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INTRODUCTION

Hepatocellular carcinoma (HCC) is the fourth most 
frequent cause of cancer-related deaths, and its incidence 
has been rapidly increasing over the last two decades [1,2]. 
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Several potentially curative or palliative treatments for HCC 
have been proposed for various cancer stages [3,4]. Among 
these treatments, the use of locoregional therapy (LRT), 
such as radiofrequency ablation (RFA) and transarterial 
chemoembolization (TACE), has been increasing, and LRT 
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MATERIALS AND METHODS

Study Population
Our Institutional Review Board approved this study, and 

the requirement for informed consent was waived because 
of its retrospective design (IRB No. KC20RASI0302). An 
institutional database search identified 585 consecutive 
patients who underwent LT or surgical resection for HCC 
between January 2011 and June 2016 (Fig. 1). Patients 
were included if they 1) underwent LT or resection for HCC, 
2) underwent LRT for HCC before surgery, and 3) underwent 
post-treatment gadoxetic acid-enhanced MRI within 90 
days before surgery. Among the 585 patients, 436 patients 
were excluded for not undergoing LRT (n = 392) or post-
treatment gadoxetic acid-enhanced MRI within 90 days 
before surgery (n = 44). Of the remaining 149 patients 
who underwent LRT for HCC, 57 were excluded because 
they 1) had no dynamic liver CT or MRI before LRT (n = 
45), 2) underwent combined systemic therapy (n = 4), 3) 
underwent subtotal resection for HCC (n = 2), or 4) had 
multiple HCCs which made a radiopathologic correlation 
between post-treatment MRI and a pathologic report not 
possible (n = 6). For the remaining 92 patients, one author 
analyzed the image quality of arterial subtraction images 
obtained with post-treatment MRI using a 5-point scale 
(Supplementary Material) [21] -grades 4 and 5 regarded as 
satisfactory image quality. As a result, two patients were 
excluded because of unsatisfactory image quality. A total of 
90 patients with 105 HCCs were included in this study.

MRI Techniques
All patients underwent MRI examinations using a 3T (n = 

88; Magnetom Verio, Siemens Healthcare) or 1.5T scanner 
(n = 2; Achieva, Philips Healthcare). Unenhanced MRI 
included T1-weighted dual gradient-echo in- and opposed-
phase imaging, T2-weighted multi-shot and single-shot 
fast spin-echo imaging, and diffusion-weighted single-
shot spin-echo echo-planar imaging. For contrast-enhanced 
dynamic imaging, 0.025 mmoL/kg of gadoxetic acid was 
injected at a rate of 2.0 mL/s using an automated infusion 
system followed by a subsequent 20 mL saline flush. Three-
dimensional gradient-recalled echo imaging was performed 
during the single arterial phase (30–35 seconds using a 
bolus-tracking technique), portal venous phase (65–80 
seconds after contrast agent injection), transitional 
phase (3 minutes after contrast agent injection), and 
hepatobiliary phase (20 minutes after contrast agent 

can be used with a curative intent as a definite treatment 
for early-stage HCC, a bridging procedure before liver 
transplantation (LT), or with a palliative intent to treat 
advanced disease [3-5]. Following LRT for HCC, the accurate 
assessment of treatment response is of great importance for 
determining treatment success, guiding future treatment 
strategies, and predicting patient prognosis [6,7].

To improve consistency and standardize the imaging 
criteria for HCC after LRT, the Liver Imaging Reporting 
and Data System (LI-RADS) introduced a new treatment 
response algorithm in 2017 [8]. Unlike several patient-level 
treatment response criteria, including modified Response 
Evaluation Criteria in Solid Tumors (mRECIST) and European 
Association for the Study of the Liver (EASL), which 
consider arterial phase hyperenhancement (APHE) as the 
only characteristic of a viable tumor [9,10], the LI-RADS 
treatment response (LR-TR) algorithm includes “washout” 
and “enhancement similar to pretreatment” as additional 
features of a viable tumor [8,11]. Although all three 
features were significantly associated with tumor viability, 
APHE was the most frequently observed feature of viable 
tumors (71.6–96.4%) and the most predictive of pathologic 
necrosis [12-15]. Therefore, it is of utmost importance to 
detect APHE during the treatment response evaluation of 
HCC.

HCCs treated with LRT present a bright appearance 
on precontrast T1-weighted images due to intratumoral 
necrosis, which may hamper the detection of APHE on MRI 
and lower the sensitivity for diagnosing viable tumors [16]. 
Furthermore, since arterial-phase enhancement on gadoxetic 
acid (Eovist/Primovist; Bayer HealthCare) is weaker than 
that of extracellular contrast agents, the detection rate 
of viable HCCs for gadoxetic acid-enhanced MRI may be 
lower than that for extracellular contrast-enhanced MRI 
[17]. Arterial subtraction images have been proposed to 
overcome these shortcomings and are helpful for accurately 
assessing treatment response and diagnosing HCC [18-20]. 
Recently, Gordic et al. [19] reported that MRI subtraction 
imaging has excellent diagnostic performance for predicting 
the pathological degree of HCC necrosis after LRT. However, 
the clinical utility of arterial subtraction gadoxetic acid-
enhanced MRI in predicting the viability of HCC treated with 
LRT has not been investigated using the LR-TR algorithm.

The present study aimed to evaluate the usefulness of 
arterial subtraction images for predicting the viability of 
HCC treated with LRT using gadoxetic acid-enhanced MRI 
and the LR-TR algorithm.
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injection). Subtraction images were automatically generated 
by a commercially available co-registration software 
that provided image-by-image subtraction between the 
unenhanced and arterial phases of each patient after the 
image acquisition. The detailed protocol for MRI acquisition 
is presented in Supplementary Table 1.

MR Image Analysis and LI-RADS Treatment Response 
Category Assignment

MR images were anonymized, randomized, and 
independently reviewed by two board-certified abdominal 
radiologists (with 6 and 9 years of experience in hepatic 
imaging, respectively). The reviewers were aware that all 
patients had undergone LRT for HCC and were allowed to 
review pretreatment CT or MRI. However, they were blinded 
to the clinical information of the individual patients, 
including the final pathological results and the evaluation 
outcomes of the other reviewer. Another radiologist (with 
12 years of experience in hepatic imaging) analyzed the 
lesions on pretreatment CT or MRI and assigned a final LI-
RADS category according to LI-RADS v2018 [22].

To evaluate HCC viability after LRT according to the 
LI-RADS [8], both reviewers assessed the presence of 
LT-TR features, including the following: 1) no lesional 
enhancement; 2) treatment-specific expected enhancement; 
3) nodular, mass-like, or irregular thick tissue (NMLIT) 
within or along the treated lesion with APHE; 4) NMLIT with 
washout appearance; 5) NMLIT with enhancement similar 
to pretreatment imaging. If lesional enhancement could 
not be evaluated due to image degradation or omission, 
the lesion was considered as LR-TR non-evaluable. Treated 
lesions showing NMLIT with APHE, washout appearance, 
or enhancement similar to pretreatment were considered 
LR-TR viable. The LR-TR nonviable category was assigned 
to lesions with treatment-specific expected enhancement 
or no lesional enhancement. If enhancement was atypical 
for the treatment-specific expected enhancement pattern 
and did not meet the criteria for LR-TR viable or nonviable, 
the lesion was considered LR-TR equivocal. Each reviewer 
measured the size of the LR-TR viable or equivocal lesions 
and assessed the signal intensity (hyperintense, isointense, 
hypointense) of the treated lesions on precontrast T1-

Fig. 1. Flow diagram for subject selection. HCC = hepatocellular carcinoma

Pathologically viable
(73 HCCs in 68 patients)

Pathologically nonviable
(32 HCCs in 30 patients)

Patients (n = 585) who underwent liver 
transplantation or resection for HCC 

between January 2011 and June 2016

149 patients who underwent locoregional 
therapy for HCC

Final inclusion (105 HCCs in 90 patients)

436 patients were excluded
- 392 who did not undergo locoregional therapy
- �44 unavailable post-treatment gadoxetic  

acid-enhanced MRI within 90 days before surgery

59 patients were excluded
- 45 unavailable pretreatment dynamic CT or MRI
- 4 underwent combined systemic therapy
- 2 underwent subtotal surgical resection for HCC
- �6 had multiple HCCs unable to match post-treatment 

MRI and pathologic report
- 2 unsatisfactory subtraction image quality
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APHE on arterial subtraction images, and LR-TR categories 
were evaluated using the overall percentage of agreement 
and κ statistics. The agreement in the sizes of the viable 
or equivocally viable lesions were evaluated using the 
intraclass correlation coefficient (ICC). 

Statistical significance was set at p < 0.05. Statistical 
analyses were performed using the SPSS software, version 
24 (IBM Corp.).

RESULTS

Patient Characteristics
Among the 90 patients, 55 (61.1%) underwent LT and 

35 (38.9%) underwent liver resection. There were 69 male 
(76.7%) and 21 female (23.3%) with a mean age of 57 
years (range, 38–84 years). Hepatitis B disease (n = 67, 
74.4 %) was the predominant cause of chronic liver disease. 
Most lesions were classified as LI-RADS 5 (n = 82, 78.0%) 
on pretreatment CT or MRI, followed by LI-RADS 4 (n = 15, 
14.3%). The most common type of LRT was TACE (n = 60, 
57.0%). The second most common type was RFA (n = 25, 
23.8%), followed by combined treatment with TACE and 
RFA (n = 13, 12.4%) and other treatments including drug-
eluting bead (DEB)-TACE, transarterial radioembolization, 
percutaneous ethanol ablation, and combined treatment 
with DEB-TACE and RFA. The mean interval between LRT 
and post-treatment MRI was 269 days. There were 73 
pathologically viable HCCs and 32 pathologically nonviable 
lesions in 90 patients. Of the 90 patients, 76 (84.4%) had a 
single lesion, 13 (14.4%) had two lesions, and one patient 
(1.1%) had three lesions. The clinical, radiologic, and 
pathologic characteristics of the 105 HCCs in 90 patients 
are summarized in Table 1.

Comparison of LR-TR Features and Category according to 
Tumor Viability

Arterial subtraction images detected NMLIT with APHE for 
pathologically viable lesions with a higher sensitivity than 
ordinary arterial-phase images (71.2% vs. 47.9%; p < 0.001) 
(Table 2). The detection rates of NMLIT with APHE on 
ordinary arterial-phase images, NMLIT with APHE on arterial 
subtraction images, NMLIT with washout appearance, and 
NMLIT with enhancement similar to pretreatment were 
significantly higher in the pathologically viable group 
than in the pathologically nonviable group (p ≤ 0.001). 
Conversely, the detection rate of treatment-specific 
expected enhancement in the pathologically viable group 

weighted images.
For the image interpretation as mentioned above, the 

reviewers evaluated the presence of APHE in two separate 
sessions, first using ordinary arterial-phase images and 
subsequently using arterial subtraction images, with a 
4-week interval to minimize recall bias. Discrepancies 
between the two reviewers in the interpretation of LR-TR 
features and the final LR-TR category were resolved at a 
consensus meeting in the presence of a third reviewer. The 
consensus results were used for study analysis.

Reference Standard
The reference standards for HCC viability were based on 

surgical pathology. To achieve precise radiologic-pathologic 
correlation, one of the authors who did not participate 
in the image review ensured concordance between post-
treatment MRI and pathologic reports for all included 
lesions. All included lesions were accurately described in the 
pathologic reports, including location, size, viability, and/
or percentage of necrosis. The final pathologic diagnosis 
at our institution was mainly made by three pathologists 
with more than 5 years of experience in liver pathology. 
Non-necrotic or partially necrotic HCC was considered a 
pathologically viable lesion. Totally necrotic HCC (percentage 
of necrosis, 100%) was considered a pathologically 
nonviable lesion.

Statistical Analysis
The LR-TR features, NMLIT with APHE on arterial 

subtraction images, and final LR-TR category were compared 
between pathologically viable and nonviable groups using 
chi-squared or Fisher’s exact tests for categorical variables, 
and Mann–Whitney U or Student’s t tests for continuous 
variables. 

The sensitivity of APHE for detecting pathologically 
viable HCC was compared between ordinary arterial-phase 
images and arterial subtraction images using McNemar’s 
test. To assess the usefulness of arterial subtraction images 
in predicting HCC viability using the LR-TR algorithm, the 
sensitivities and specificities of ‘LR-TR viable’ and ‘LR-TR 
viable or equivocal’ for diagnosing pathologically viable HCC 
were compared between the use of ordinary arterial-phase 
images and the use of arterial subtraction images using 
McNemar’s test. Subgroup analyses were performed on the 
lesions treated with TACE only and according to precontrast 
T1-weighted signal intensity on post-treatment MRI. 

Interobserver agreements for LR-TR features, NMLIT with 
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was significantly lower than that in the pathologically 
nonviable group (8.2% [6/73] vs. 37.5% [12/32]; p < 
0.001).

The distributions of the final LR-TR categories between 
the pathologically viable and nonviable groups differed 
significantly (p < 0.001). Lesions in the pathologically 
viable group were more frequently classified as LR-TR viable 
(61.6% [45/73]), whereas those in the pathologically 
nonviable group were more frequently classified as LR-
TR nonviable (87.5% [28/32]). Five lesions (6.8%) in the 
pathologically viable group and two lesions (6.3%) in 
the pathologically nonviable group were classified as LR-
TR equivocal. No lesions were classified as LR-TR non-
evaluable.

Diagnostic Performance of LR-TR Algorithm for 
Predicting Viable HCC

When LR-TR viable was considered as viable HCC, ordinary 
arterial-phase images showed a sensitivity of 63.0% (46/73) 
and a specificity of 93.8% (30/32) for the diagnosis of 
viable HCC (Table 3). When APHE was determined on arterial 
subtraction images, the sensitivity significantly increased to 
76.7% (56/73; p = 0.002) with a comparable specificity of 
90.6% (29/32; p > 0.999). Compared with ordinary arterial-
phase images, the arterial subtraction images detected 10 
additional viable HCCs at the cost of only one additional 
false-positive diagnosis (Figs. 2, 3). When both LR-TR viable 
and equivocal were diagnosed as viable HCC, the sensitivity 
of arterial subtraction images significantly increased to 
83.6% (61/73) from 69.9% (51/73) (p = 0.006). The 
specificity decreased from 87.5% (28/32) to 75.0% (24/32), 
but this decrease was not statistically significant (p = 0.125) 
(Table 3).

Subgroup Analysis
In the subgroup analysis of 63 lesions treated with TACE 

only (Table 3), the sensitivity of LR-TR viable significantly 
improved when using arterial subtraction images (67.4% 
[29/43] vs. 81.4% [35/43], p = 0.031), whereas the 
specificity showed a slight decrease (90.0% [18/20] vs. 
85.0% [17/20], p > 0.999). When both LR-TR viable and 
equivocal were considered as viable HCC, the differences 
in sensitivity and specificity between ordinary arterial-
phase and arterial subtraction images were not statistically 
significant (p = 0.219 and p = 0.250, respectively).

An additional subgroup analysis was performed based 
on the precontrast T1-weighted signal intensity of the 

Table 1. Clinical-Pathologic and Radiologic Characteristics of 
90 Patients

Characteristics Total (n = 90)
Mean age, years (range) 57 (38–84)
Sex, male:female 69:21
No. of treated HCCs per patient

1 76 (84.4)
2 13 (14.4)
3 1 (1.2)

Risk factors
Hepatitis B 67 (74.4)
Hepatitis C 8 (8.9)
Alcoholic liver disease 6 (6.7)
Hepatitis B and alcoholic liver disease 4 (4.4)
Hepatitis C and alcoholic liver disease 1 (1.1)
Cryptogenic liver cirrhosis 4 (4.4)

Child-Pugh classification
A 82 (91.1)
B 8 (8.9)

Median serum AFP (range), ng/mL 16.9 (1.6–30741.3)
Pretreatment LI-RADS category*

LI-RADS 4 15 (14.3)
LI-RADS 5 82 (78.0)
LI-RADS M 1 (1.0)
LI-RADS TIV 7 (6.7)

Type of locoregional treatment*
Conventional TACE 60 (57.0)
RFA 25 (23.8)
TACE + RFA 13 (12.4)
DEB - TACE 3 (2.9)
TARE 2 (1.9)
PEA 1 (1.0)
DEB - TACE + RFA 1 (1.0)

Type of surgery
Surgical resection 35 (38.9)
Living donor liver transplantation 50 (55.6)
Deceased donor liver transplantation 5 (5.6)

Histopathologic necrosis, %†

0 1 (1.0)
1–50 26 (26.3)
51–99 40 (40.4)
100% (pathologically nonviable) 32 (32.3)

Signal intensity on precontrast T1-WI*
Iso- or hypointensity 65 (61.9)
Hyperintensity 40 (38.1)

Data are number (%) of patients unless specified otherwise. *Data 
are number (%) of lesions out of a total number of 105 lesions, 
†Six lesions were pathologically confirmed as viable HCC, but 
degree of necrosis was not reported in pathologic report. AFP = 
alpha-fetoprotein, DEB = drug-eluting beads, HCC = hepatocellular 
carcinoma, LI-RADS = Liver Imaging Reporting and Data System, 
PEA = percutaneous ethanol ablation, RFA = radiofrequency 
ablation, TACE = transarterial chemoembolization, TARE = 
transarterial radioembolization, TIV = tumor-in-vein, T1-WI = T1-
weighted imaging
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arterial subtraction images.

Discordant APHE between Ordinary Arterial-Phase and 
Arterial Subtraction Images

For the detection of NMLIT with APHE on ordinary 
arterial-phase and arterial subtraction images, 19 lesions 
(18.1%) showed a discrepancy between the two images; 
they did not manifest as APHE on arterial subtraction 
images but not on ordinary arterial-phase images. Of the 19 

treated lesions on post-treatment MRI (Supplementary 
Table 2). For the 40 lesions showing T1 hyperintensity, the 
sensitivity of LR-TR viable increased from 34.8% (8/23) to 
56.5% (13/23), and the specificity slightly decreased from 
100% (17/17) to 94.1% (16/17) when arterial subtraction 
images were added. For the 65 lesions that showed T1 iso- 
or hypointensity, the sensitivity of LR-TR viable increased 
from 76.0% (38/50) to 86.0% (43/50), and the specificity 
remained the same at 86.7% (13/15) with the addition of 

Table 2. Prevalence of LR-TR Features on Gadoxetic-Acid Enhanced MRI
Pathologically Viable (n = 73) Pathologically Nonviable (n = 32) P 

No lesional enhancement 13 (17.8) 11 (34.4) 0.063
Treatment-specific expected enhancement 6 (8.2) 12 (37.5) < 0.001
NMLIT with APHE on ordinary arterial-phase images 35 (47.9)* 1 (3.1) < 0.001
NMLIT with APHE on arterial subtraction images 52 (71.2)* 2 (6.3) < 0.001
NMLIT with washout appearance 34 (46.6) 1 (3.1) < 0.001
NMLIT with enhancement similar to pretreatment 23 (31.5) 1 (0.3) 0.001
Final LR-TR category < 0.001

LR-TR viable 45 (61.6) 2 (6.3)
LR-TR nonviable 23 (31.5) 28 (87.4)
LR-TR equivocal 5 (6.9) 2 (6.3)

Size of viable or equivocally viable disease, mm† 19.4 ± 11.0 15.5 ± 7.9 0.101

Unless otherwise indicated, data are number (%) of lesions. *p < 0.001 for comparing sensitivities between ordinary arterial-phase 
and arterial subtraction images, †Data are mean ± standard deviation. APHE = arterial phase hyperenhancement, LR-TR = Liver Imaging 
Reporting and Data System treatment response, NMLIT = nodular, mass-like, or irregular thick tissue in or along the treated lesion

Table 3. Comparison of Diagnostic Performance of LR-TR in Ordinary Arterial-Phase and Arterial Subtraction Images for Predicting 
Viable HCC

Sensitivity (%) P Specificity (%) P Accuracy (%)
Total

LR-TR viable 0.002* > 0.999†

Ordinary arterial-phase images 63.0 (50.9–74.0) [46/73] 93.8 (79.2–99.2) [30/32] 72.4 (62.8–80.7) [76/105]
Arterial subtraction images 76.7 (65.4–85.8) [56/73] 90.6 (75.0–98.0) [29/32] 81.0 (72.1–88.0) [85/105]

LR-TR viable + equivocal 0.006‡ 0.125§

Ordinary arterial-phase images 69.9 (58.0–80.1) [51/73] 87.5 (71.0–96.5) [28/32] 75.2 (65.9–83.1) [79/105]
Arterial subtraction images 83.6 (73.4–94.9) [61/73] 75.0 (56.6–88.5) [24/32] 81.0 (72.1–88.0) [85/105]

TACE
LR-TR viable 0.031* > 0.999†

Ordinary arterial-phase images 67.4 (51.5–80.9) [29/43] 90.0 (68.3–98.8) [18/20] 74.6 (62.1–84.7) [47/63]
Arterial subtraction images 81.4 (66.6–91.6) [35/43] 85.0 (62.1–96.8) [17/20] 82.5 (70.9–91.0) [52/63]

LR-TR viable + equivocal 0.219‡ 0.250§

Ordinary arterial-phase images 79.1 (64.0–90.0) [34/43] 85.0 (62.1–96.8) [17/20] 81.0 (69.1–89.8) [51/63]
Arterial subtraction images 88.4 (74.9–96.1) [38/43] 70.0 (45.7–88.1) [14/20] 82.5 (70.9–91.0) [52/63]

Data in parentheses are 95% confidence intervals, and data in brackets are number of lesions. *Comparison of sensitivity between 
ordinary arterial-phase image and arterial subtraction image when LR-TR viable was regarded as viable HCC, †Comparison of specificity 
between ordinary arterial-phase image and arterial subtraction image when LR-TR viable was regarded as viable HCC, ‡Comparison of 
sensitivity between ordinary arterial-phase image and arterial subtraction image when both LR-TR viable and equivocal were regarded 
as viable HCC, §Comparison of specificity between ordinary arterial-phase image and arterial subtraction image when both LR-TR viable 
and equivocal were regarded as viable HCC. HCC = hepatocellular carcinoma, LR-TR = Liver Imaging Reporting and Data System treatment 
response, TACE = transarterial chemoembolization
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lesions, 18 lesions (94.7%) were confirmed as pathologically 
viable, and one lesion (5.3%) was confirmed as nonviable. 
The characteristics of the discordant lesions are summarized 
in Table 4.

Interobserver Agreement between Two Reviewers
The interobserver agreement for the LR-TR categorization 

on arterial subtraction images (overall percentage of 
agreement, 81.0%; κ, 0.661) was slightly higher than that 
for ordinary arterial-phase images (overall percentage of 
agreement, 77.1%; κ, 0.597) (Supplementary Table 3). The 
interobserver agreement was good for NMLIT with APHE on 
both ordinary arterial-phase images (κ = 0.750) and arterial 

subtraction images (κ = 0.790). The agreement was also 
good for NMLIT with enhancement similar to pretreatment 
imaging (κ = 0.722). For all other LR-TR features, there 
were moderate interobserver agreements (κ = 0.469–0.524). 
The agreement for the size of the LR-TR viable or equivocal 
lesion was excellent (ICC, 0.842).

DISCUSSION

This study found that arterial subtraction images were more 
sensitive for detecting APHE for pathologically viable HCC 
treated with LRT than ordinary arterial-phase images (p <  
0.001). The sensitivity of arterial subtraction gadoxetic 

A

C

B

D

Fig. 2. HCC treated with TACE in a 38-year-old male with chronic hepatitis B. 
A. Post-TACE precontrast T1-weighted MR image shows a 3.1 cm hyperintense lesion (arrow) in hepatic segment VIII. B-D. Ordinary arterial-phase 
image of gadoxetate acid-enhanced MRI does not depict APHE (B), and portal venous phase image does not show washout of the lesion (arrows) 
(C). However, (D) arterial subtraction image shows less than 1 cm of nodular tissue areas with APHE (arrows) within the treated lesion. The 
treated lesion was categorized as LR-TR nonviable based on ordinary arterial-phase images, and this category was changed to LR-TR viable when 
arterial subtraction images were used. Surgical pathology confirmed this lesion as viable HCC with 70% necrosis and background hemorrhagic 
necrosis. APHE = arterial phase hyperenhancement, HCC = hepatocellular carcinoma, LR-TR = Liver Imaging Reporting and Data System treatment 
response, TACE = transcatheter arterial chemoembolization
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(71.6–96.4%) among the three findings of the LR-TR viable 
criterion, which include APHE, washout, and enhancement 
similar to pretreatment imaging [13,14]. In addition, 
Shropshire et al. [12] demonstrated that the absence 
of APHE was associated with the highest area under the 
receiver operating characteristic curve (0.66–0.75) for 
predicting complete necrosis following LRT. Therefore, 
APHE is the most important imaging feature for diagnosing 
viability among the three findings of LR-TR viable. We found 
that the use of arterial subtraction images significantly 
improved the detection rate of APHE to 71.2% from 47.9% 
for pathologically viable lesions (p < 0.001). The use of 

acid-enhanced MRI for diagnosing viable HCC significantly 
increased (76.7% vs. 63.0%, p = 0.002) without a 
significant decrease in the specificity (90.6% vs. 93.8%, p >  
0.999). In the subgroup analysis of lesions treated with 
TACE only, the sensitivity of the arterial subtraction images 
significantly increased to 81.4% from 67.4% for ordinary 
arterial-phase images (p = 0.031), with a minimal decrease 
in specificity to 85.0% from 90.0% (p > 0.999). The arterial 
subtraction images were also associated with a higher 
interobserver agreement than ordinary arterial-phase images 
for LR-TR categorization.

APHE is the most frequently observed imaging feature 

A

C

B

D

Fig. 3. HCC treated with a combination of transcatheter arterial chemoembolization and radiofrequency ablation in a 61-year-old 
male with cirrhosis due to chronic hepatitis B. 
A. Post-treatment precontrast T1-weighted MR image shows a 2.5-cm hyperintense lesion (arrow) in hepatic segment VI. B-D. Ordinary arterial-
phase image of gadoxetate acid-enhanced MRI does not depict arterial phase hyperenhancement (B), and portal venous phase image does not 
show washout of the lesion (arrows) (C). However, (D) arterial subtraction image shows hyperenhancement of 2.2-cm nodular enhancing area 
(arrow) along the posterolateral margin of the treated lesion. Therefore, the treated lesion was categorized as LR-TR nonviable based on ordinary 
arterial-phase images, whereas this category was changed to LR-TR viable when arterial subtraction images were used. Surgical pathology 
confirmed this lesion as nonviable HCC with 100% necrosis. This was a false-positive case based on the arterial subtraction images. HCC = 
hepatocellular carcinoma, LR-TR = Liver Imaging Reporting and Data System treatment response 
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arterial subtraction images was more beneficial especially 
for treated lesions with precontrast T1 hyperintense or 
hemorrhagic necrosis after LRT. The sensitivity of LR-
TR viable criterion with ordinary arterial-phase images 
for precontrast T1 hyperintense lesions was remarkably 
low at 34.8%, but it increased to 56.5% with the use of 
arterial subtracted images although the difference was 
not statistically significant (p = 0.063). The percentage 
of treated lesions with precontrast T1 hyperintensity was 
57.9% (11/19) among the lesions with discordant APHE, 
whereas it was relatively low (38.1%, 40/105) in the 
entire study group. Despite its effect being relatively less 
pronounced, arterial subtraction images were also useful 
for T1 iso- or hypointense lesions; the sensitivity of LR-
TR viable criterion increased from 76.0% to 86.0%. Given 
that weak arterial enhancement is a potential drawback 
of gadoxetic acid-enhanced MRI [17], arterial subtraction 

images can be clinically useful for the detection of APHE of 
treated lesions.

According to previous studies using MRI, the sensitivities 
of the LR-TR viable category were suboptimal, ranging 
from 30.4% to 75.9%, while the specificities ranged from 
80.6% to 98.5% [13-15,23]. These results are similar to the 
sensitivity (63.0% [95% confidence interval (CI), 50.9–
74.0%]) and specificity (93.8% [95% CI, 79.2–99.2%]) 
reported by the present study for ordinary arterial-phase 
images only. However, the use of arterial subtraction images 
resulted in higher sensitivity than ordinary arterial-phase 
images (76.7% vs. 63.0%, p = 0.002) without a significant 
loss of specificity (90.6% vs. 93.8%, p > 0.999). The arterial 
subtraction images detected 10 additional viable HCCs at 
the expense of only one additional false-positive diagnosis. 
For the false-positive case, a misregistration artifact 
associated with T1 hyperintensity of hemorrhagic necrosis 
within the treated lesion was mistaken for APHE. Although 
we only included lesions with grade 4 or 5 satisfactory 
image quality for arterial subtraction images, minute 
misregistration between the unenhanced and arterial 
phases may still exist; in rare cases, this may produce 
false-positive results. A limited number of studies have 
assessed the role of subtraction imaging in HCC after LRT 
[18,19,24]. Gordic et al. [19] reported excellent diagnostic 
performance of arterial subtraction imaging for predicting 
complete pathologic necrosis based on the mRECIST or EASL 
criteria (sensitivity, 86.9%; specificity, 73.9%). For LI-
RADS v2018, arterial subtraction imaging was proposed as 
a technical recommendation [22], and our study is the first 
to demonstrate the usefulness of arterial subtraction images 
with the LR-TR algorithm.

Our results showed that two of the seven LR-TR equivocal 
lesions on ordinary arterial-phase images were classified as 
LR-TR viable based on arterial subtraction images, which 
resulted in additional true positive cases. On the contrary, 
one lesion was classified as LR-TR nonviable based on the 
arterial subtraction images, which resulted in an additional 
false-negative case. Therefore, we did not find a significant 
addition of value with the use of arterial subtraction images 
for the LR-TR equivocal category only. Given the few lesions 
classified as LR-TR equivocal in this study, further studies 
including a larger number of lesions are needed to validate 
this conjecture.

This study has several limitations. First, the inclusion 
of lesions pathologically confirmed through surgery may 
have introduced a selection bias. However, this allowed 

Table 4. Characteristics of 19 Lesions with Discordant 
APHE* between Ordinary Arterial-Phase Images and Arterial 
Subtraction Images

Characteristics Total (n = 19)
Signal intensity on precontrast T1-weighted images

Iso- or hypointensity 8 (42.1)
Hyperintensity 11 (57.9)

Pretreatment LI-RADS category
LI-RADS 4 4 (21.1)
LI-RADS 5 14 (73.6)
LI-RADS TIV 1 (5.3)

Pathological viability
Viable 18 (94.7)
Nonviable 1 (5.3)

Grade of viable HCC
Edmondson-Steiner grade 2  11 (63.1)
Edmondson-Steiner grade 3 6 (31.6)
Edmondson-Steiner grade 4 1 (5.3)

Mean size, mm (range) 14.5 (5–49)
< 10 5 (26.3)
10–20 10 (52.5)
> 20 4 (21.2)

Change of LR-TR category†

LR-TR nonviable to viable 9 (47.4)
LR-TR equivocal to viable 2 (10.5)
Not changed 8 (42.1)

Data are number (%) of lesions unless specified otherwise. 
*Lesions not seen as APHE on ordinary arterial phase images 
but seen as APHE on arterial subtraction images, †Change in LR-
TR category when arterial subtraction images were used. APHE = 
arterial phase hyperenhancement, HCC = hepatocellular carcinoma, 
LI-RADS = Liver Imaging Reporting and Data System, LR-TR = LI-
RADS treatment response, TIV = tumor-in-vein
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