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Abstract

Objectives The primary objective was to compare the performance of 3 different abbreviated MRI (AMRI) sets extracted from a
complete gadoxetate-enhanced MRI obtained for hepatocellular carcinoma (HCC) screening. Secondary objective was to per-
form a preliminary cost-effectiveness analysis, comparing each AMRI set to published ultrasound performance for HCC screen-
ing in the USA.

Methods This retrospective study included 237 consecutive patients (M/F, 146/91; mean age, 58 years) with chronic liver disease
who underwent a complete gadoxetate-enhanced MRI for HCC screening in 2017 in a single institution. Two radiologists
independently reviewed 3 AMRI sets extracted from the complete exam: non-contrast (NC-AMRI: T2-weighted imaging
(T2wi)+diffusion-weighted imaging (DWI)), dynamic-AMRI (Dyn-AMRI: T2wi+DWI+dynamic T1wi), and hepatobiliary
phase AMRI (HBP-AMRI: T2wi+DWI+T1wi during the HBP). Each patient was classified as HCC-positive/HCC-negative
based on the reference standard, which consisted in all available patient data. Diagnostic performance for HCC detection was
compared between sets. Estimated set characteristics, including historical ultrasound data, were incorporated into a
microsimulation model for cost-effectiveness analysis.

Results The reference standard identified 13/237 patients with HCC (prevalence, 5.5%; mean size, 33.7 =30 mm). Pooled
sensitivities were 61.5% for NC-AMRI (95% confidence intervals, 34.4-83%), 84.6% for Dyn-AMRI (60.8-95.1%), and
80.8% for HBP-AMRI (53.6-93.9%), without difference between sets (p range, 0.06-0.16). Pooled specificities were 95.5%
(92.4-97.4%), 99.8% (98.4-100%), and 94.9% (91.6-96.9%), respectively, with a significant difference between Dyn-AMRI
and the other sets (p < 0.01). All AMRI methods were effective compared with ultrasound, with life-year gain of 3—12 months
against incremental costs of US$ < 12,000.
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(https://doi.org/10.1007/s00330-020-07014-1) contains supplementary
material, which is available to authorized users.
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Conclusions NC-AMRI has limited sensitivity for HCC detection, while HBP-AMRI and Dyn-AMRI showed excellent sensi-

tivity and specificity, the latter being slightly higher for Dyn-AMRI. Cost-effectiveness estimates showed that AMRI is effective

compared with ultrasound.

Key Points

» Comparison of different abbreviated MRI (AMRI) sets reconstructed from a complete gadoxetate MRI demonstrated that non-
contrast AMRI has low sensitivity (61.5%) compared with contrast-enhanced AMRI (80.8% for hepatobiliary phase AMRI and
84.6% for dynamic AMRI), with all sets having high specificity.

 Non-contrast and hepatobiliary phase AMRI can be performed in less than 14 min (including set-up time), while dynamic AMRI

can be performed in less than 17 min.

* All AMRI sets were cost-effective for HCC screening in at-risk population in comparison with ultrasound.

Keywords Carcinoma, Hepatocellular - Mass screening - Magnetic resonance imaging

Abbreviations

AMRI Abbreviated magnetic resonance imaging
DWI Diffusion-weighted imaging

Dyn-AMRI  Dynamic AMRI

HBP Hepatobiliary phase

HCC Hepatocellular carcinoma

LI-RADS Liver Imaging Reporting and Data System
NC-AMRI  Non-contrast AMRI

SS EPI Single-shot echo-planar imaging

SS FSE Single-shot fast spin echo-planar imaging
Wi Weighted imaging

Introduction

Hepatocellular carcinoma (HCC) is the fastest growing cause of
cancer deaths in the USA [1]. To enable early detection of po-
tentially curable HCC, clinical practice guidelines recommend
semi-annual screening with abdominal ultrasound (US) in at-
risk populations [2, 3]. However, US has limited sensitivity for
detecting small HCC, especially in patients with large body hab-
itus and/or advanced cirrhosis [4, 5]. To improve the perfor-
mance of imaging screening, many centres perform CT or
MRI. While these provide higher sensitivity than US, they are
not optimal for HCC screening and surveillance [6, 7] because of
higher cost, radiation exposure (for CT), and long exam duration
for MRI (between 20 and 40 min). Therefore, current practice
guidelines do not advocate the use of CT or MRI for HCC
screening and surveillance [2, 3].

Motivated to provide a more sensitive screening method,
several investigators have recently reported the use of novel
abbreviated MRI (AMRI) protocols. AMRI consists of only a
few select MRI sequences for targeted questions such as HCC
surveillance and aim for a reduction in time while keeping
acceptable diagnostic performance [8]. Several combinations
of MRI sequences have been proposed, including a non-
contrast (NC)-AMRI combining T2-weighted imaging
(T2wi) and diffusion-weighted imaging (DWI) [9-12],
gadoxetate-enhanced hepatobiliary phase (HBP)-AMRI with
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T1wi and T2wi with/without DWI [10, 13—15], or dynamic
imaging (Dyn)-AMRI with an extracellular gadolinium-based
contrast agent [16, 17]. HBP-AMRI has reported sensitivity of
75.9-95.9% and specificity of 90.2—100% for HCC detection
[10, 13]. NC-AMRI using DWI has recently shown a sensi-
tivity of 85.5% and a specificity of 94.6% in a small study
[10], while a recent retrospective analysis of prospective ac-
quired data demonstrated superiority of NC-AMRI compared
with US (sensitivity 79.1% vs. 27.9% respectively, p <0.01)
[12]. All these previous studies assessed reconstructed AMRI
protocols from full contrast-enhanced MRIs (using gadoxetate
or extracellular contrast), with several reporting high HCC
prevalence (up to 85.9%), as most were not performed in the
context of screening or surveillance. In addition, the optimal
combination of sequences and the need and type of contrast
agent for AMRI protocols need to be established.

Our primary objective was to compare the performance of
3 different AMRI sets extracted from a complete gadoxetate-
enhanced MRI obtained for HCC screening. Our secondary
objective was to perform a preliminary cost-effectiveness
analysis, comparing each AMRI set to published US perfor-
mance for HCC screening in the USA [18].

Material and methods
Patients

This was a single-centre HIPAA- and GDPR-compliant retro-
spective study from a single institution (Icahn School of
Medicine at Mount Sinai). The local Institutional Review
Board approved the study and waived signed informed consent.
Our electronic imaging database was queried for the year 2017
for consecutive patients who underwent in-house MRI for HCC
screening/surveillance. An analysis of our imaging screening
data for the year 2017 showed that MRI was used as a first-
line modality for HCC screening in >50% of patients, due to
referring physician preferences (unpublished data). Inclusion
criteria were adult patients (> 18 years) with cirrhosis of any
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aetiology and patients with chronic hepatitis B without cirrhosis
who underwent a complete gadoxetate-enhanced MRI for HCC
screening at our institution. According to the AASLD (American
Association for the Study of Liver Diseases) criteria for HCC
screening [2], patients with Child-Pugh class C were included if
listed for transplantation. When patients underwent multiple
MRI examinations in 2017, only the first MRI performed during
2017 was assessed. Among 415 initial patients, 178 were exclud-
ed (Fig. 1).

MRI acquisition and extraction of AMRI sets

All MRI examinations were performed with clinical systems,
using a standard liver dedicated protocol with injection of a
fixed dose of 10 mL of gadoxetate disodium (Eovist/
Primovist, Bayer Healthcare). Details on the imaging systems
and parameters are provided in the supplementary materials.

Three AMRI sets were extracted from the complete
gadoxetate-enhanced liver MRIs and assessed separately: (1)
NC-AMRI, including axial non-fat-suppressed T2wi SS FSE
(single-shot fast spin echo-planar imaging) + axial fat-
suppressed SS EPI (single-shot echo-planar imaging) DWI, (2)
Dyn-AMRY, including axial T2 SS FSE + axial DWI + axial
dynamic contrast-enhanced fat-suppressed 3D T1wi
(VIBE/LAVA; unenhanced, early and late arterial phases, portal
venous and transitional phases), and (3) HBP-AMRI, including
axial T2wi SS FSE + axial DWI + axial fat-suppressed 3D T1wi
(VIBE/LAVA) HBP (at 20 min post contrast injection). T2wi
and DWI were included on all sets: T2wi was used to improve
lesion characterisation (particularly for cysts and haemangiomas)
and DWI has shown value for HCC detection [19, 20].

The estimated acquisition times are listed for each AMRI
protocol and each of the main representative systems from our
institution in Table 1, and include a conservative estimate of
10 min of set-up time (including patient positioning on the

table, sequence set-up, and exam termination) based on our
clinical practice. On average, these were below 14 min for
NC-AMRI and HBP-AMRI, and below 17 min for Dyn-
AMRI, while the average acquisition time for complete
gadoxetate MRI was approximately 34 min (Suppl Table 1).
Details on acquisition parameters are provided in the supple-
mentary material.

Image analysis

Two independent radiologists (J.L. and S.L., with 3 and
10 years of expertise in abdominal radiology, respectively)
reviewed the 3 AMRI sets in two separate sessions separated
by at least 6 weeks to reduce recall bias. Patients and sessions
were reviewed in random order.

In one session, NC-AMRI was assessed, followed imme-
diately by the HBP-AMRI. NC-AMRI and HBP-AMRI were
scored on a per-patient basis using a composite scoring system
adapted from the US Liver Imaging Reporting and Data
System (LI-RADS) for HCC screening [21]: negative (no ob-
servation or definitely benign observations), subthreshold (> 1
lesions < 10 mm and not clearly benign), positive (> 1 nodules
> 10 mm or distinctive area(s) of heterogeneity not attributable
to cirrhosis, cysts, or haemangiomas). A patient was consid-
ered positive when > 1 lesion was scored HCC-positive and
was considered HCC-negative when no lesion was found or
lesion(s) found was (were) scored “subthreshold.”

In the other session, Dyn-AMRI was assessed on a per-
observation basis. Up to 5 observations per patient were se-
lected based on the largest size. For each selected observation
(excluding cysts), readers recorded the observation size and
location (Couinaud segment and series/image location) and
assigned a LI-RADS v2018 category [22]. Scores were then
collapsed to a per-patient basis so that patients with LI-RADS 5
lesions were considered HCC-positive; all other patients were

Fig. 1 Flowchart of the study
population. Patients positive for

Eligible patients (n=415)

HCC include patients with HCC
LI-RADS 5 (n=11) and biopsy-
proven HCC (categorised as LI-
RADS 4 and M, n =2) (indicated
by a single asterisk symbol).
Patients negative for HCC include
patients with cholangiocarcinoma
(n=1), benign lesions (n =42),
indeterminate lesions (n = 3), and
no liver lesion (7 =178)
(indicated by double asterisk
symbols)

Excluded patients (n=178)

* History of HCC/transplantation/
other malignancies (n=132)

* Lesions suspected on ultrasound
(n=20)

* Symptomatic patient (n=1)

« Extracellular contrast-enhanced MRI
(n=22)

* Missing reference standard (n=3)

A 4

y

Included patients (n=237)

Patients positive for HCC (n=13)* ‘ I

Patients negative for HCC (n=224)** ‘
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Table 1 Reconstructed AMRI

protocols with corresponding Sequence Siemens 1.5 T Siemens 3 T GE1ST GE3 T
acquisition times (AT) (min:s)
(including mean AT and range) NC-AMRI
Localiser 00:18 00:18 00:22 00:22
Axial T2 HASTE 00:42 00:32 00:30 00:30
Axial DWI 01:28 01:28 03:42 02:00
Set-up time 10:00 10:00 10:00 10:00
Total AT NC-AMRI 12:28 12:18 14:34 12:52
Mean (range) AT NC-AMRI 13:03 (12:18-14:34)
HBP-AMRI
Localiser 00:18 00:18 00:22 00:22
Axial T2 HASTE 00:42 00:32 00:30 00:30
Axial DWI 01:28 01:28 03:42 02:00
Axial T1 HBP 20 min 00:11 00:12 00:13 00:12
Set-up time 10:00 10:00 10:00 10:00
Total AT HBP-AMRI 12:39 12:30 14:47 13:04
Mean (range) AT HBP-AMRI 13:15 (12:30-14:47)
Dyn-AMRI
Localiser 00:18 00:18 00:22 00:22
Axial multiphase T1 pre-contrast 00:11 00:12 00:13 00:12
Care bolus/timing 01:01 01:01 00:20 00:20
Axial multiphase T1 AP1 00:11 00:12 00:13 00:12
Axial multiphase T1 AP2 00:11 00:12 00:13 00:12
Delay 00:38 00:36 00:34 00:36
Axial multiphase T1 PVP 00:11 00:12 00:13 00:12
Axial T2 HASTE* 00:42 00:32 00:30 00:30
Delay 01:07 01:16 01:17 01:18
Axial multiphase T1 TP 00:11 00:12 00:13 00:12
Axial DWI 01:28 01:28 03:42 02:00
Set-up time 10:00 10:00 10:00 10:00
Total AT Dyn-AMRI 16:09 16:11 17:50 16:06
Mean (range) AT Dyn-AMRI 16:24 (15:46-17:30)

*T2 HASTE can be performed after contrast injection in Dyn-AMRI

AP 1st arterial phase, AP2 2nd arterial phase, AT acquisition time, DWI diffusion-weighted imaging, Dyn-AMRI
abbreviated MRI using dynamic contrast-enhanced sequences, HBP hepatobiliary phase, HBP-AMRI abbreviated
MRI using HBP, NC-AMRI non-contrast abbreviated MRI, PVP portal venous phase, 7P transitional phase, wi

weighted imaging

considered HCC-negative. LI-RADS 5 features include a 10—
19-mm nodule with non-rim arterial phase hyperenhancement
and non-peripheral washout appearance, regardless of capsule
appearance, or a >20-mm nodule with non-rim arterial phase
enhancement with either enhancing capsule appearance or non-
peripheral washout appearance or both. Because of the known
limitation of the transitional phase for assessing washout with
gadoxetate, readers were asked to diagnose washout only on the
portal venous phase. As readers did not have access to previous
imaging, threshold growth was not considered. Additionally,
the study coordinator collected the clinical, biological, and
any follow-up radiological data.

@ Springer

Reference standard

Each patient was classified as positive/negative for HCC by two
different radiologists (N.V.V. and B.T., with 2 and 13 years of
expertise in abdominal radiology, respectively) in consensus.
Classification was based on the review of all available patient
data including imaging exams, pathology, any subsequent treat-
ment, and decision from the multidisciplinary tumour board. For
all patients with negative screening exams, at least 6-month MRI
follow-up was required to confirm the negative result. All
follow-up data were reviewed and recorded through 31
December 2018. HCC diagnosis was based either on pathologic
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confirmation or imaging characteristics for HCC, according to
the current guidelines [23]. On imaging, patients with LI-RADS
5 lesions were considered HCC-positive. Patients with observa-
tions who scored LI-RADS 3, 4, and M were considered HCC-
positive only when pathologic confirmation was available or if
they developed LI-RADS 5 characteristics within 6 months.
Patients were considered HCC-negative when no lesion was
found on the index MRI and on follow-up MRI, or when all
observations were scored as LI-RADS 1/2. Additionally, patients
with LI-RADS 3, 4, and M observations on reference standard
that were stable were classified as HCC-negative. Patients with
missing reference standard (due to absence of follow-up (n=2)
or treatment without definite diagnosis (rn= 1)) were excluded
(Fig. 1). True positive was defined when the patient was HCC-
positive on AMRI and on the reference standard. True negative
was defined as HCC-negative on AMRI with no HCC according
to the reference standard. False positive was defined as HCC-
positive on AMRI and HCC-negative according to the reference
standard. False negative was defined as HCC-negative on AMRI
and HCC-positive according to the reference standard. False
negative lesions included missed and mischaracterised lesions.

Statistical analysis

The diagnostic performance for HCC detection was calculated
for each AMRI set. The comparisons in terms of sensitivity
and specificity achieved by each reader relative to the refer-
ence standard diagnosis were based on the McNemar test. For
all other comparisons, logistic regression for correlated data
was used to compare the methods in terms of the predictive
values achieved by each reader and in terms of all components
of diagnostic accuracy pooled over the two readers.
Generalised estimating equations based on binary logistic re-
gression were used to model the diagnostic accuracy achieved
using each set as a function of reader and set.

An anonymised subject ID was incorporated into the gen-
eralised estimating equations analysis as a random classifica-
tion factor to allow results to be modelled as positively corre-
lated when derived for the same patient and as independent
when derived for different patients. Kappa coefficient (K) was
used to assess agreement between readers. The level of agree-
ment was interpreted as poor (K < 0), slight (0 <K <0.2), fair
(0.2 <K<0.4), moderate (0.4 <K <0.6), substantial (0.6 <
K<0.8), or almost perfect (K > 0.8). p value <0.05 was con-
sidered statistically significant. All statistical tests were con-
ducted at the two-sided 5% significance level using SAS 9.4
software (SAS Institute).

Cost-effectiveness analysis
We created a microsimulation model of HCC natural history

and surveillance among cirrhotic patients in the USA. In our
state transition framework, 50,000 50-year-old cirrhotic

patients progress through the health states representing the
development and growth of HCC (based on an annual HCC
risk of 5.5% as reported in our series), screening for these
tumours (using semi-annual US until age 70), subsequent
treatment, and long-term survival, considering both HCC-
related and non-HCC mortality (supplemental materials).
Transition parameters were derived from published data (sup-
plemental materials) and each health state was associated with
costs. The simulation was run on a lifetime horizon with costs
from a payor’s perspective and was calibrated to population-
based data on mortality for persons with cirrhosis [24].
Identical cohorts were then simulated, undergoing HCC
screening with each AMRI set (semi-annually until age 70)
which provided data to compare life expectancy and costs.
Test characteristics for each AMRI set were estimated using
point estimates from the study. For US, we used published
estimates from a prospective American study, which reported
44% detection sensitivity [18]. Costs of imaging tests were
based on 2017 USA Medicare reimbursement fee, which
was $142 for US. Cost of AMRI was obtained by dividing
the technical and professional components by two (given the
shorter table time and lower number of images to be
interpreted) while keeping the contrast price unchanged as
follows: complete diagnostic gadoxetate-enhanced MRI,
$704 (including $115 for 10 mL of gadoxetate); NC-AMRI,
$295; HBP-AMRI and Dyn-AMRI, both $409 (including
contrast). We then calculated the differences in costs of each
AMRI set compared with US. We also estimated differences
in life years lived, i.e. incremental effectiveness. We repeated
these simulations using different annual HCC prevalence (2%
and 3%).

Results
Reference standard

The final study population included 237 patients (M/F 139/98,
mean age 58 years). Patient demographics and clinical char-
acteristics including the subgroup of patients with HCC are
shown in Table 2. A total of 134 patients (56.5%) were listed
for liver transplantation, including 15 patients (6.3%) with
Child-Pugh class C. Of 237 patients, 59 presented with obser-
vations identified on the reference standard, including 13 pa-
tients with HCC (13/237, prevalence, 5.5%; mean age 67 +
9 years; M/F, 11/2). Two patients presented with multiple
HCC lesions: one had two tumours and the other patient had
an index HCC with multiple satellite nodules. The 11 other
patients presented with a single HCC lesion. The mean tumour
size (considering the larger lesion in each patient) was 33.7 +
30 mm (range 10-120 mm). The largest tumour (120 mm)
was a biopsy-proven HCC. HCC and other observations
found on MRI are detailed in Table 3. Eleven (84.6%) patients
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Table 2 Demographic and

Study cohort (n =237) Patients with HCC (n=13) p

clinical characteristics of the Variable
study cohort and subgroup of
patients with HCC Sex (M/F)

Age (mean + SD, range) (years)
Aectiology of liver disease

Chronic HCV
Chronic HBV

NASH
Alcohol
Other*
Liver cirrhosis
Child-Pugh score

A
B

C
Unknown
Listed for liver transplantation

139/98 112 0.06
58+11.9, 20-88 67+8.5, 54-87 0.007
61 (25.7%) 8 (61.5%) 0.005
30 (12.7%) 0
53 (22.4%) 3(23.1%)

39 (16.5%) 2 (15.4%)
54 (22.8%) 0

207 (87.3%) 13 (100%) 0.17

167 (70.5%) 7 (53.8%) 0.12
41 (17.5%) 4 (30.8%)

15 (6.3) 2 (15.4%)
14 (5.9%) 0
134 (56.5%) 6 (46.2%) 0.47

*Autoimmune hepatitis, primary biliary cirrhosis, primary sclerosing cholangitis, hemochromatosis, alpha-1

antitrypsin deficiency, cryptogenic

HCV hepatitis C virus, HBV hepatitis B virus, NASH non-alcoholic steatohepatitis

had early HCC according to the Milan criteria [25]. Lesions
were located (largest lesion) in segment II (n = 1), segment II1
(n=1), segment IV (n=2), segment V (n=1), segment VI
(n=2), segment VII (n=2), and segment VIII (n=4).

Compared with the whole cohort, patients in the HCC sub-
group were older, more likely to be male, and more frequently
had chronic HCV as actiology of liver disease (Table 2). The
mean weight-based gadoxetate dose was 0.031 +0.09 mmol/
kg (range 0.014-0.058 mmol/kg).

HCC detection (Table 4)

The inter-reader agreement for HCC detection was substantial
for NC-AMRI (K = 0.76) and HBP-AMRI (K =0.75), and al-
most perfect for Dyn-AMRI (K'=0.86). Table 4 shows the
diagnostic performance of each reader for each set including
pairwise comparison between each set for each reader and the
pooled reader data (Fig. 2). Specificity and positive predictive
value were significantly higher with Dyn-AMRI compared

Table 3 Description of liver

observations (59 patients) in the Observations LI-RADS score n
study population
HCC 13
LI-RADS 5 11
LI-RADS 4, confirmed HCC at 6 months 1
LI-RADS M, biopsy-proven HCC 1
Cholangiocarcinoma LI-RADS M 1
Benign 18
Haemangioma LI-RADS 1 8
Hepatocellular adenoma LI-RADS 5 1
Presumed dysplastic nodules LI-RADS 2 5
Focal fat LI-RADS 1 1
Perfusion alterations LI-RADS 1/2 3
Indeterminate 27
LI-RADS 3, stable at 6 months 25

—

LI-RADS 4, stable at 1 year
LI-RADS M, stable at 6 months, no pathological confirmation

—

LI-RADS Liver Imaging Reporting and Data System
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with the two other sets (p < 0.01). No difference was found for
sensitivity and negative predictive value (p range 0.06-0.64);
however, the sample size precluded any meaningful compar-
ison of sensitivity.

False positives

On NC-AMRI, there were 10 false positives for both readers.
These were due to focal fat (n = 1), presumed dysplastic nod-
ule (n=1), LI-RADS 3 observations that remained stable at 6-
month follow-up (n =4), hepatocellular adenoma (n = 1), he-
patic pseudo-lesion (n = 1), cholangiocarcinoma (n=1), and
an indeterminate lesion (LI-RADS M without histologic con-
firmation, n=1). On HBP-AMRI, there were 12 false posi-
tives for reader 1 and 11 false positives for reader 2. These
were due to the same observations as NC-AMRI except for
the focal fat observation and additional presumed dysplastic
nodule that were considered positive at HBP-AMRI. The one
false positive (reader 2) for Dyn-AMRI was a hepatocellular
adenoma. No false positive was recorded with Dyn-AMRI
with reader 1.

False negatives

Missed HCCs were small, with a mean size of 15+3.7 mm
(range, 10—19 mm), except for a 120-mm lesion that was
mischaracterised with Dyn-AMRI.

All false negative lesions included missed lesions with NC-
AMRI and HBP-AMRI.

On NC-AMRYI, the same 5 HCCs were missed by reader 1
and reader 2 (mean size, 15 mm; range, 10—19 mm). All HCCs
missed on HBP-AMRI were missed on NC-AMRI. Three
HCCs were missed by reader 1 (mean size, 14 mm; range,
10-19 mm) and 2 HCCs were missed by reader 2 (10 and
13 mm) on HBP-AMRI (Fig. 3). On Dyn-AMRI, reader 1
missed one lesion (13 mm) and mischaracterised 2 HCC lesions
(scored LI-RADS 4 (10 mm) and LI-RADS M (120 mm)).
Reader 2 mischaracterised 1 HCC as LI-RADS M (120 mm).

Cost-effectiveness analysis (Table 5)

All AMRI sets were effective compared with semi-annual US,
under any HCC prevalence assumptions. Dyn-AMRI and
HBP-AMRI were the most effective strategies in all three
scenarios. Incremental costs compared to US were $11,823,
$11,606, and $11,494 for NC-AMRI, HBP-AMRI, and Dyn-
AMRLI, respectively. They were associated with population-
level life-year gains of 12/9, 7/6, and 5/4 months for Dyn-
AMRI/HBP-AMRI with 5.5%, 3%, and 2% HCC annual
prevalence, respectively, compared with US.

Discussion

In this study, we compared the diagnostic performance of 3
AMRI sets extracted from a complete gadoxetate-enhanced
MRI exam, including NC-AMRI, HBP-AMRI, and Dyn-
AMRI. We found no difference between sets with regard to
sensitivity or negative predictive value, while specificity and

Table 4  Per-patient diagnostic performance for each AMRI set for HCC detection with 95% confidence intervals and pairwise comparisons

Reader Method Sensitivity (ratio, 95% CI) Specificity (ratio, 95% CI) PPV (ratio, 95% CI) NPV (ratio, 95% CI)
1 NC-AMRI 61.5% (8/13, 31.6-86.1%) 95.5% (214/224,91.9-97.8%) 44.4% (21.5-69.8%) 97.7% (94.8-99.3%)
HBP-AMRI 76.9% (10/13, 46.2-95%) 94.6% (212/224, 90.8-97.2%)  45.5% (24.4-67.8%) 98.6% (96-99.7%)
Dyn-AMRI 76.9% (10/13, 46.2-95%) 100% (224/224, 98.4-100%) 100% (69.2—100%) 98.7% (96.2-99.7%)
p (NC-AMRI vs. HBP-AMRI)  0.157 0.414 0.888 0.478
p (NC-AMRI vs. Dyn-AMRI) 0.317 0.002 <0.001 0.445
p (HBP-AMRI vs. Dyn-AMRI) 1 <0.001 <0.001 0.921
k% NC-AMRI 61.5% (8/13, 31.6-86.1%) 95.5 (214/224, 91.9-97.8%) 44.4% (21.5-69.2%) 97.7% (94.8-99.3%)

HBP-AMRI 84.6% (11/13, 54.6-98.1%)
Dyn-AMRI 92.3% (12/13, 64-99.8%)
p (NC-AMRI vs. HBP-AMRI)  0.083
p (NC-AMRI vs. Dyn-AMRI) ~ 0.102
p (HBP-AMRI vs. Dyn-AMRI) ~ 0.564

Pooled data  NC-AMRI 61.5% (34.4-83%)
HBP-AMRI 80.8% (53.6-93.9%)
Dyn-AMRI 84.6% (60.8-95.1%)
p (NC-AMRI vs. HBP-AMRI)  0.06
p (NC-AMRI vs. Dyn-AMRI)  0.126
p (HBP-AMRI vs. Dyn-AMRI) 0.7

95.1(213/224, 91.4-97.5%)
99.6 (223/224, 97.5-100%)

95.5% (92.4-97.4%)
94.9% (91.6-96.9%)
99.8% (98.4-100%)

50% (28.2-71.8%)
92.3% (64-99.8%)

99.1% (96.7-99.9%)
99.6% (97.5-100%)

0.739 0.333 0.501
0.003 0.002 0.423
0.002 0.001 0.911

44.4% (24.8-66%)  97.7% (94.6-99%)
47.7% (29.3-66.8%) 98.8% (96.3-99.6%)
95.7% (74-99.4%)  99.1% (97.1-99.7%)

0.548 0.644 0.186
0.002 0.001 0.117
0.001 0.001 0.637

*3 years of experience, **10 years of experience

CI confidence intervals, PPV positive predictive value, NPV negative predictive value, NC-AMRI non-contrast abbreviated MRI, HBP-AMRI abbrevi-
ated MRI using hepatobiliary phase, Dyn-AMRI abbreviated MRI using dynamic contrast-enhanced sequences

All significant values are in italic
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Fig. 2 A 60-year-old male patient with HCV cirrhosis and bifocal HCC
in segments 4A and 7. a Axial T2wi shows a mildly hyperintense lesion
in segment 7 (arrow) with corresponding mild hyperintensity on
diffusion-weighted images (b800) with isointensity on apparent
diffusion coefficient map (b and ¢, arrows). Axial T1wi obtained at the
arterial (d), portal venous (e), and hepatobiliary phases (f) demonstrates
4.0-cm lesion in segment 7 with arterial phase hyperenhancement (d),

positive predictive value were higher with Dyn-AMRI com-
pared with NC-AMRI and HBP-AMRI. Based on American
data, we also performed a preliminary cost-effectiveness anal-
ysis comparing the 3 AMRI sets to US, which revealed that all
AMRI sets were effective compared with US.

Although specific, NC-AMRI had low sensitivity (61.5%).
This contradicts promising results of NC-AMRI incorporating
DWI for HCC detection [9, 12]. Our results suggest that gad-
olinium contrast is needed to achieve acceptable sensitivity for
AMRI-based HCC screening [10, 16]. However, from our
clinical practice, including T2wi with/without DWI may be
needed for benign lesion characterisation. Larger series on
HCC screening population including serial surveillance
exams are needed to investigate the superiority of contrast-
enhanced AMRI compared with NC-AMRI. Compared with
HBP-AMRI, Dyn-AMRI had slightly higher specificity
(99.8% vs. 94.9%), while the absence of difference in sensi-
tivity and negative predictive value may be related to sample
size.

Dyn-AMRI was extracted from a complete gadoxetate-
enhanced MRI. We envision that if Dyn-AMRI was per-
formed for clinical care, one could utilise an extracellular con-
trast agent (ECCA), which would be expected to provide
equal or higher performance than gadoxetate for the following
reasons: (1) higher dose of gadolinium injected (0.1 mmol/kg
for ECCA vs. 0.03 mmol/kg of gadoxetate on average in our
series); (2) lower rates of artefacts at the arterial phase (2%
with ECCA vs. 17% with gadoxetate as reported previously)

@ Springer

washout/capsule (e), and hypointensity on hepatobiliary phase (f, arrows).
Note the presence of a second lesion in segment 4A, seen only
on contrast-enhanced images (d—f, arrows). Readers scored NC-AMRI,
HBP-AMRI, and Dyn-AMRI (LI-RADS 5) as positive. Wi, weighted
imaging; AMRI, abbreviated MRI; NC, non-contrast; HBP,
hepatobiliary phase; Dyn, dynamic

[26]; (3) more flexible characterisation of “washout” in either
the portal venous or equilibrium phase with ECCA vs.
constrained to the portal venous phase with gadoxetate [27].
In addition, the advantages of HBP may not be fully realised
in patients with chronic liver disease due to the possibility of
decreased uptake of gadoxetate in patients with advanced he-
patic dysfunction. Furthermore, Dyn-AMRI using ECCA has
several theoretical advantages over HBP-AMRI: (1) it allows
HCC detection and characterisation during the same exam,
which is not possible with NC-AMRI and HBP-AMRI, (2)
cost of ECCA is generally lower than gadoxetate. On the other
hand, when compared with dynamic imaging, HBP was
shown to improve lesion conspicuity and lesion-to-liver con-
trast ratio, particularly for detection of early HCC [28, 29].
Only 2 studies have reported the use of Dyn-AMRI protocols
for HCC detection using ECCA [16, 17], and both found high
concordance in LI-RADS 5 diagnosis between Dyn-AMRI
and the complete MRI exam.

Our results with NC-AMRI are in the lower range for sen-
sitivity compared with previous published data that showed
sensitivity of 79.1-91.7% [9, 10, 12]. These differences may
relate to the study population. The present study was based on
a screening population while two out of three of these previ-
ous studies [9, 10] included a population with higher HCC
prevalence (35.6% and 85.9% vs. 5.5% in the present study).
HBP-AMRI performance in the present study is similar to
previous studies which reported sensitivity of 79.6—85.7%
and specificity 0of 91.2-96.1% [10, 13, 14].
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Fig. 3 A 67-year-old male patient with chronic HBV cirrhosis and HCC.
a Axial T2wi and (b) axial diffusion-weighted images (b800) and
corresponding apparent diffusion coefficient map (¢) show no
discernible lesion. Axial T1wi obtained at the arterial (d) and portal
venous (e) phases demonstrates 18-mm lesion with arterial phase
hyperenhancement (d) in segment 4 with washout and enhancing

AMRI allows a substantial reduction in acquisition time
compared with a complete MRI, with high patient and radiolo-
gist acceptance (although not measured in our study).
According to our protocols, NC-AMRI and HBP-AMRI proto-
cols can be performed in less than 14 min (including set-up),
while Dyn-AMRI is a bit longer (around 16 min). As Marks
et al showed no added value of DWI for HCC detection using
HBP-AMRI [13], we suggest that Dyn-AMRI could be per-
formed without DWI with subsequent reduction in acquisition

Table 5

capsule (e, arrows). The lesion is not clearly identified on T1w obtained
at the hepatobiliary phase (f). Readers scored NC-AMRI and HBP-AMRI
as negative and positive (LI-RADS 5) on Dyn-AMRI. Wi, weighted
imaging; AMRI, abbreviated MRI; NC, non-contrast; HBP,
hepatobiliary phase; Dyn, dynamic

time. In addition, compared with NC-AMRI and HBP-AMRI
that require no contrast injection or injection outside the exam
room, Dyn-AMRI requires contrast injection using an automat-
ed contrast injector with slightly longer table time. We estimat-
ed the set-up time to be approximately 10 min, which is realistic
based on our clinical experience. In addition to the reduction in
acquisition time, AMRI allows reduction in interpretation time
due to the reduction of sequence acquisition, which has also to
be weighted for the cost-effectiveness analysis.

Cost effectiveness analysis for each AMRI set in comparison with US used as the reference.

Incremental costs (in United States $ with ranges™)

Simulation output 2% HCC prevalence 3% HCC prevalence

Ultrasound** Reference

NC-AMRI $15,429.42 (11,875.37-dominated***) $14,130.37 (11,548.32-dominated***)

HBP-AMRI $12,900.47 (11,956.83-18,300.24) $11,974.52 (11,878.95-15,128.91)

Dyn-AMRI $11,810.74 (11,668.77-12,379.53) $12,146.2 (11,997.56-11,319.40)
Overall survival benefit associated compared with US in months (ranges*)

NC-AMRI 1.2 (dominated*** - 4.3) 1.8 (dominated*** - 5.9)

HBP-AMRI 39(1-5.6) 5.8 (1.5-7.9)

Dyn-AMRI 5.2 (3.5-5.8) 6.8 (5.3-8.3)

5.5% HCC prevalence

$11,823.17 (11,771.11-dominated***)
$11,606.92 (11,137.31-13,067.08)
$11,494.21 (11,280.73-12,274.14)

3.4 (dominated*** - 9.4)
9.3 (2.4-12.8)
11.6 (7.5-13.4)

*Ranges are based on sensitivity 95% confidence intervals from study test characteristic findings. **US diagnostic performance is based on published
estimates from a prospective American study, which reported 44% detection sensitivity [18]. ***Dominated means no survival benefit

HCC hepatocellular carcinoma, NC-AMRI non-contrast abbreviated MRI, HBP-AMRI abbreviated MRI using hepatobiliary phase, Dyn-AMRI abbre-
viated MRI using dynamic contrast-enhanced sequences
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Goossens et al highlighted the lack of cost-effectiveness of
the current HCC screening recommendation with US [30]. By
building models including HCC screening with AMRI only
for patients with intermediate to high HCC risk, the same
group showed the potential cost-effectiveness of HBP-
AMRI for HCC screening [30]. Lima et al compared HCC
screening performed with different scenarios including US,
CT, complete MRI, and AMRI and concluded that HCC
screening performed with AMRI was cost-effective in a con-
servative scenario (52% surveillance compliance) [31]. We
found similar results in our analysis; AMRI-based models
were cost-effective compared with US with incremental costs
well within currently accepted ranges (< $50,000) [32], al-
though we did not model compliance. Due to their higher
diagnostic performance compared with NC-AMRI, HBP-
AMRI and Dyn-AMRI were the most cost-effective models,
allowing population-level life-year gains of 7-12 months
compared with US.

Our study has several limitations. First, due to its retrospec-
tive design, AMRI sets were reconstructed from a complete
gadoxetate-enhanced MRI. Consequently, Dyn-AMRI did not
mirror Dyn-AMRI performed with an ECCA. Second, a high
percentage of our patient population was listed on liver trans-
plant list (56.6%), which may not necessarily apply to non-
transplant centres. This may explain the relatively high prev-
alence of HCC (5.5%) in our study population, potentially
leading to overestimation of AMRI performance compared
with a lower prevalence population. Third, we used the LI-
RADS algorithm for both Dyn-AMRI and reference standard
that could bias results in favour of Dyn-AMRI. However,
while Dyn-AMRI assessment was based on reading of one
imaging set, reference standard was based on all available
imaging data and patient information. Fourth, our cost-
effectiveness analysis is based on literature values for US sen-
sitivity, as we were not able to perform a comparison with US.
We based our choice on a prospective study performed on a
screening cohort in the USA in order to match our study pop-
ulation as closely as possible, but underlying differences be-
tween the study populations may have confounded the cost-
effectiveness analysis [18]. Prospective head-to-head compar-
isons of the diagnostic performance and cost-effectiveness of
AMRI and US as well as assessment of the added value of
blood biomarkers are needed. Initial prospective data, com-
paring NC-AMRI to US in Korea, is in favour of NC-AMRI
[12]. Additionally, we acknowledge that our cost-
effectiveness assessment is based on USA cost estimates and
is not generalizable to other countries due to differences in
healthcare models and costs. However, this was provided as
a model to be tested in other systems.

In conclusion, contrast-enhanced AMRI demonstrated bet-
ter diagnostic performance for HCC screening compared with
NC-AMRI. HBP-AMRI and Dyn-AMRI had similar diagnos-
tic performance and cost-effectiveness with slightly higher

@ Springer

specificity for Dyn-AMRI. Future prospective studies, includ-
ing direct comparison with US, are needed to confirm these
results.
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