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ABSTRACT 

 

Purpose: To assess qualitative and quantitative analysis of gadoxetate disodium-enhanced 

hepatobiliary phase MR imaging (MRI) and assess the performance of classification and 

regression tree analysis for the differentiation of focal nodular hyperplasia (FNH) and 

hepatocellular adenoma (HCA). 

 

Materials and Methods: This retrospective study was approved by our local ethics committee. 

One hundred seventy patients suspected of having FNH or HCA underwent gadoxetate 

disodium-enhanced MRI. The reference standard was either pathology or follow-up imaging. 

Two readers reviewed images to identify qualitative imaging features and measure signal 

intensity on unenhanced, dynamic, and hepatobiliary phase images. For quantitative analysis, 

contrast enhancement ratio (CER), lesion-to-liver contrast (LLC), signal intensity ratio (SIR), 

and relative signal enhancement ratio (RSER) were calculated. A classification and regression 

tree (CART) analysis was developed. 

 

Results: Eighty-five patients met the inclusion criteria, with a total of 97 FNHs and 43 HCAs. 

For qualitative analysis, the T1 signal intensity on the hepatobiliary phase provided the highest 

overall classification performance (91.9% sensitivity, 90.1% specificity, and 90.9% accuracy). 

For quantitative analysis, RSER in the hepatobiliary phase with a threshold of 0.723 provided 

the highest classification performance (92.6% sensitivity and 89.4% specificity) to differentiate 

FNHs from HCAs. A CART model based on five qualitative imaging features provided an 

accuracy of 94.4% (95% confidence interval: 90.0% - 98.9%). 
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Conclusion: Gadoxetate disodium-enhanced hepatobiliary phase provides high diagnostic 

performance as demonstrated in quantitative and qualitative analysis in differentiation of FNH 

and HCA, supported by a CART decision model. 
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INTRODUCTION 

 

Focal nodular hyperplasia (FNH) and hepatocellular adenoma (HCA) are two common focal 

liver lesions occurring in women of childbearing age. Their prevalence in the general adult 

population is estimated to be between 0.4-3.0% and 0.007-0.012% respectively (1-3). 

 

Magnetic resonance (MR) imaging is commonly used to differentiate these two types of lesions, 

as certain imaging features favor one or the other. However, several imaging features are not 

pathognomonic and can be found in both lesions. Hepatobiliary contrast agents have increased 

the diagnostic performance of MRI for differentiation of FNH and HCA (4, 5). In particular, a 

gadoxetate disodium-enhanced hepatobiliary phase may play an important role in 

differentiating these two lesions (6). Although both types of tumor are generally considered 

benign, their natural history differs. FNHs are often found incidentally and their long-term 

evolution includes stability and regression, which justifies  conservative management for this 

“no-touch lesion” (7). In contrast, HCAs have a risk of complications such as rupture, 

hemorrhage (8), and malignant transformation in 4,2% of cases (9), they may require image-

guided therapy or surgical resection. 

 

Considering the differences in clinical risk, an accurate diagnosis is required. Qualitative 

imaging features, including some assessable with a hepatobiliary contrast agent, contribute to 

MRI-based classification of FNH and HCA (4, 5). In addition, quantitative imaging features 

based on contrast enhancement ratios may provide objective criteria for lesion classification 

(10). A systematic review by Mclnnes et al reported good diagnostic accuracy of the 
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hepatobiliary phase for the diagnosis of FNH versus HCA; however the authors noted that there 

were relatively few studies, with heterogeneous results and at high risk for bias (6). Hence, 

there is a need to assess qualitative and quantitative imaging features and to identify clinically 

helpful imaging features. 

 

The purpose of this study was to assess qualitative and quantitative imaging features of 

gadoxetate disodium-enhanced hepatobiliary phase MR imaging (MRI) for differentiation of 

FNH versus HCA. A secondary objective was to develop a diagnostic algorithm based on 

qualitative imaging features to differentiate these two types of lesions. 
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MATERIALS AND METHODS 

 

Study Design and Subjects 

This retrospective, cross-sectional, single-site study was approved by the Centre hospitalier de 

l’Université de Montréal Institutional Review Board. Patient consent for data analysis was 

waived.  

 

The eligibility period for our study was between August 2010 and March 2015. Patients with 

gadoxetate disodium-enhanced MR imaging for suspected FNH or HCA, and presence of at 

least one diagnosis reference standard (histopathology or imaging follow-up) per patient were 

included. Inadequate examination or incomplete follow-up were excluded. Clinical, imaging, 

and histopathological data were retrieved from picture archiving and communication system 

(PACS) and electronic medical records, and documented in a database and assigned to a 

consecutive study number.  

 

MRI Examination 

Liver examinations were performed at 1.5 T (Torso coil; GE Medical Systems, Milwaukee, WI; 

8-channel coil) or 3.0 T (dStream Torso coil; Achieva TX, Philips Healthcare, Best, The 

Netherlands; 32-channel coil). The patients were examined in the supine position, and the 

receiver coil was positioned to cover the upper abdomen. All MR images were acquired by 

using parallel imaging sensitivity encoding with a reduction factor of two. The protocol is 

detailed in Table 1 and included contrast-enhanced sequences acquired in breath-hold axial 

T1-weighted fat-saturated three-dimensional precontrast and dynamic contrast-enhanced 
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(arterial, 20 seconds; portal venous, 70 seconds; transitional, 2-5 min), axial and coronal 

hepatobiliary phase (20min), with gradient-recalled echo sequence (shortest TR; shortest TE; 

10°; abdomen; 5 mm; 0 mm). We used the contrast agent gadoxetate disodium (Primovist; 

Bayer Schering, Berlin, Germany) with a dose administrated according to patient weight 

(0.025mmol/kg), through antecubital at a rate of 1mL/sec followed by a 15 mL saline flush. 

 

Imaging Analysis 

All MR images were randomly reviewed on PACS workstations (Impax version 6.6, Agfa 

HealthCare, Mortsel, Belgium), by two abdominal radiologists ([initials withheld to preserve 

blinding], respectively 22 and 24 years of experience) who reviewed the entire examinations. 

The readers were blinded to the clinical information and histologic findings.  

 

Qualitative analysis.— We assessed the presence of morphological features (central scar, 

capsule, blood products, fat content, atoll sign (11), and lobulations); the predominant signal 

characteristic of lesions on T2-weighted and T1-weighted images, diffusion-weighted images 

(DWI) at b-value = 800 s/mm2 and on apparent diffusion coefficient (ADC) map; the 

enhancement of each lesion relative to that of the surrounding liver parenchyma on gadoxetate 

disodium-enhanced sequences (arterial, portal venous, transitional phase, and hepatobiliary 

phase); and the enhancement pattern on the hepatobiliary phase (homogenous, heterogenous, 

presence of hyperintense rim, hypointense core, or hyperintense core).  

 

Quantitative analysis.— We assessed the number and size of lesions (number of tumor per 

patient, initial and final diameter of each lesion and calculated growth during the follow-up 
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period). We measured the SI on all T1-weighted images (unenhanced and after gadoxetate 

disodium-enhanced sequences) of each lesion, adjacent liver parenchyma and paravertebral 

muscle. The ROIs were placed by an abdominal radiology fellow (M.C, 3 years). ROIs on 

paravertebral muscles were used for normalization. Contrast enhancement ratio (CER) was 

calculated as follow: [((SI lesionCE – SI liverUE)/SI lesionCE) x 100] where CE is the SI of the 

lesion on gadoxetate disodium-enhanced images and UE is the SI of the lesion on unenhanced 

images. Lesion-to-liver contrast (LLC) was calculated as follow: [(SI lesionCE- SI liverCE)/SI 

muscleCE]. Signal intensity ratio (SIR) was calculated as follow: [(SI lesionCE/ SI liverCE)] for 

each sequence. Relative signal enhancement ratio (RSER) was calculated as follow: [(SI 

lesionCE/SI lesionUE) / (SI liverCE/SI liverUE)], which corresponds to the rate of enhancement and 

de-enhancement of lesion to liver parenchyma through time (12). 

 

Diagnosis Standard of Reference 

Reference standard for diagnosis was either histopathological analysis or follow-up MR 

imaging. 

 

Statistical Analysis  

The agreement between readers for each feature was assessed with kappa (κ) statistics and 

observed agreement. The values of κ were expressed using Landis & Koch classification as 

follows: 0–0.20, slight agreement; 0.21–0.40, fair; 0.41–0.60, moderate; 0.61–0.80, substantial; 

0.81–1, almost perfect agreement (13). P-value for qualitative features was calculated using 

chi-squared test adjusted for patient cluster effect. For values of quantitative features, P-value 

was based on generalized estimating equation (GEE), done with SAS version 9.4. Diagnostic 
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performance of qualitative features determined using a classification and regression tree, and 

for quantitative features, an optimum cut-off point set based Youden’s index. 

 

Decision Tree Model 

For development of decision tree, R package for classification and regression tree (CART) (14) 

“rpart” was applied, using R software version 3.3.3 and package rpart version 4.1.12. The tree 

is built step by step. At the first step, the variable that best divides (according to the Gini 

criterion) the observation into two groups is identified. The data is separated according to the 

resulting classification rule. This process is then applied, at each subsequent step, to the 

subgroups obtained previously. The process ends for a sub-group when its size is less than a 

fixed criterion (i.e., n = 5 in this case) or when no improvement can be made.  
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RESULTS  

 

Study Population 

A total of 85 patients, with 97 FNHs and 43 HCAs met the inclusion criteria (Fig 1). The FNH 

group included 62 patients (5 males, 57 females) with a mean age of 39 (± 12.2), and total of 

97 lesions. The median diameter of FNHs was 29.5 mm (8-129 mm). The reference standard 

was histopathology in 17 (17.5%) and follow-up imaging in 80 (82.5%). The HCA group included 

23 patients (1 male, 22 females) with a mean age of 37.6 (± 6.9), and total of 43 lesions. The 

median diameter of HCAs was 27.5 mm (10 – 115 mm). The reference standard was 

histopathology in 14 (32.6%) and follow-up imaging in 29 (67.4%) lesions. Characteristics of 

patients and lesions are summarized in Table 2. Representative MR imaging examples of FNA 

and HCA are shown in Fig 2 and 3, respectively. 

 

Agreement between radiologists 

Table 3 summarizes inter-reader agreement for qualitative imaging. Inter-reader agreement 

was highest with substantial agreement for the presence of fat content and central scar (κ = 

0.65 and 0.65 and proportion of observed agreement = 0.93 and 0.85, respectively); followed 

by appearance on transitional phase with substantial agreement (κ = 0.61 and proportion of 

observed agreement = 0.76); appearance on portal and hepatobiliary phase with moderate 

agreement (κ = 0.60 and 0.60 and proportion of observed agreement = 0.78 and 0.76 

respectively).  
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Qualitative Analysis 

Table 4 summarizes qualitative MR imaging characteristics. Our analysis demonstrates 

significant differences in all morphological features between FNH and HCA lesions (P < 0.05) 

with the exception of atoll sign. FNHs had a central scar in 44 (45.4%), fat content in 4 (4.1%), 

and lobulations in 48 (49.5%) of cases. No FNHs had a capsule or blood products. HCAs had 

fat content in 10 (23.3%) of cases.  

 

For signal characteristics, except for T1-weighted signal (P < 0.022), no significant differences 

in signal characteristics were observed on T2-weighted, diffusion-weighted imaging and 

apparent diffusion coefficient. Enhancement characteristics of FNH lesions were significantly 

different from that of HCAs during all dynamic phases (P < .0001) except for the arterial phase. 

FNHs were hyperintense in the portal phase in 76 (78.4%), hyperintense in the transitional 

phase in 68 (70.1%), and hyperintense in the hepatobiliary phase in 66 (68.0%) of cases. FNHs 

were homogeneous in 44 (45.4%) and heterogeneous in 32 (32%) in the hepatobiliary phase. 

HCAs were more likely to demonstrate partial washout on portal phase in 5 (11.6%), 

hypointense signal on transitional phase in 32 (74.4%) and hypointense signal on hepatobiliary 

phase in 39 (92.9%) of cases.  

 

Quantitative Analysis  

Table 5 summarizes quantitative MR imaging characteristics. No significant differences were 

found in the number, size, or growth. Several enhancement ratios in various vascular phases 

significantly differed between FNH and HCA. CERs were significantly different in all vascular 

phases (P < .0001). The difference in CER between the two groups was largest in hepatobiliary 
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phase, with mean values of 215.3 for FNH and 56.4 for HCA. LLCs were significantly different 

in all vascular phases (P < .002). The difference in LLC between the two groups was largest in 

hepatobiliary phase, with mean values of 0.1 for FNH and -1.13 for HCA. SIRs were significantly 

different in arterial and hepatobiliary phases (P < .0001). The difference in SIR between the two 

groups was largest in hepatobiliary phase, with mean values of 1.07 for FNH and 0.67 for HCA. 

RSERs were significantly different in portal, transitional, and hepatobiliary phases (P < .03). 

The difference in RSERs between the two groups was largest in hepatobiliary phase, with mean 

values for of 1.19 for FNH and 0.33 for HCA. 

 

Diagnostic Performance 

Table 6 summarizes the diagnostic performance of qualitative and quantitative analyses that 

were significant at univariate analysis. Among qualitative features, the sensitivity was highest 

for the enhancement in the hepatobiliary phase (91.9%), the specificity in the portal venous 

phase (99.0%), and the accuracy in the hepatobiliary phase (90.1%). Among quantitative 

features, the sensitivity was highest for the RSER in the hepatobiliary phase (92.6%), the 

specificity was highest for RSER in the transitional and hepatobiliary phases (both 89.4%), and 

the accuracy was highest for the RSER in hepatobiliary phase (90.2%). 

 

Classification and Regression Tree 

Figure 5 provides a CART model based exclusively on qualitative imaging features so that it 

can be easily used clinically for decision support without requiring calculation. Based on data, 

our CART model included five imaging characteristics organized hierarchically.  
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We studied a total of 9 qualitative characteristics from a total of 15 characteristics that were 

statistically significant which may be related to outcome. In the implementation of CART, the 

dataset is split into the two subgroups that are most different with the intention to reach a 

homogenous subgroup. The first partitioning predictor in the decision model tree was based on 

the signal intensity on the hepatobiliary phase which could be either hyper- or iso-intense vs. 

hypointense. The second partitioning predictor was the appearance in the transitional phase 

which could be either hyper-, iso-, or hypointense vs. partially hypointense. The third partitioning 

predictor was the presence of fat content which could be no vs. yes. The fourth partitioning 

predictor was the hepatobiliary phase pattern which could be heterogeneous or with 

hyperintense rim vs. homogeneous or with hypointense core. The fifth partioning predictor was 

appearance on portal phase which could be hyperintense or isointense. The model based on 

five qualitative imaging features provided an accuracy of 94.4% (95% confidence interval: 

90.0% - 98.9%). 
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DISCUSSION 

 

The purpose of this study was to assess the diagnostic performance of qualitative and 

quantitative imaging features for differentiation of FNH versus HCA and to develop a diagnostic 

algorithm to prioritize qualitative imaging features. In this single-center retrospective study, 

patients with gadoxetate disodium-enhanced MR imaging for suspected FNH or HCA were 

included.  

 

Inter-reader agreement was substantial for fat content, central scar, and appearance on 

transitional phase and moderate for appearance on portal and hepatobiliary phases. 

Interestingly, inter-reader agreement was lowest for blood products, atoll sign, and capsule. 

Ngu et al (15) have previously assessed inter-observer agreement for a variety of liver lesions 

on the hepatobiliary phase of gadoxetate disodium-enhanced MR imaging and found 

substantial to almost perfect agreement. They also noted that inter-observer agreement  may 

improve with radiologists’ experience. Ronot et al have previously assessed the inter-reader 

agreement for MRI classification of HCA subtypes (16). Their study reported almost perfect 

agreement (κ = 0.86) for classification of HCA subtypes with gadoterate meglumine-enhanced 

MRI; however, the study did not include FNHs in their cohort. To our knowledge, no prior studies 

have assessed the inter-reader agreement of gadoxetate disodium-enhanced MR imaging 

features in a cohort composed exclusively of FNHs and HCAs. 

 

For qualitative analysis, there were significant differences between FNH and HCA lesions in 

our cohort for most morphological features (except for the atoll sign), T1-weighted signal 
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characteristics and enhancement characteristics during all dynamic phases (except for the 

arterial phase). FNHs are more likely to have a central scar, lobulations, T1-weighted hypo or 

isointensity, portal phase hyperintensity, transitional phase hyperintensity, and hepatobiliary 

phase iso- or hyperintensity. In contrast, HCAs are more likely to have a capsule, fat content, 

portal phase hypointensity, transitional phase hypointensity and hepatobiliary phase 

hypointensity. In our cohort, 90.7% of FNHs were either iso- or hyperintense in the hepatobiliary 

phase compared to 7.1% of HCAs. This is in agreement with prior studies reporting that central 

scars and lobulations were more likely to be present in FNHs and fat content in HCAs (5, 17, 

18). Our results are also in line with prior studies, including a systematic review by McInnes et 

al, that have reported high diagnostic accuracy for the differentiation of FNHs from HCAs on 

gadoxetate disodium-enhanced hepatobiliary phases (4, 6, 17). A systemic review and meta-

analysis by Suh et al (19) showed that FNHs were iso- or hyperintense in arterial phase, portal 

phase and hepatobiliary phases in 99%, 97% and 93%, respectively. Signal intensity on the 

hepatobiliary phase was considered highly accurate for differentiating FNHs from HCAs. This 

finding has been attributed to gadoxetate disodium uptake by the organic anion transporting 

polypeptide 8 (OATP 8) transporter which is abundant in FNHs and minimal or absent in HCA 

(20, 21). Van Kessel et al  (22) described a correlation between appearance of FNHs in 

hepatobiliary phase and the number and type of bile ducts, extent of fibrosis, presence of 

inflammation and extent of vascular proliferation.  

 

For quantitative analysis based on enhancement ratios, CER, LLC, SIR and RSER provided 

significant differences between FNHs and HCAs in several vascular phases. Among these the 

various vascular phases, the differences in enhancement ratios were typically largest in the 
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hepatobiliary phase. In our cohort, RSER in the hepatobiliary phase with a threshold of 0.723 

provided the highest classification performance (92.6% sensitivity and 89.4% specificity) to 

differentiate FNHs from HCAs. Our results are in agreement with the few studies that have 

previously assessed quantitative analyses. Grazioli et al (4) found significant differences in CER 

and LLC between FNHs and HCAs that were increasingly widening from the arterial to the 

portal venous, transitional and hepatobiliary phases with gadoxetate disodium. Haimerl et al 

(29) found that FNHs demonstrated higher CER in comparison to HCAs, hepatocellular 

carcinomas, metastases and hemangioma. They also found that FNH had higher LLC than 

HCAs in the hepatobiliary phase.  

 

While calculation of enhancement ratios in several vascular phases is feasible in a research 

setting, there is a need for simple decision criteria based on imaging features to differentiate 

FNHs from HCAs in daily clinical practice. Hence, we proposed a decision tree model based 

on a machine learning technique known as CART (14). This clinical algorithm provides a 

stepwise approach for differentiation of the two types of lesions based on qualitative features 

assessed by radiologists. Although six potential morphological features and four signal 

characteristics were considered in this CART analysis, only five of those qualitative features 

were used as nodes in the tree. All these five features were significantly different between FNHs 

and HCAs at univariate analysis. To our knowledge, there is no previous CART application to 

differentiate FNH and HCA.  

 

There are certain limitations to our study. First, our study contains an incorporation bias 

because the index test contains qualitative imaging features that may have been considered 
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by the radiologists who read the follow-up MRI examinations serving as the reference standard. 

However, reliance on a composite reference standard that included histopathology or follow-up 

MRI may have reduced this bias. Second, we only assessed lesions that were either diagnosed 

as FNH and HCA, whereas an emerging trend is to differentiate genomic subtypes of HCAs. 

However, a clinically applicable algorithm providing practical guidance is still required for clinical 

differentiation of FNH and HCA. Finally, we proposed a CART model based on a training 

dataset. Validation in an independent cohort should be performed in a future study. 

 

In summary, qualitative and quantitative analyses of gadoxetate disodium-enhanced 

hepatobiliary phase MRI both provide high diagnostic performance. We proposed a CART 

decision model based on five qualitative imaging features that can be used as an algorithm in 

applicable a clinical setting. to differentiate FNH and HCA. 
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TABLES 
 
Table 1. MR Imaging Technique. 

 
Coronal breath-hold T2-weighted single-shot fast spin echo: Repetition time (TR), 2000 

msec; echo time (TE), 80 msec; flip angle, 90°; field of view, abdomen; section thickness, 5 

mm; 0 mm gap. 

Axial respiratory-triggered T2-weighted fat-saturated fast spin echo: TR, 2500 msec; TE, 80 

msec; flip angle, 90°; field of view, abdomen; section thickness, 5 mm; 0 mm gap. 

Axial respiratory-triggered diffusion-weighted echo-planar imaging: Shortest TR; shortest 

TE; flip angle, 90°; field of view, abdomen; section thickness, 5 mm; 0 mm gap; b values, 0, 

400 and 800 sec/mm2. 

Axial breath-hold T1-weighted dual-echo gradient-recalled echo: Shortest TR; shortest TE; 

flip angle, 10°; field of view, abdomen; section thickness, 5 mm; 0 mm gap. 

Axial breath-hold T1-weighted fat-saturated three-dimensional with gradient-recalled echo 

sequence: Shortest TR; shortest TE; flip angle, 10°; field of view, abdomen; section 

thickness, 5 mm; 0 mm gap. 

•Unenhanced  

•Late arterial phase, based on automated contrast material bolus-tracking technique 

•Portal venous phase, 70 seconds. 

•Transitional phase, 2-5 minutes.  

•Hepatobiliary phase, 20 minutes. 
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Axial and coronal breath-hold T1-weighted fat-saturated three-dimensional with gradient-

recalled echo sequence: shortest TR; shortest TE; flip angle, 10°; field of view, abdomen; 

section thickness, 5 mm; 0 mm gap during hepatobiliary phase at 20 min. 
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Table 2. Characteristics of Patients and Lesions. 
 

Characteristics Patients with FNH (n = 62) Patients with HCA (n = 23) 

Sex 

 Male 

 Female 

 

5 (8.1%) 

57 (91.9%) 

 

1 (4.3%) 

22 (95.7%) 

Age (y) 

 Mean ± SD* 

 

39.15 ±12.21 

 

37.61 ± 6.99 

Number of lesion    

Number of lesion per patient  

  Median (min-max) 

97 

 

1 (1-3) 

43 

 

1 (1-5) 

Lesion diameter mm  

  Median (min-max) 
29.5 (8 – 129) 27.5 (10-115) 

Diagnostic reference standard 

 Histopathology 

 Follow-up imaging 

 

17 (17.5%) 

80 (82.5%) 

 

14 (32.6%) 

29 (67.4%) 

Histologic diagnosis 

subcategory 

 FNH 

 HCA 

 HCA subtype 

 Adenomatosis 

 Unclassified 

 

 

97 (100%) 

0 (0%) 

0 (0%) 

0 (0%) 

0 (0%) 

 

 

0 (0%) 

24 (55.8%) 

15 (34.9%) 

3 (7.0%) 

1 (2.3%) 

Note.—Data are numbers patients of nodules, with either range or percentages in 

parentheses. *SD : Standard deviation.   
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Table 3. Inter-reader Agreement for Qualitative Features. 

 

Category 
Characteristics Kappa [95% CI] 

Observed 

agreement 

Morphological 

features 
Central scar 0.65 [0.49, 0.79] 0.85 [0.77, 0.91] 

 Lobulations 0.40 [0.26, 0.56] 0.72 [0.65, 0.79] 

 Capsule 0.17 [-0.04, 0.45] 0.94 [0.90, 0.97] 

 Blood products -0.03 [-0.07, -0.01] 0.92 [0.84, 0.97] 

 Fat content 0.65 [0.37, 0.88] 0.93 [0.87, 0.98] 

 Atoll sign 0.13 [-0.07, 0.38] 0.88 [0.82, 0.93] 

Signal characteristics T2-weighted signal 0.41 [0.26, 0.54] 0.73 [0.65, 0.79] 

 T1-weighted signal 0.39 [0.23, 0.55] 0.63 [0.53, 0.72] 

 Mass DWI signal b800 0.52 [0.31, 0.70] 0.78 [0.68, 0.86] 

 Mass DWI signal ADC 0.57 [0.36, 0.73] 0.81 [0.74, 0.88] 

Enhancement 

characteristics 
Arterial phase 0.53 [0.16, 0.78] 0.94 [0.88, 0.98] 

 Portal venous phase 0.60 [0.45, 0.73] 0.78 [0.70, 0.85] 

 Transitional phase 0.61 [0.48, 0.72] 0.76 [0.68, 0.83] 

 Hepatobiliary phase 0.60 [0.46, 0.71] 0.76 [0.68, 0.84] 

 HBP enhancement 

pattern 
0.50 [0.34, 0.61] 0.69 [0.59, 0.77] 

 

Note.—Estimation with 95% bias-corrected confidence interval based on 1000 bootstrap 

sample taking account patient cluster effect. ADC = apparent diffusion coefficient. CI = 

confidence interval. DWI = diffusion weighted imaging. HBP =hepatobiliary phase. 
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Table 4. Qualitative MR Imaging Characteristics of Focal Nodular Hyperplasia (FNH) and 

Hepatocellular Adenoma (HCA). 

 

Characteristic FNH (n = 97) HCA (n = 43) P value 

Morphological features    

Central scar    

- No 53 (54.6%) 42 (97.7%) 
< 0.001 

- Yes 44 (45.4%) 1 (2.3%) 

Capsule    

- No 97 (100%) 41 (95.3%) 
0.032 

- Yes 0 (0%) 2 (4.7%) 

Blood products    

- No 97 (100%) 43 (100%)  
- Yes 0 (0%) 0 (0%)  

Fat content    

- No 93 (95.9%) 33 (76.7%) 
0.014 

- Yes 4 (4.1%) 10 (23.3%) 

Atoll sign    

- No 96 (99.0%) 41 (95.3%) 
0.172 

- Yes 1 (1.0%) 2 (4.7%) 

Lobulations    

- No 49 (50.5%) 38 (88.4%) 
< 0.001 

- Yes 48 (49.5%) 5 (11.6%) 

Signal characteristics    

T2-weighted    

- Hypointense  0 (0%) 1 (2.3%)  

- Isointense  37 (38.1%) 14 (32.6%) 0.605 
- Hyperintense  59 (60.8%) 28 (65.1%)  

T1-weighted    

- Hypointense  39 (40.2%) 12 (27.9%)  
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- Isointense  52 (53.6%) 18 (41.9%) 0.022 
- Hyperintense  6 (6.2%) 13 (30.2%)  

DWI (b = 800 s/mm2)    

- Hypointense  1 (1.1%) 0 (0%)  
- Isointense  13 (14.4%) 6 (15.8%) 0.343 

- Hyperintense  76 (84.4%) 29 (76.3%)  
- Absent* 0 (0%) 3 (7.9%)  

ADC    

- Hypointense 3 (3.4%) 3 (7.9%) 0.707 

- Isointense  74 (85.1%) 32 (84.2%)  
- Hyperintense  6 (6.9%) 0 (0%)  

- Absent* 4 (4.6%) 3 (7.9%)  

Enhancement     

Arterial phase     

- Hypointense  1 (1.1%) 1 (2.3%) 

0.054 - Isointense  1 (1.1%) 6 (14.0%) 

- Hyperintense  95 (97.9%) 36 (83.7%) 

Portal phase    

- Hypointense  1 (1%) 11 (25.6%)  

- Isointense  20 (20.6%) 16 (37.2%) < 0.001 

- Hyperintense  76 (78.4%) 11 (25.6%)  

- Partial washout  0 (0%) 5 (11.6%)  

Transitional phase     

- Hypointense  7 (7.2%) 32 (74.4%)  

- Isointense  16 (16.5%) 4 (9.3%)  

- Hyperintense  68 (70.1%) 5 (11.6%) < 0.001 

- Partially hypointense 6 (6.2%) 2 (4.7%)  

Hepatobiliary phase     

- Hypointense  9 (9.3%) 39 (92.9%)  

- Isointense  22 (22.7%) 0 (0%) < 0.001 
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- Hyperintense 66 (68.0%) 3 (7.1%)  

- Partially hypointense 0 (0%) 1 (2.3%)  

Enhancement pattern    

Hepatobiliary phase     

- Homogeneous  44 (45.4%) 37 (86%)  

- Heterogeneous  31 (32%) 2 (4.7%)  

- w/ hyperintense rim  9 (9.3%) 0 (0%) 0.004 

- w/ hypointense core  13 (13.4%) 3 (7.0%)  

- w/ hyperintense core  0 (0%) 1 (2.3%)  
 

Note.— P-value based on adjusted chi-squared test adjusted for patient cluster effect. ADC = 

apparent diffusion coefficient. DWI = diffusion-weighted imaging. *Missing sequences were 

marked as absent. 
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Table 5. Quantitative MR Imaging Characteristics of Focal Nodular Hyperplasia (FNH) 

and Hepatocellular Adenoma (HCA). 

 

Charateristics FNH (n = 97) HCA (n = 43) P-value 

Number, size, and growth 

- Mass number 1.45 ± 0.65 1.86 ± 1.17 0.1142 

- Maximum diameter initial 37.7 ± 26.5 34.2 ± 21.8 0.4421 

- Maximum diameter final 36.4 ± 26.7 29 ± 16.6 0.2727 

- Initial to final diameter ratio 1.07 ± 0.22 1.08 ± 0.2 0.4114 

- Final to initial diameter ratio 0.96 ± 0.14 0.95 ± 0.16 0.3243 

- Absolute growth per year -0.88 ± 3.24 -0.25 ± 5.0 0.2127 

- Relative growth per year -0.02 ± 0.12 -0.01 ± 0.15 0.1805 

Enhancement ratios 

- CER arterial 181.1 ± 111.7 100.6 ± 48.2 <.0001 

- CER portal 185.2 ± 93.7 106.57 ± 61.2 <.0001 

- CER transitional 188.3 ± 87.7 91.7 ± 68.5 <.0001 

- CER hepatobiliary 215.3 ± 144.9 56.43 ± 67.8 <.0001 

- LLC unenhanced 0.02 ± 0.32 0.06 ± 0.32 0.6670 

- LLC arterial 0.91 ± 0.58 0.72 ± 0.56 0.0021 

- LLC portal 0.32 ± 0.42 0.02 ± 0.47 0.0002 

- LLC transitional 0.19 ± 0.43 -0.34 ± 0.53 <.0001 

- LLC hepatobiliary 0.1 ± 0.65 -1.13 ± 0.95 <.0001 

- SIR arterial 1.75 ± 0.49 1.47 ± 0.38 <.0001 

- SIR hepatobiliary 1.07 ± 0.29 0.67 ± 0.22 <.0001 

- RSER arterial 4.06 ± 4.93 3.31 ± 2.3 0.2193 

- RSER portal 1.35 ± 0.55 1.08 ± 0.64 0.0289 

- RSER transitional 1.19 ± 0.39 0.64 ± 0.53 <.0001 

- RSER hepatobiliary 1.11 ± 0.51 0.33 ± 0.36 <.0001 
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Note.— CER = contrast enhacement ratio. LLC = liver-lesion contrast. RSER = relative signal 

enhancement ratio. SIR = signal intensity ratio.  



HBP MRI for classification of HCA and FNH 

35/40 

 
Table 6. Diagnostic Performance of Qualitative MR Imaging Characteristics for Diagnosis of Focal Nodular Hyperplasia (FNH) 
and Hepatocellular Adenoma (HCA). 
 

Characteristic Sensitivity 
(%) 

Specificity 
(%) 

Accuracy 
(%) 

PPV 
(%) 

NPV 
(%) 

DOR 

Qualitative*  
 Central scar — — 72.9 

(63.5; 82.4) 
— — — 

 Capsule† 5.3 
(0; 11.6) 

— 73.8 
(64.5; 83.0) 

— 72.9 
(63.5; 82.4) 

— 

 Fat content 27.5 
(9.9; 45.1) 

95.3 
(90.1; 100.0) 

77.1 
(68.2; 85.9) 

70.0 
(41.6; 98.4) 

77.6 
(68.3; 87.0) 

7.05 
(1.44; 34.4) 

 Lobulations — — 72.9 
(63.5; 82.4) 

— — — 

 T1-weighted signal 31.8 
(13.3; 50.2) 

93.6 
(88.0; 99.2) 

76.9 
(68.2; 85.7) 

62.0 
(35.6; 88.3) 

78.7 
(69.4; 87.9) 

6.57 
(1.80; 24.0) 

 Portal venous phase 38.9 
(20.0; 57.8) 

99.0 
(96.9; 100.0) 

82.2 
(74.3; 90.2) 

93.8 
(81.7; 
100.0) 

80.3 
(71.3; 89.2) 

56.9 
(6.65; 486.58) 

 Transitional phase 72.5 
(55.1; 89.9) 

91.9 
(85.6; 98.3) 

86.3 
(79.3; 93.3) 

76.6 
(59.8; 93.4) 

89.1 
(81.4; 96.7) 

37.4 
(10.51; 
133.08) 

 Hepatobiliary phase 91.9 
(82.8; 101.1) 

90.1 
(82.9; 97.3) 

90.1 
(84.2; 96.1) 

75.9 
(60.0; 91.8) 

96.6 
(92.8; 
100.0) 

127.1 
(28.70; 563.1) 

 Hepatobiliary enhancement 
pattern 

— — 72.9 
(63.5; 82.4) 

— — — 

Quantitative (cut-offs based on Youden’s index) 
 CER arterial 

Cut-off = 106.2 
64.4 

(47.1; 81.7) 
78.0 

(68.1; 88.0) 
74.1 

(65.2; 82.9) 
51.6 

(34.0; 69.2) 
83.0 

(73.4; 92.6) 
6.67 

(2.62; 16.97) 
 CER portal 

Cut-off = 110.6  
62.0 

(44.0; 80.1) 
78.0 

(68.2; 87.7) 
73.4 

(64.7; 82.2) 
48.4 

(30.8; 66.0) 
82.9 

(73.5; 92.2) 
7.76 

(2.79; 21.6) 
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 CER transitional 
Cut-off = 111.5 

69.5 
(51.4; 87.5) 

81.3 
(72.3; 90.3) 

78.3 
(70.1; 86.5) 

53.6 
(35.8; 71.5) 

87.1 
(78.8; 95.5) 

14.30 
(4.76; 42.95) 

 CER hepatobiliary 
Cut-off 64.85 

75.3 
(58.9; 91.8) 

76.1 
(66.0; 86.1) 

75.6 
(67.0; 84.3) 

50.0 
(33.2; 66.8) 

88.5 
(80.4; 96.6) 

13.12 
(4.36; 39.50) 

 LLC arterial 
Cut-off = 0.596 

58.8 
(40.4; 77.2) 

80.3 
(71.3; 89.2) 

75.2 
(66.9; 83.6) 

53.1 
(35.8; 70.4) 

84.6 
(75.8; 93.4) 

3.37 
(1.30; 8.75) 

 LLC portal 
Cut-off = 0.235 

89.9 
(79.0; 100.0) 

17.6 
(9.9; 25.4) 

38.4 
(28.9; 48.0) 

28.9 
(18.8; 39.1) 

84.2 
(67.8; 
100.0) 

1.61 
(0.45; 5.8) 

 LLC transitional 
Cut-off = -0.07 

64.8 
(46.7; 83.0) 

84.7 
(77.2; 92.2) 

79.3 
(71.5; 87.0) 

55.6 
(37.5; 73.6) 

84.8 
(76.2; 93.5) 

9.22 
(3.2; 26.6) 

 LLC hepatobiliary 
Cut-off = -0.2 

86.1 
(73.0; 99.2) 

73.8 
(64.3; 83.4) 

77.3 
(69.4; 85.2) 

48.8 
(33.5; 64.1) 

92.7 
(85.8; 99.6) 

21.89 
(6.3; 76.2) 

 SIR arterial 
Cut-off = 1.367 

50.4 
(31.8; 69.0) 

87.8 
(80.1; 95.5) 

78.7 
(70.5; 86.9) 

62.5 
(43.1; 81.9) 

82.4 
(73.3; 91.4) 

4.33 
(1.51; 12.4) 

 SIR hepatobiliary 
Cut-off = 0.816 

76.0 
(60.2; 91.7) 

89.6 
(83.0; 96.1) 

85.6 
(79.0; 92.3) 

69.9 
(53.1; 86.7) 

89.1 
(81.5; 96.7) 

28.71 
(9.5; 87.2) 

 RSER portal 
Cut-off = 1.056 

75.4 
(60.3; 90.5) 

83.3 
(74.8; 91.8) 

81.4 
(74.0; 88.9) 

60.6 
(43.9; 77.3) 

87.1 
(78.8; 95.4) 

8.98 
(2.98; 27.08) 

 RSER transitional 
Cut-off = 0.947 

79.1 
(65.9; 92.2) 

89.4 
(82.7; 96.1) 

86.4 
(80.1; 92.6) 

70.3 
(53.6; 86.9) 

89.2 
(81.6; 96.8) 

32.49 
(11.4; 92.2) 

 RSER hepatobiliary 
Cut-off = 0.723 

92.6 
(84.3; 100.0) 

89.4 
(82.8; 96.1) 

90.2 
(84.9; 95.6) 

73.0 
(57.5; 88.5) 

96.5 
(92.6; 100) 

114.67 
(28.22; 465.9) 

 
Note.—* From the nine qualitative imaging features, estimates of diagnostic performance could only be computed for five 

imaging features included in the CART model. The classification accuracy of four imaging features (central scar, capsule,  

lobulations, and hepatobiliary enhancement pattern) was insufficient to be included in the proposed CART model. † Specificity, 

PPV and DOR could not be computed for capsule because there were only 2 out of 140 lesions with a capsule. CER = contrast 

enhacement ratio. DOR = diagnostic odds ratio. LLC = liver-lesion contrast. NPV = negative predictive value. PPV = positive 

predictive value. RSER = relative signal enhancement ratio. SIR = signal intensity ratio.  
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FIGURES  
 

Figure 1. Flowchart of patient selection and diagnostic reference.  
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Figure 2. MR images of a biopsy-proven focal nodular hyperplasia in a 47-year-old woman with 

a 13-mm mass in segment VI of a healthy liver. Top: the mass is isointense to the background 

liver in T2-weighted sequences without and with fat saturation (arrows), slightly hypointense in 

T1-weighted in-phase and without signal drop on out-of-phase (arrowheads). Bottom: in 

dynamic gadoxetate disodium-enhanced phases, the mass presents arterial phase 

hyperenhancement persistent in portal venous and 5-minute transitional phase with 

hyperintense signal on the 20-minute hepatobiliary phase. 
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Figure 3. MR images of a pathology proven telangiectatic/inflammatory adenoma in a 30-year-

old woman with a 12-mm mass in segment IVa of a healthy liver. Top: the mass is hyperintense 

signal and heterogenous appearance on T2-weighted sequences without and with fat saturation 

(arrows), slightly hyperintense in T1 weighted in-phase, without signal drop on out-of-phase 

sequence (arrowheads). Bottom: in dynamic gadoxetate disodium-enhanced phases, the mass 

presents arterial phase hyperenhancement, mild hyperenhancement in portal venous phase, 

hypointense signal in the 5-minute transitional phase and in the 20-minute hepatobiliary phase. 
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Figure 4. Classification and regression tree (CART) output. The proposed CART is based on 

five imaging characteristics among the nine enhancement characteristics, morphological 

features and signal characteristics included in qualitative analysis.  
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