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A Multi-Center Assessment of Interreader Reliability of LI-RADS version 2018 for
MRI and CT

Article Type: Original Research

Summary Statement: In an international multi-center reader study with scrollable case
sets, overall moderate reader agreement was observed for the 2018 version of the Liver

Imaging-Reporting and Data System.

Key Results:

1. In this retrospective study of 484 patients, the Liver Imaging-Reporting and Data
System v2018 assessed using a modified four-category ordinal scale had
moderate reader agreement (ICC, 0.68).

2. Binary agreement for probably or definitely malignant categories (ICC, 0.63) and
LR-5 (ICC, 0.63) was moderate, whereas agreement for LR-M (ICC, 0.46) was
poor.

3. Research-versus-research agreement differed from research-versus-clinical
agreement (ICC, 0.68 vs. 0.63, P=.03), indicating differences between these
environments that warrant further study.

List of Abbreviations:
HCC, hepatocellular carcinoma

ICC, intra-class correlation coefficient
LI-RADS, Liver Imaging-Reporting and Data System



ABSTRACT

Background: Various limitations have impacted research evaluating reader agreement

for Liver Imaging-Reporting and Data System (LI-RADS).

Purpose: To assess reader agreement of LI-RADS in an international multi-center, multi-

reader setting using scrollable images.

Materials and Methods: This retrospective study used de-identified clinical multiphase
CT and MRI examinations and reports with at least one untreated observation from six
institutions and three countries; only qualifying examinations were submitted.
Examination dates were October 2017 — August 2018 at the coordinating center. One
untreated observation per examination was randomly selected using observation
identifiers, and its clinically assigned features were extracted from the report. The
corresponding LI-RADS v2018 category was computed as a re-scored clinical read. Each
examination was randomly assigned to two of 43 research readers who independently
scored the observation. Agreement for an ordinal modified four-category LI-RADS scale
(LR-1/2, LR-3, LR-4, LR-5/M/tumor in vein) was computed using intra-class correlation
coefficients (ICC). Agreement was also computed for dichotomized malignancy (LR-4/LR-
5/LR-M/LR-tumor in vein), LR-5, and LR-M. Agreement was compared between research-

versus-research reads and research-versus-clinical reads.

Results: 484 patients (mean age, 62 years +10 [SD]; 156 women; 93 CT, 391 MRI) were
included. ICCs for ordinal LI-RADS, dichotomized malignancy, LR-5, and LR-M were 0.68
(95% CI: 0.62, 0.74), 0.63 (95% Cl: 0.56, 0.71), 0.58 (95% CI: 0.50, 0.66), and 0.46 (95%
Cl: 0.31, 0.61) respectively. Research-versus-research reader agreement was higher
than research-versus-clinical agreement for modified four-category LI-RADS (ICC, 0.68
vs. 0.62, P =.03) and for dichotomized malignancy (ICC, 0.63 vs. 0.53, P =.005), but not
for LR-5 (P =.14) or LR-M (P = .94).



Conclusion: There was moderate agreement for Liver Imaging-Reporting and Data
System v2018 overall. For some comparisons, research-versus-research reader
agreement was higher than research-versus-clinical reader agreement, indicating

differences between the clinical and research environments that warrant further study.



Introduction

Multiphase CT and MRI are instrumental in the noninvasive diagnosis and management
of hepatic malignancies (1). The American College of Radiology Liver Imaging-Reporting
and Data System (LI-RADS) standardizes the terminology, technique, interpretation, and
reporting of liver imaging in at-risk patients (2,3). LI-RADS categorizes observations from
LR-1 (definitely benign) to LR-5 (definitely hepatocellular carcinoma [HCC]) and also

includes categories for malignant observations without characteristic HCC features.

Higher LI-RADS categories correspond to an increasing probability of HCC (4-10). In
addition, higher LI-RADS categories also have an increasing probability of progression to
HCC or other malignancy on follow-up imaging (11,12). The LR-5 category, intended to
be diagnostic for HCC, has an estimated specificity of 89-99% (10,13-16). While
determining accuracy is necessary, determination of precision including reader reliability
is also necessary. Prior studies found moderate agreement for LI-RADS, but are limited
by factors such as small single-center, single-modality image sets, and/or use of a small
number of readers from a single center (16—24). A recent meta-analysis by Kang et al.
found moderate agreement (x, 0.70) for LI-RADS categorization, but only included MRI
examinations, and 14 of the 15 studies had single-center readers (25). The only multi-
center study by Fowler et al. had multiple contributing sites and many readers (26) and
found moderate agreement (ICC, 0.67) for LI-RADS categorization; however, pre-
selected image sets were used instead of fully scrollable examinations, which may

overestimate reader agreement.

In addition, prior studies only assessed research reads, and no prior study has
incorporated reads performed in a clinical environment. Research readers, being aware
that their readings will be analyzed, may review cases and follow the LI-RADS algorithm
more carefully. They can also read cases in a controlled environment with fewer
distractions. However, research readers cannot access clinical information or prior
imaging and reports, and they are unable to discuss cases with other radiologists or
referring clinicians. Due to these factors, studies which focus exclusively on research



settings may not be fully generalizable to the clinical setting. Knowledge about LI-RADS
performance in the clinical setting, including assessment of reliability or agreement with
clinical reports, is needed but not yet available.

Thus, this study aims to assess reader agreement of LI-RADS in a large, international
multi-center, multi-reader setting, while using scrollable imaging exams. This study also
incorporates de-identified clinical reads to gain insight into reader agreement in the
clinical setting.



Materials and Methods

Study Design

This was a retrospective multi-center, international reader study of clinically acquired
multiphase LI-RADS CT and MRI examinations (Figure 1). The study was HIPAA-
compliant and approved by local institutional review boards, with waiver of informed
consent as the research was minimal risk. Six institutions from three countries (United
States, South Korea, and Colombia) submitted de-identified examinations and reports
from unique patients with at least one untreated observation to the coordinating center
(UCSD). Examinations were uploaded to a cloud-based platform and assigned to two of
43 readers (Supplemental Table 1), randomized so that both readers were from
separate institutions different from the submitting site, eliminating the possibility of
familiarity bias. 20% of examinations were randomly selected to be read twice by one of
the readers to assess intra-reader agreement.

Imaging Protocols

The modalities, contrast agents, and scanner vendors at each site are in Supplemental
Tables 2 and 3.

Examination Selection

Submitting sites identified examinations that contained at least one untreated observation.
Exclusion criteria were not applicable as only qualifying examinations were submitted.
While there may have been minor differences in imaging protocols, all examinations
adhered to LI-RADS technical recommendations and were reported in accordance with
LI-RADS reporting requirements. The examination dates ranged from October 2017 —
August 2018 at the coordinating center, dates from other sites were de-identified. The
report provided for each reported observation a unique numeric identifier, a series/image
number, an assigned category, and its major and ancillary features. For reports issued



clinically in a language other than English, the submitting radiologist translated the report
into English.

Observation Selection

For each examination, an image analyst (C.P., 1 year of experience) at the coordinating
center reviewed the de-identified report and selected one untreated observation using a
random number generator to pick among the identifiers. The corresponding observation
was electronically labeled with an arrow. This was done on the reported series and image
number unless a different image identified the selected observation more clearly. The
image analyst was a researcher with study-specific training for his tasks and software
usage and was supervised by C.W.H. (radiology resident) and C.B.S. (>20 years of

experience).

Research Reads

Labeled, de-identified examinations were uploaded to a cloud-based platform (Arterys).
The platform provided standard capabilities including scrolling, panning, zooming,
window-level adjustment, regions-of-interest, and measurement calipers. The readers
were mostly subspecialty abdominal radiologists. Each reader scored the annotated
observation using a standardized Research Electronic Data Capture form which included
fields for the category and individual imaging features. Readers were provided a stepwise
guide for the reading platform and case report forms. Readers could review reference
materials, but no training was provided, reflecting clinical practice. The research reads
were performed between May 2019 and October 2020.

Research Reader Questionnaire
Each reader completed a questionnaire on their geographic region, institutional affiliation,
fellowship training, experience, familiarity with LI-RADS, and institutional practice

patterns.

Clinical Reads



De-identified reports were parsed automatically by custom Python scripts (Python
Software Foundation, Wilmington, DE), which extracted feature-level information.
Reports were randomly selected for manual verification, and in cases where the clinical
reports were incorrectly formatted, the features were extracted manually. The reported
imaging features were used to recalculate the corresponding LI-RADS v2018 category
while excluding features that require comparison to prior examinations as a re-scored
“clinical read” (henceforth referred to as clinical reads). This was necessary as while most
of the examinations were clinically reported using LI-RADS v2017, the research readers
would apply LI-RADS v2018 and would not have access to prior examinations.

Statistical analysis

Data analysis was performed by statisticians T.W. and A.G. (both >25 years of experience)
using R (R Foundation for Statistical Computing, Vienna, Austria). The research

population and the reader questionnaire were summarized descriptively.

LI-RADS categories were combined into a four-category ordinal scale, with ascending
risk of malignancy: LR-1/LR-2, LR-3, LR-4, and LR-5/LR-M (probably malignant, but not
specific for HCC)/LR-tumor in vein. It was necessary to pool categories with low frequency
(LR-1/LR-2) or which do not lend themselves to ordinal sub-ranking (LR-5/LR-M/LR-tumor
in vein) to allow computation of overall agreement. Agreement was assessed using intra-
class correlation coefficients (ICC). Generally, ICCs of <0.5, 0.5 — 0.75, 0.75 — 0.90,
and >0.90 indicate poor, moderate, good, and excellent agreement respectively (27).
Examination-level agreement was computed for research-versus-research reads and for

research-versus-clinical reads. Sub-analyses were performed for MRI and CT.

Binary agreement was computed using ICCs for: 1) LI-RADS categories dichotomized as
probably or definitely malignant (LR-4/5/M/TIV vs. LR-1/2/3); 2) LR-5; 3) LR-M; 4) major



features, and; 5) ancillary features present in =5% of cases according to all reads (to

ensure meaningful evaluation).

Non-parametric bootstrap with per-case resampling was used to compute 95%
confidence intervals (Cl) and to compare ICCs pairwise (28,29). As there are no
previously published data on clinical reads, we considered the comparisons exploratory
and did not correct for multiple statistical comparisons; P values < .05 were considered
significant.



Results

Patient and Clinical Examination Characteristics

CT and MRI examinations from 484 unique patients were included (Table 1). Seventy-
four (15%) examinations originated outside the United States. Patients included 156 (32%)
women and 328 (68%) men, and they ranged from 21 to 95 years of age (mean age, 62
years = 10 [SD]). Ninety-three (19%) examinations were performed with CT and 391 (81%)
with MRI, the latter including 174 (36%) using extracellular agents and 217 (45%) using

gadoxetic acid.

Research Reader Characteristics

The study included 43 research readers from 33 institutions and 9 countries (Table 2): 33
were from the United States, two from Canada, two from Brazil, and one each from China,
South Korea, Colombia, India, Italy, and Australia. Forty-one readers (95%) reported
fellowship training in abdominal imaging, the remaining two readers were current fellows
in abdominal imaging. Thirty-nine readers (91%) self-identified themselves as experts in
liver imaging. All readers mostly or almost exclusively read abdominal imaging in their
daily clinical practice. Thirty-eight readers stated that their institution used LI-RADS in

daily clinical practice (88%).

The readers reported an average of 11 years + 6 [SD] of post-training radiology
experience. Thirty-five readers (81%) were in an academic setting, 3 (7%) were in private

practice, and 5 (12%) were in a hybrid practice setting.
Each research reader interpreted 15 — 32 examinations (mean + SD, 23 £ 3 exams). Of
those exams, on average, 18 examinations were MRI, and 4 examinations were CT. They

reported spending 2 - 30 minutes (mean + SD, 12 + 5 minutes) per case.

Agreement for Modified Four-category LI-RADS Scale



The agreement for the modified scale is summarized in Figure 2. Agreement was
moderate for MRI (ICC, 0.68, [95% CI: 0.61, 0.73]), CT (ICC, 0.68, [95% CI: 0.60, 0.74]),
and both modalities combined (ICC, 0.68, [95% CI: 0.53, 0.80]). For all modalities, better
reader agreement was observed between research-versus-research reads than between
research-versus-clinical reads (ICC, 0.68, [95% CI: 0.61, 0.73] vs. 0.62, [95% CI: 0.56,
0.67], P = .03). Better reader agreement was also observed between research-versus-
research reads for MRI (ICC, 0.68, [95% CI: 0.60, 0.74] vs. 0.61, [95% CI: 0.54, 0.67], P
.02) but not for CT (ICC, 0.68, [95% CI: 0.53, 0.80] vs. 0.66, [95% CI: 0.53, 0.76], P
.66).

Intra-reader agreement for the modified scale was better than inter-reader agreement
between research reads (ICC, 0.84 [95% CI: 0.74 — 0.90] vs. 0.68, [95% CI: 0.61, 0.73],
P =.002).

Figure 3 and Supplemental Figure 1 show examples where readers disagreed and
where readers agreed.

Agreement for Dichotomized LI-RADS Categories and for Individual Imaging Features

Agreement was moderate for dichotomized malignancy (LR-4/LR-5/LR-M/LR-TIV) (ICC,
0.63, [95% CI: 0.55, 0.70]) and moderate for LR-5 versus not (ICC, 0.58, [95% CI: 0.50,
0.66]) (Figure 4). Agreement for LR-M versus not was poor (ICC, 0.46, [95% CI: 0.31,
0.61]) (Figure 4). Better agreement for dichotomized malignancy was observed among
research-versus-research reads compared to research-versus-clinical reads (ICC, 0.63,
[95% CI: 0.55, 0.70] vs. 0.53, [95% CI: 0.46, 0.60], P = .005). No significant differences
in agreement among research reads compared to research-versus-clinical reads were
observed for LR-5 (ICC, 0.58, [95% CI: 0.50, 0.66] vs. 0.53, [95% CI: 0.47, 0.60], P =.14)
or LR-M (ICC, 0.46, [95% CI: 0.31, 0.61] vs. 0.46, [95% CI: 0.32, 0.61], P = .94).



Agreement was moderate for major features including arterial phase hyperenhancement
(ICC, 0.65, [95% CI 0.57, 0.72]), washout (ICC, 0.53, [95% CI: 0.46, 0.60]), and capsule
(ICC, 0.50, [95% CI 0.42, 0.58]) (Figure 5). No difference in agreement was observed for
research-versus-research reads compared to research-versus-clinical reads for arterial
phase hyperenhancement (ICC, 0.65, [95% CI: 0.57, 0.72] vs. 0.61, [95% CI: 0.54, 0.67],
P = .27), washout (ICC, 0.53, [95% CI: 0.46, 0.60] vs. 0.53, [95% CI: 0.46, 0.60], P = .93),
or capsule (ICC, 0.50, [95% CI: 0.42, 0.58] vs. 0.47, [95% CI: 0.38, 0.54], P = .47).

For ancillary features, agreement was moderate for restricted diffusion (ICC, 0.50, [95%
Cl: 0.42, 0.59]) and for mild-moderate T2 hyperintensity (ICC, 0.58, [95% CI: 0.50, 0.66])
(Figure 6). Agreement was poor for transitional phase hypointensity (ICC, 0.16, [95% CI:
0.03, 0.30]) and hepatobiliary phase hypointensity (ICC, 0.44, [95% CI: 0.32, 0.55]).
Better agreement among research reads than between research and clinical reads was
observed for mild-moderate T2 hyperintensity (ICC, 0.58 [95% CI: 0.50, 0.66] vs 0.46 [95%
Cl: 0.38, 0.54], P = .01). No differences in reader agreement were observed for the other

ancillary features.



Discussion

Prior studies assessing the reader agreement of Liver Imaging-Reporting and Data
System (LI-RADS) have been limited by factors such as single-center nature, small
number of readers, pre-selected images, and lack of comparison to clinical reads, and we
performed a large multi-center, multi-reader study to begin addressing these gaps in
knowledge. The overall inter-reader agreement for a modified four-category LI-RADS
scale was moderate among research reads (ICC, 0.68) and when comparing re-scored
clinical reads to research reads (ICC, 0.62). There was also moderate agreement for
probably or definitely malignant categories (ICC, 0.63), for LR-5 (ICC, 0.58), and for all
three major features (ICC, 0.50 — 0.65). For ancillary features, there was moderate
agreement for restricted diffusion (ICC, 0.50) and mild-moderate T2 hyperintensity (ICC,
0.58), with poor agreement for transitional phase hypointensity (ICC, 0.16) and
hepatobiliary phase hypointensity (ICC, 0.44).

A novel aspect of our study was the comparison between recomputed clinical reads and
research reads. We found higher agreement between research reads than between
research vs clinical reads for assignment of ordinal LI-RADS categories pooled over both
modalities (ICC, 0.68 vs. 0.62, P =.03) and for MRI (ICC, 0.68 vs. 0.61, P=.02). Although
this does not necessarily imply that agreement in the research environment will be higher
than agreement in the clinical environment, these results indicate differences in
interpretation between the clinical and research environment that warrant further study.
One possibility is that although the clinical reads were generally performed by
subspecialty abdominal radiologists, many of the research readers were from LI-RADS
committees and self-identified themselves as experts in liver imaging. In the clinical
setting, prior imaging and reports may result in anchoring bias towards prior

categorizations (30-32).

Several prior studies have provided important insights (25,26,33-35). Fowler et al. found
an ICC of LI-RADS category assignment of 0.67 overall, which is similar to our result of
0.68 (26). Their study however reported agreement of 0.84 — 0.87 for the major features,



which is higher than 0.50 — 0.65 in our study. This may be due to their use of selected
image sets in comparison to our use of scrollable examinations, which may have showed
the imaging features more clearly. A meta-analysis of fifteen studies by Kang et al. found
a pooled «k of 0.66 — 0.72 for the major features, in comparison to the ICC of 0.50 — 0.65
in our study (25). These variations may be related to differences in study design, as they
reported substantial study heterogeneity within the included studies. Similar to their study
and other prior studies, our study found that non-rim arterial phase hyperenhancement
had the highest reader agreement of the major features.

Our study had several limitations. First, although we did have international participation
in this study, most of our cases and readers were from academic medical centers in North
America. Additionally, 91% of our research readers were self-reported experts in liver
imaging, and only 7% were in private practice. Thus, further evaluation of LI-RADS among
community radiologists and medical centers outside of North America should be the focus
of future work. Our study did not assess agreement of treatment response categories,
and so our results only generalize to untreated observations. Annotating the observation
may have introduced bias based on the selected image. We could only assess the reads
recomputed using LI-RADS v2018 excluding features that depended on prior
comparisons rather than the clinically reported categories, and the reader agreement for
subthreshold and threshold growth could not be assessed. In addition, the number of
possible pairs of research readers exceeded the number of examinations, which
precluded meaningful evaluation of the effect of reader characteristics on agreement.
Finally, we could not directly evaluate agreement between clinical reads. It is possible
that clinical agreement is similar to research agreement, just that clinical reads are
different from research reads.

In conclusion, Liver Imaging-Reporting and Data System (LI-RADS) v2018 generally has
moderate agreement for observation categorization and feature characterization. Future
research is needed to identify methods for reducing variability amongst readers, such as
training, structured reporting, automated category computation based on reported

features, or development of computer-aided categorization. In the meantime, it is



important to be mindful of this variability as it can substantially impact patient care, and
selected patients should be referred to multidisciplinary tumor boards when feasible for
consensus diagnostic and management decisions. At institutions without multidisciplinary
tumor boards, double reading and/or referral of these patients to centers with such tumor
boards should be considered. There are differences in interpretation between the
research and clinical environments that warrant further study. Future research studies
should also focus on the diagnostic performance of LI-RADS in the clinical setting,
especially among community radiologists and in medical centers outside of North America,

which remains an important knowledge gap in the validation of LI-RADS.
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118 clinical LI-RADS exams with
21 untreated observation(s)
between Oct 2017 — Aug 2018 at
coordinating site

336 additional clinical LI-RADS
exams with 21 untreated
observation(s) from five other
submitting sites

e —

Site radiologist de-identifies the clinical
report and the exam, and translates
report into English if necessary

PHI de-identified clinical report and exam
(DICOM format) sent to coordinating center

Analyst at coordinating center selects
and labels one untreated observation at

Features and category for selected
observation extracted from clinical report
(Clinical Read)

Labeled exam (DICOM format) pushed to cloud-
based reading platform and randomly assigned
to two research readers from other sites
(reads performed May 2019 — October 2020)

Figure 1: Schematic of the retrospective study design. De-identified examinations from
the coordinating site and five other submitting sites were randomly assigned to two of
43 research readers for research reads. Features and category were extracted from the
clinical report. This permitted the computation of inter-reader agreement between the
research readers (R vs. R) and between the research and clinical readers (R vs. C).
20% of cases were also read twice by one of the research readers to permit the

One research reader records
features and category for
selected observation
(Research read)

Y

|

A 4

20% of examinations were
randomly selected to be read
twice by one of the readers
(Research read)

Another research reader

4__’ records features and category |,
. for selected observation

(Research read)

computation of intra-reader agreement (R’ vs. R’).
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Figure 2. Reader agreement for modified four-category LI-RADS version 2018 scale
based on imaging modality. Plot shows interclass correlation coefficients (ICC) for both
modalities (blue), for MRI only (green), and for CT only (purple). Agreement among
research reads only (filled squares) and between research and clinical reads (open
squares) are shown. Tails represent 95% confidence intervals. *Represents a P value of
< .05 by non-parametric bootstrap with per-case resampling. Research-versus-research
agreement pooled over both modalities and for MRI only was better than research-

versus-clinical agreement.



Figure 3. MR images showing examples where readers disagreed (A) and where
readers agreed (B). The top row (A) shows images from an MR examination performed
with gadoxetic acid from a 56-year-old male with cirrhosis secondary to hepatitis C.
From left to right: pre-contrast (Pre), arterial phase (AP), portal venous phase (PVP),
hepatobiliary phase (HBP). This 21 mm hepatobiliary phase hypointense observation
(white arrow) was characterized on the clinical read as having non-rim arterial phase
hyperenhancement and washout appearance and was categorized as LI-RADS
category LR-5 (definitely hepatocellular carcinoma [HCC]). The first research reader
characterized it as having a targetoid appearance and categorized it as LR-M (probably
or definitely malignant, not specific for HCC). The second research reader characterized
it as having no major features and paralleling the blood pool and categorized it as LR-2
(probably benign). It was subsequently resected and found to be a well-differentiated
HCC. The bottom row (B) shows images from an MR examination performed with an
extracellular contrast agent from a 61-year-old female with cirrhosis secondary to
hepatitis C. From left to right: pre-contrast (Pre), arterial phase (AP), portal venous
phase (PVP), delayed phase (DP). This 31 mm observation (yellow arrow) in the
caudate lobe was characterized on the clinical read as having arterial phase
hyperenhancement, washout appearance, and capsule appearance was categorized as
LI-RADS category LR-5 (definitely hepatocellular carcinoma). Both research readers
also categorized this observation as LR-5. The patient passed away from intracranial
hemorrhage a few months later.
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Figure 4. Reader agreement for dichotomized classification of LI-RADS version 2018.
Plot shows interclass correlation coefficients (ICC) for the following dichotomized
categories: probably or definitely malignant vs not (blue), LR-5 (definitely hepatocellular
carcinoma [HCC]) vs. not LR-5 (green), and LR-M (probably or definitely malignant, not
specific for HCC) vs not LR-M (orange). Agreement among research reads only (filled
squares) and between research and clinical reads (open squares) are shown. Tails
represent 95% confidence intervals. *Represents a P value of < .05 by non-parametric
bootstrap with per-case resampling. Research-research agreement for malignant

categories was better than research-clinical agreement.



S n —8— research-research
—O0— research—clinical
© _|
(@)
0.65
© | 0.61
(@)
@) 0.53 0.53 .
9 0.50
0.47
<
(@)
AN
(@)
—— APHE
—— Washout
—— Capsule
o
(@)

Figure 5. Reader agreement for LI-RADS version 2018 major features. Plot shows
interclass correlation coefficients (ICC) for arterial phase hyperenhancement (green),
washout (orange), and capsule (blue) for research reads only (filled squares) and
between research and clinical reads (open squares) are shown. Tails represent 95%
confidence intervals. No differences in ICCs between research-versus-research reads

compared to researcher-versus-clinical reads were observed.
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Figure 6. Reader agreement for LI-RADS version 2018 ancillary features. Plot shows
interclass correlation coefficients (ICC) for ancillary features with sufficient frequency for
analysis which included restricted diffusion (purple), mild-moderate T2 hyperintensity
(orange), transitional phase hypointensity (green), and hepatobiliary phase
hypointensity (blue). All are MRI-only features. Agreement among research reads only
(filled squares) and between research and clinical reads (open squares) are shown.
Tails represent 95% confidence intervals. *Represents a P value of < .05 by non-
parametric bootstrap with per-case resampling. Research-versus-research agreement
for mild-moderate T2 hyperintensity was better than research-versus-clinical agreement.



FIGURE LEGENDS

Figure 1: Schematic of the retrospective study design. De-identified examinations from
the coordinating site and five other submitting sites were randomly assigned to two of 43
research readers for research reads. Features and category were extracted from the
clinical report. This permitted the computation of inter-reader agreement between the
research readers (R vs. R) and between the research and clinical readers (R vs. C). 20%
of cases were also read twice by one of the research readers to permit the computation

of intra-reader agreement (R’ vs. R’).

Figure 2. Reader agreement for modified four-category LI-RADS version 2018 scale
based on imaging modality. Plot shows interclass correlation coefficients (ICC) for both
modalities (blue), for MRI only (green), and for CT only (purple). Agreement among
research reads only (filled squares) and between research and clinical reads (open
squares) are shown. Tails represent 95% confidence intervals. *Represents a P value of
< .05 by non-parametric bootstrap with per-case resampling. Research-versus-research
agreement pooled over both modalities and for MRI only was better than research-versus-

clinical agreement.

Figure 3. MR images showing examples where readers disagreed (A) and where readers
agreed (B). The top row (A) shows images from an MR examination performed with
gadoxetic acid from a 56-year-old male with cirrhosis secondary to hepatitis C. From left
to right: pre-contrast (Pre), arterial phase (AP), portal venous phase (PVP), hepatobiliary
phase (HBP). This 21 mm hepatobiliary phase hypointense observation (white arrow) was
characterized on the clinical read as having non-rim arterial phase hyperenhancement
and washout appearance and was categorized as LI-RADS category LR-5 (definitely
hepatocellular carcinoma [HCC]). The first research reader characterized it as having a
targetoid appearance and categorized it as LR-M (probably or definitely malignant, not
specific for HCC). The second research reader characterized it as having no major
features and paralleling the blood pool and categorized it as LR-2 (probably benign). It



was subsequently resected and found to be a well-differentiated HCC. The bottom row
(B) shows images from an MR examination performed with an extracellular contrast agent
from a 61-year-old female with cirrhosis secondary to hepatitis C. From left to right: pre-
contrast (Pre), arterial phase (AP), portal venous phase (PVP), delayed phase (DP). This
31 mm observation (yellow arrow) in the caudate lobe was characterized on the clinical
read as having arterial phase hyperenhancement, washout appearance, and capsule
appearance was categorized as LI-RADS category LR-5 (definitely hepatocellular
carcinoma). Both research readers also categorized this observation as LR-5. The patient

passed away from intracranial hemorrhage a few months later.

Figure 4. Reader agreement for dichotomized classification of LI-RADS version 2018.
Plot shows interclass correlation coefficients (ICC) for the following dichotomized
categories: probably or definitely malignant vs not (blue), LR-5 (definitely hepatocellular
carcinoma [HCC]) vs. not LR-5 (green), and LR-M (probably or definitely malignant, not
specific for HCC) vs not LR-M (orange). Agreement among research reads only (filled
squares) and between research and clinical reads (open squares) are shown. Tails
represent 95% confidence intervals. *Represents a P value of < .05 by non-parametric
bootstrap with per-case resampling. Research-research agreement for malignant

categories was better than research-clinical agreement.

Figure 5. Reader agreement for LI-RADS version 2018 major features. Plot shows
interclass correlation coefficients (ICC) for arterial phase hyperenhancement (green),
washout (orange), and capsule (blue) for research reads only (filed squares) and
between research and clinical reads (open squares) are shown. Tails represent 95%
confidence intervals. No differences in ICCs between research-versus-research reads

compared to researcher-versus-clinical reads were observed.

Figure 6. Reader agreement for LI-RADS version 2018 ancillary features. Plot shows

interclass correlation coefficients (ICC) for ancillary features with sufficient frequency for



analysis which included restricted diffusion (purple), mild-moderate T2 hyperintensity
(orange), transitional phase hypointensity (green), and hepatobiliary phase hypointensity
(blue). All are MRI-only features. Agreement among research reads only (filled squares)
and between research and clinical reads (open squares) are shown. Tails represent 95%
confidence intervals. *Represents a P value of < .05 by non-parametric bootstrap with
per-case resampling. Research-versus-research agreement for mild-moderate T2

hyperintensity was better than research-versus-clinical agreement.



TABLES

Table 1: Patient and examination characteristics.

Variables Counts or Mean (n = 484)
Age (years) 62 £ 10
Sex Male 328 (68%)
Female 156 (32%)
Imaging modality CT 93 (19%)
MRI with ECA 174 (36%)
MRI with HBA 217 (45%)
LI-RADS v2018 categories | LR-1 2 (0%)
based on features | LR-2 35 (7%)
extracted from the clinical | LR-3 95 (20%)
report LR-4 153 (32%)
LR-5 164 (34%)
LR-M 27 (6%)
LR-TIV 6 (1%)
LR-NC 2 (0%)
LI-RADS major features | APHE 356 (74%)
from the clinical report Washout 275 (57%)
Enhancing capsule 117 (24%)
Submitting radiologist | CW.H.,  University  of | 118 (24%)
initials, institution, and | California, San Diego, USA
country V.C., Montefiore Medical | 211 (44%)

Center, USA

S.L, University of | 52 (11%)
California, Irvine, USA
J.L., University of | 30 (6%)

Kentucky, USA

J.Y.C., Yonsei University,
South Korea

65 (13%)

D.A., Fundacion Santa Fe
de Bogota, Colombia

8 (2%)

Notes.—Data represent number of examinations with percentages for categorical

variables and mean =

SD for continuous variables. APHE =

arterial phase

hyperenhancement, ECA = extracellular agents, HBA = hepatobiliary agents, LI-RADS =

Liver Imaging Reporting and Data System.



Table 2: Research Reader Characteristics based on questionnaire results.

Question Response Options Response Results
Country of primary | USA 33
affiliation Canada 2
Brazil 2
China 1
South Korea 1
India 1
Columbia 1
Australia 1
ltaly 1
Abdominal imaging | Yes 41/43 (95%)
fellowship No 2/43 (5%)
Self-identified as expert in | Yes 39/43 (91%)
liver imaging No 4/43 (10%)
Post-training  experience 11 + 6 (0-30)
(years)
Practice patterns
Modalities used at | Almost all MRI 8/43 (19%)
institution More MRI than CT 20/43 (47%)
Approximately equal 10/43 (23%)
More CT than MRI 5/43 (12%)
Almost all CT 0
MRI contrast agents used | Mostly extracellular agents | 25/43 (58%)
at institution Approximately equal 5/43 (12%)
Mostly gadoxetic acid 13/43 (30%)
Liver cancer tumor board | Yes 36/43 (84%)
member No 7143 (16%)
Research read characteristics
Self-reported time spent 12 £ 5 (2-30)
per case (minutes)

Notes.—For country of primary affiliation, the number of readers is shown. For all other
categorical variables, the proportion and percentage of readers selecting each response
option of the reader questionnaire is shown. Mean + standard deviation is shown for
continuous variables with ranges in parentheses.



Supplemental Tables

Supplemental Table 1: List of Readers and Characteristics

Reader Initials Institutional Location Years of Post-
Affiliation training Experience

V.C. Montefiore Medical | New York, NY, USA | 14
Center

J.Y.C. Yonsei University Seoul, Republic of | 20

Korea

S.L. University of | Orange, CA, USA |5
California, Irvine

R.K. University of | Orange, CA, USA |7
California, Irvine

C.L. University of Florida | Jacksonville, FL, | 20

USA

J.T.L. University Of | Lexington, KY, USA | 10
Kentucky

J.W.O. University Of | Lexington, KY, USA | 5
Kentucky

D.AA. Fundacién  Santa | Bogota, Colombia 15
Fe de Bogota
University Hospital

M.M. University of | Ann Arbor, MI, USA | 10
Michigan

M.S.D. University of | Ann Arbor, MI, USA | 10
Michigan

W.M. University of | Ann Arbor, MI, USA | 4
Michigan

AR. Mount Sinai West | New York, NY, USA | 2
Medical Center

S.C.L. lcahn School of | New York, NY, USA | 9
Medicine at Mount
Sinai

A.S.K. Weill Cornell | New York, NY, USA | 5
Medicine

E.M.H. Weill Cornell | New York, NY, USA | 17
Medicine

M.R.B. Duke University Durham, NC, USA |10

G.B. University Hospital | Palermo, Italy 16
of Palermo

M.L.D. University of | Los Angeles, CA, |14
California, Los | USA
Angeles




M.A.O. University of | San Francisco, CA, | 6
California, San | USA
Francisco

AT. Université de | Montréal, Canada 13
Montréal

M.C. Université de | Montréal, Canada 3
Montréal

A.F. Oregon Health & | Portland, OR, USA | 13
Science University

E.A.C. Centro de | Jodo Pessoa, Brazil | 5
Diagnéstico por
Imagem

M.T.C. University of | Sacramento, CA, |10
California, Davis USA

J.P.M. University of | Sacramento, CA, | 30
California, Davis USA

B.K. Radiology Limited | Tucson, AZ, USA 13

K.M.E. MD Anderson Houston, TX, USA | 15

V.R.S. MD Anderson Houston, TX, USA |10

K.B. MD Anderson Houston, TX, USA |0

R.M.M. Naval Medical | San Diego, CA, |9
Center San Diego USA

N.H. University of S&o | Sdo Paulo, Brazil 7
Paulo

S.B. University of | Kansas City, KS, |5
Kansas USA

R.A. University of | Kansas City, KS, |9
Kansas USA

K.G. Sir. H. N. Reliance | Mumbai, India 12
Foundation Hospital

C.K. California  Pacific | San Francisco, CA, | 10
Medical Center USA

A K. Massachusetts Boston, MA, USA 8
General Hospital

J.W. The 3rd Affiliated | Guangzhou, China | 20
Hospital, Sun Yat-
sen University

I.C. Inland Imaging Spokane, WA, USA | 12

B.B. Sutter Medical | Sacramento, CA, | 20
Group USA

M.G. Austin Health Melbourne, 15

Australia

G.M.C. University of | San Diego, CA, |10

California, San | USA

Diego




D.T.M. University of | San Diego, CA, |2
California, San | USA
Diego

K.J.F. University of | San Diego, CA, |10
California, San | USA
Diego

Notes.—List of readers in the study with their initials and reported primary affiliation,
location, and years of post-training experience at the time of the study



Supplemental Table 2: Distribution of examination modalities and contrast agents at each
submitting site

Site CT MRI with ECA MRI with HBP
University of | 19 (16%) 90 (76%) 9 (8%)
California, San

Diego

Montefiore Medical | 48 (23%) 34 (16%) 129 (61%)
Center

University of | 20 (38%) 1(2%) 31 (60%)
California, Irvine

University of | 4 (13%) 26 (87%) 0
Kentucky

Yonsei University 0 19 (29%) 46 (71%)
Fundacién  Santa | 2 (25%) 4 (50%) 2 (25%)
Fe de Bogota

Notes.—Number and row percentages of CT, MRI using extracellular agents (ECA), and
MRI with hepatobiliary agents (HBP) from each submitting site



Supplemental Table 3

Site Modality Field Strength Counts Vendor(s)
University of | CT 19 GE (n=16),
California, San Toshiba (n=3)
Diego MRI 1.5T 39 GE (n=34),
Siemens (n=2),
Philips  (n=2),
Hitachi (n=1)
3T 60 GE (n=60)
Montefiore CT 48 GE (n=46),
Medical Center Siemens (n=1),
Toshiba (n=1)
MRI 1.5T 99 Philips (n=98),
Siemens (n=1)
3T 64 Philips (n=62),
GE (n=1),
Siemens (n=1)
University of | CT 20 Philips (n=12),
California, Irvine Siemens (n=8)
MRI 1.5T 18 Siemens
(n=18)
3T 14 Philips (n=10),
Siemens (n=4)
University of | CT 4 Siemens (n=4)
Kentucky MRI 1.5T 25 Siemens
(n=25)
3T 1 GE (n=1)
Yonsei CT 0 -
University MRI 1.5T 0 -
3T 65 Philips (n=44),
Siemens
(n=18), GE
(n=3)
Fundacién CT 2 GE (n=2)
Santa Fe de | MRI 1.5T 6 GE (n=6)
Bogota 3T 0 -

Notes.—Number of examinations that were performed using each vendor by modality
and also by field strength for MRI from each submitting site.




Supplemental Figure 1: CT images showing examples where readers disagreed (A) and
where readers agreed (B). The top row (A) shows arterial phase (AP) and portal venous
(PV) images from a CT examination from a 82-year-old male with cirrhosis secondary to
nonalcoholic steatohepatitis. This heterogeneous mass is associated with
nonopacification of the left and main portal veins (arrowhead). This was categorized on
the clinical read as LI-RADS category LR-M (probably or definitely malignant, not
specific for hepatocellular carcinoma). The first research reader categorized it as LI-
RADS category LR-5 (definitely HCC). The second research reader categorized it as
LR-RADS category LR-TIV (tumor in vein). The patient transitioned to comfort care and
passed away two months later. The bottom row (B) shows arterial phase (AP) and
delayed phase (DP) images from a CT examination from a 69-year-old male with
cirrhosis secondary to nonalcoholic steatohepatitis. This 18 mm observation in the
hepatic dome was characterized on the clinical read as having arterial phase
hyperenhancement (white arrow) and washout appearance (yellow arrow) and was
categorized as LI-RADS category LR-5 (definitely HCC). Both research readers also
categorized this observation as LI-RADS category LR-5. A follow-up examination four
months later showed that the observation increased in size to 30 mm, the patient
subsequently passed away from sepsis and hepatic encephalopathy eight months after
that.



Supplemental Figure Legends

Supplemental Figure 1: CT images showing examples where readers disagreed (A) and
where readers agreed (B). The top row (A) shows arterial phase (AP) and portal venous
(PV) images from a CT examination from a 82-year-old male with cirrhosis secondary to
nonalcoholic steatohepatitis. This heterogeneous mass is associated with
nonopacification of the left and main portal veins (arrowhead). This was categorized on
the clinical read as LI-RADS category LR-M (probably or definitely malignant, not specific
for hepatocellular carcinoma). The first research reader categorized it as LI-RADS
category LR-5 (definitely HCC). The second research reader categorized it as LR-RADS
category LR-TIV (tumor in vein). The patient transitioned to comfort care and passed
away two months later. The bottom row (B) shows arterial phase (AP) and delayed phase
(DP) images from a CT examination from a 69-year-old male with cirrhosis secondary to
nonalcoholic steatohepatitis. This 18 mm observation in the hepatic dome was
characterized on the clinical read as having arterial phase hyperenhancement (white
arrow) and washout appearance (yellow arrow) and was categorized as LI-RADS
category LR-5 (definitely HCC). Both research readers also categorized this observation
as LI-RADS category LR-5. A follow-up examination four months later showed that the
observation increased in size to 30 mm, the patient subsequently passed away from
sepsis and hepatic encephalopathy eight months after that.



