and lower
LOA, presented no response to the varying levels of inter-observer variability in CT measurements. It was
observed that its upper and lower limits increase proportionally to measurement variabilities, Figure 5.
Our analysis suggested no evidence to support its use for the assessment of CT measurement variability
or outlier detection.

While the standard Bland-Altman and ICC scores changed little across the different cases, the
presented Bland-Altman score with 20% fixed limits rapidly changed between cases of increased,
observed and decreased inter-observer variability. The presented score is also intuitive to interpret
because of its self-descriptive nature; the decrease in the score from 0.923 to 0.756 means that the
percentage of pairwise measurements having less than 20% difference has decreased from 92.3% to
75.6%. As documented, the predominant guideline for cancer treatment response evaluation defines a
diameter increase of 20% as the cutoff for progression of cancer. If multiple pairs of measurements have
20% or higher measurement difference over the same CT image sets, this may interfere with the
application of the 20% criterion from the guideline when a patient is reviewed by different radiologists.
The Bland-Altman score with fixed limits demonstrated a potential to detect a decrease in the number of
pairs having less than 20% measurement difference when reviewing the same image sets, which may
better facilitate the application of guideline.

The Bland-Altman heat map of pairwise systematic discrepancy offered some useful insight on
how the inter-observer variability can be addressed in interventional studies. The visualization identified
radiologists who largely under- or over-measure compared to their peers, which can be a potential target
for intervention to reduce the variability. Risk associated with inter-observer variability is realized when a
patient is referred from one radiologist to another or reviewed by different radiologists. The pairwise
approach to visualize systematic discrepancy may also be useful in addressing the risk by identifying pair

of radiologists whose measurements typically differ greatly from each other.
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This was a retrospective study conducted in a single academic health center. Future study may
extend our approach to more measurements with various respond evaluation criteria utilized by
radiologists from multiple institutions. A potential limitation of the study may result from the image
selection process. Although the images were randomly selected from the health system PACS, the
application of the selection criteria was performed by one senior radiologist. A selection criterion was
whether or not images are commonly encountered in daily clinical practice, which may have introduced a
bias in the image selection. Another limitation is that the measurements were collected under a highly
controlled environment where the radiologists were rarely interrupted throughout the data collection. It is
commonly believed that in real-world clinical practice, one's actual performance may be negatively
affected by a heavy workload or various types of interruptions. Lastly, future studies are warranted to
explore other existing evaluation approaches. For example, although the reliability of the estimated
regression line depends on the sample size, the homoscedasticity and normality of the distribution of the
differences, the regression of the mean on the difference could reveal whether the extend of disagreement

depends on the mean of two measurements.

CONCLUSIONS

Conventional measures may yield weak or no detection when evaluating different levels of the inter-
observer variability among radiologists. We observed that the outlier counting based on domain
knowledge was sensitized to the inter-observer variability in CT measurement of cancer lesions. Our
study demonstrated that, under certain circumstances, the use of standard statistical correlation
coefficients may be misleading and result in a sense of false security related to the consistency of
measurement. A visualization based on pairwise approach to identify systematic discrepancy may serve as
a useful and practical tool for future efforts to reduce the inter-observer variability in radiologic

measurement.
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Figure legends

Figure 1. Example of increased and decrease inter-observer variability from observed data. To generate a
case with increased inter-observer variability, the difference between each measurement and the median
value was increased by 40% (right). The difference between each measurement and the median value was
decreased by 40% in the case with decreased inter-observer variability (left)

Figure 2. Visualization of measurement distribution for each case. Each vertical line in the graphs
represent different CT case and each point represent percent difference between a measurement and the
corresponding median value. The light blue area represents plus and minus 10% interval from the median
value.
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Figure 3. Visualization of pairwise bias from Bland-Altman analysis. The systematic discrepancy (bias)
was calculated using average percent differences and presented in decimal format. Darker red colors
represent larger percent measurement differences. The positive values indicate that the radiologist on y-
axis over-estimated compared to the radiologist on x-axis. The negative values indicate that the
radiologist on y-axis under-estimated compared to the radiologist on x-axis.

Figure 4. Responsiveness comparison of Intraclass Correlation Coefficient and Bland-Altman outlier
scores. Scaling factor d represents percent increase in the deviation of each measurement from the
corresponding median. Horizontal axis corresponds to scaling factor d used to decrease or increase the
inter-observer variability. Vertical axis represents ICC and Bland-Altman scores. Vertical dotted lines in
red represent different datasets. /CC score — Intraclass Correlation Coefficient. 2SD — 2 Standard
Deviation.

Figure 5. Standard Bland-Altman plotting for the selected pairs. The upper and lower Limit of
Agreement (LOA) were calculated using 2 standard deviations. The dotted and solid lines represent LOA
and mean difference, respectively. Different colors represent different radiologist pairs. While there were
a total 78 possible pairs, the plotting included 6 selected pairs for visualization purposes. The total
number of outliers was unchanging across the different cases, regardless of the number of pairs in the
plotting.
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Decreased Inter-observer Observed Inter-observer Increased Inter-observer
Variability Variability Variability
Radiologist Measurement Radiologist Measurement Radiologist Measurement

(cm) (cm) (cm)
7 5.65 7 5.32 7 4.99
6 5.68 6 5.37 6 5.06
2 5.85 2 5.65 2 5.45
8 5.96 8 5.84 8 5.72
13 6.02 13 5.93 13 5.84
9 6.15 « 9 6.15 » 9 6.15
3 6.18 3 6.21 3 6.24
4 6.34 4 6.47 4 6.6
5 6.34 5 6.47 5 6.6
12 6.37 12 6.52 12 6.67
11 6.41 11 6.58 11 6.75
10 6.44 10 6.63 10 6.82
1 6.49 1 6.72 1 6.95

Figure 1. Example of increased and decrease inter-observer variability from observed data. To
generate a case with increased inter-observer variability, the difference between each
measurement and the median value was increased by 40% (right). The difference between each
measurement and the median value was decreased by 40% in the case with decreased inter-
observer variability (left).
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Figure 3. Visualization of pairwise bias from Bland-Altman analysis. The systematic discrepancy (bias) was cg-lculated using average
percent differences and presented in decimal format. Darker red colors represent larger percent measurement,'\t,hfferences The positive
values indicate that the radiologist on y-axis over-estimated compared to the radiologist on x-axis. The negat}ye values indicate that
the radiologist on y-axis under-estimated compared to the radiologist on x-axis.
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different radiologist pairs. While there were a total 78 possible pairs, the plotting included 6 selected pairs fogvisualization purposes.
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Supplementary 1.

Examples of measurement for all CT image sets used in this study.
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Supplementary 2.

To generate new data M for the i-th radiologist measurement of the k-th case representing each case, we used
the following formula with a function of a scaling factor d on a percent scale:

oNOYTULT D WN =

Here, My, is the observed reading of the i-th radiologist i for the k-th case, and M}, is the median of measurements
for the k-th case over all 13 radiologists. Specifically, we adjusted the inter-observer variability by assigning
different values of the factor d to the deviation M;, — M, for each radiologist. We assigned d = 40, 0, and -40 so
that the generated new M ' measurement data represent those with increased, observed, and decreased inter-
observer variability, respectively; the deviation of each radiologist-level measurement from the case-specific

My = My + (1+d/100)( My, — My,).

mean was increased, unchanged, or decreased by d%.
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Supplementary 3.

Average percent systematic difference using pairwise approach

The pairwise average percent systematic difference §;; was calculated for Bland-Altman analysis. The
measure is based on the average difference in measurement between any pair of the i-th and j-th
radiologists for the k-th cases as follows.

ZK My, — ]k
U K k 1Mlk+

Here, K is the number of cases (in our study K = 10), and M;;, is a measurement value of the i-th
radiologist for the k-th case.

Bland-Altman outlier scores with standard and fixed-limit

The standard Bland-Altman outlier scores Y, is reliant on the percentage of pairwise measurement
difference less than 2 standard deviations. Similarly, the Bland-Altman scores Y;qo, With 20% fixed limit
is reliant on the percentage of pairwise measurement difference less than 20% and calculated as follows:

(N 2)' <|M Jkl )
Y,sp = Z z < 28D
25D = i=1 j=1 lk+M]k
N —2)! M;;,
Yy00, = ( )2 Z <| ”‘|<o.2)
i=1 j=1 1k+Mk

]

Here, 1( A) is an indicator function whose value is 1 if A is true and 0 otherwise. N represents the number
of radiologists. The fixed-limit Bland-Altman outlier scores were based on the percentage of pairs where
a pair of radiologists reviewed the same CT image set and resulted in measurements that differ by less
than 20%.
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