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A B D O M I N A L  I M A G I N G
O R I G I N A L  A R T I C L E

Fusion of segmental right-lobe IVIM-DWI metrics and GPR for non-
invasive assessment of chronic hepatitis B–related hepatic fibrosis: a 
pilot study

PURPOSE
A segmental intravoxel incoherent motion diffusion-weighted imaging (IVIM-DWI)/gamma-glu-
tamyl transpeptidase-to-platelet ratio (GPR) fusion model was evaluated for the non-invasive as-
sessment of chronic hepatitis B (CHB) fibrosis (controls vs. early; early vs. advanced) and compared 
with the aspartate aminotransferase-to-platelet ratio index (APRI) and Fibrosis-4 (FIB-4).

METHODS
This retrospective study included 139 participants: 42 healthy controls (HCs), 46 with early hepatic 
fibrosis (EHF), and 51 with advanced hepatic fibrosis (AHF). IVIM-DWI parameters (apparent diffu-
sion coefficient, slow diffusion component, fast diffusion component, and perfusion fraction) were 
extracted from segmental analysis of the right hepatic lobe (segments V–VIII). The GPR, APRI, and 
FIB-4 were calculated from laboratory values. The IVIM + GPR fusion model was developed using 
logistic regression. Model performance was assessed using receiver operating characteristic analy-
sis with bootstrap internal validation.

RESULTS
For HCs vs. EHF, FIB-4 achieved the highest area under the curve [AUC; 0.911, 95% confidence inter-
val (CI): 0.844–0.969) followed by APRI (0.843, 95% CI: 0.755–0.923). The IVIM + GPR fusion model 
(AUC = 0.745, 95% CI: 0.643–0.847) outperformed IVIM alone (AUC = 0.652) and GPR alone (AUC 
= 0.730) but did not outperform APRI or FIB-4. For EHF vs. AHF, the IVIM + GPR fusion model (AUC 
= 0.698) was comparable to APRI (0.573) and FIB-4 (0.637), with no significant differences among 
methods.

CONCLUSION
FIB-4/APRI outperformed the fusion model for controls vs. early fibrosis, whereas fusion added no 
value over GPR for early vs. advanced fibrosis. In the absence of a biopsy-proven S0 CHB group, HCs 
vs. EHF discriminates between HCs and established fibrosis rather than detecting incident fibrosis. 
The model should be considered, at most, a supplementary, opportunistic adjunct during abdomi-
nal magnetic resonance imaging (MRI) rather than a replacement for FIB-4/APRI.

CLINICAL SIGNIFICANCE
The GPR uses only gamma-glutamyl transpeptidase and platelets, making it practical in re-
source-limited settings. The fusion model may provide supplementary, opportunistic information 
during abdominal MRI or when serum markers are confounded by extrahepatic factors, but it 
should remain complementary pending validation in larger cohorts; FIB-4 and APRI remain first-
line where laboratory panels are available.
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 1. Introduction
Liver fibrosis represents a critical stage in 

the progression from chronic liver disease 
to cirrhosis and is often underestimated by 
affected individuals. Notably, early-stage he-
patic fibrosis is pathologically reversible, and 
timely identification can prevent progression 
to end-stage liver failure or malignant trans-
formation to hepatocellular carcinoma.1 Ear-
ly identification of hepatic fibrosis is imper-
ative, as pharmacotherapy has been shown 
to reverse fibrotic remodeling in the initial 
stages, thereby interrupting disease progres-
sion.2 

Accurate assessment of hepatic fibro-
sis is crucial for prognostic evaluation and 
treatment decision-making in patients with 
chronic liver disease. Liver biopsy remains 
the reference standard, but it is invasive,3 
prone to sampling error, and impractical 
for repeated monitoring.4,5 Non-invasive 
alternatives have been extensively investi-
gated, including serum biomarkers and im-
aging-based elastography techniques. Tran-
sient elastography and magnetic resonance 
elastography have demonstrated excellent 
diagnostic performance for advanced fibro-
sis, with area under the curve (AUC) values 
typically exceeding 0.90. However, these 
techniques have limited availability in re-
source-constrained settings, require special-
ized equipment, and may be affected by fac-

tors such as obesity, inflammation, or biliary 
obstruction. Serum-based fibrosis scores, 
including the aminotransferase-to-platelet 
ratio index (APRI) and Fibrosis-4 (FIB-4), are 
widely used and validated for fibrosis assess-
ment in viral hepatitis. These scores combine 
routine laboratory parameters and have 
demonstrated good performance for identi-
fying significant fibrosis or cirrhosis. Howev-
er, their accuracy for early fibrosis detection 
is variable, and they may be affected by acute 
inflammation or extrahepatic conditions. The 
gamma-glutamyl transpeptidase-to-plate-
let ratio (GPR) is a serum-based marker that 
has shown promise for fibrosis assessment, 
particularly in hepatitis B and C populations, 
with the practical advantage of requiring 
only gamma-glutamyl transpeptidase (GGT) 
and platelet counts.6,7 Intravoxel incoherent 
motion diffusion-weighted imaging (IVIM-
DWI) offers a non-invasive approach that si-
multaneously assesses tissue cellularity and 
microvascular perfusion without requiring 
additional hardware.5,8,9 The combination 
of imaging biomarkers with serum markers 
may provide complementary information 
and improve diagnostic accuracy. Whether 
combining segmental IVIM-DWI with GPR 
aids non-invasive fibrosis assessment—
healthy controls (HCs) vs. biopsy-proven ear-
ly fibrosis and early vs. advanced fibrosis—
remains unexplored. We therefore evaluate 
this combination as a potential supplemen-
tary, opportunistic tool during abdominal 
magnetic resonance imaging (MRI). Because 
a biopsy-proven S0 chronic hepatitis B (CHB) 
group is not included, incident (S0-to-S1) fi-
brosis detection is not addressed.

2. Methods	

2.1 General data

This study was approved by the Medical 
Ethics Committee of Guangdong Provincial 
Hospital of Chinese Medicine (Reference No. 
BE2024-023-1) on January 19, 2024. Written 
informed consent was obtained from all par-
ticipants before enrolment. Between January 
and September 2024, patients with hepatitis 
B were recruited from the Hepatology De-
partment of Guangdong Provincial Hospital 
of Chinese Medicine, Zhuhai Hospital, and 
underwent liver biopsy and MRI within 1 
month. The inclusion criteria were as follows: 
(1) meeting the diagnostic criteria for CHB in 
the Chronic Hepatitis B Prevention and Treat-
ment Guidelines (2019 Edition);10 (2) aged 
>18 years, with no restriction on sex; and (3) 
liver puncture or laparoscopic biopsy used as 
the reference standard. The exclusion criteria 

were as follows: (1) other hepatitis virus in-
fections or hepatitis B virus co-infection with 
other hepatitis viruses; (2) hepatocellular car-
cinoma, heavy alcohol consumption (> 20 g/
day for women, > 30 g/day for men), heart 
failure, or pregnancy; (3) no liver fibrosis iden-
tified on biopsy; (4) coagulation disorders or 
other factors precluding biopsy sampling; 
and (5) moderate–severe hepatic steatosis, 
iron overload, or alanine aminotransferase 
(ALT) > 5x upper limit of normal (ULN).

Serological test results were obtained 
within 48 hours of MRI and within 1 week 
of biopsy; MRI and biopsy were performed 
within 1 month (mostly within 2 weeks).

Age and sex were comparable across 
groups (all P > 0.05), indicating an excellent 
balance of baseline characteristics.

A total of 139 participants were included: 
42 in the HCs group, 46 in the early hepatic 
fibrosis (EHF) group (S1–S2), and 51 in the ad-
vanced hepatic fibrosis (AHF) group (S3–S4). 
HCs were enrolled based on the following cri-
teria: (1) no history of chronic liver disease or 
excessive alcohol consumption (> 20 g/day 
for women, > 30 g/day for men); (2) normal 
liver function tests including ALT, aspartate 
aminotransferase (AST), GGT, and bilirubin 
within institutional reference ranges; (3) no 
sonographic evidence of fatty liver disease 
or focal hepatic lesions; and (4) no clinical or 
laboratory evidence of hepatitis B or C infec-
tion. Notably, liver biopsy was not performed 
in the HCs group, as this invasive procedure 
is ethically inappropriate for asymptomatic 
individuals without a clinical indication.

2.2 Magnetic resonance scanning method

Before MRI, participants fasted for 4–6 h 
and were placed in a supine position. Imag-
ing was performed using a 3.0 T MR scanner 
(Signa Discovery 750w; GE Healthcare, Mil-
waukee, WI, USA) with a 16-channel abdomi-
nal coil. Conventional MRI sequences includ-
ed axial three-dimensional T1-weighted fast 
spin-echo (in-phase and out-of-phase) and 
T2-weighted fast spin-echo sequences with 
respiratory gating and fat suppression.

The IVIM protocol included acquisitions 
at 12 fixed b-values (0, 25, 50, 75, 100, 150, 
200, 300, 400, 500, 600, and 800 s/mm2) dur-
ing free breathing, with a repetition time of 
7,058 ms, echo time of 69 ms, slice thickness 
of 6 mm, slice gap of 1 mm, matrix size of 96 
× 128, field of view of 340 × 272 mm, 28 slic-
es, and number of signal averages of 1 (b = 
25–200), 2 (b = 0, 300–500), and 3 (b = 600, 
800). Image post-processing was performed 

Main points

•	 The right-lobe (segments V–VIII) intravoxel 
incoherent motion diffusion-weighted im-
aging (IVIM-DWI)/ gamma-glutamyl trans-
peptidase-to-platelet ratio (GPR) fusion 
model modestly outperformed IVIM-DWI 
or GPR alone for distinguishing healthy 
controls from biopsy-proven early fibrosis. 
However, Fibrosis-4 (FIB-4) and the ami-
notransferase-to-platelet ratio index (APRI) 
were substantially superior, and the gain 
over GPR alone was small [Δ area under the 
curve (AUC): 0.015].

•	 For early vs. advanced fibrosis, the fusion 
model outperformed IVIM-DWI alone but 
not GPR alone (AUC: 0.698 for both, P = 
0.625), providing no incremental value; all 
methods showed comparably poor perfor-
mance.

•	 The apparent diffusion coefficient, slow dif-
fusion component, and fast diffusion com-
ponent decreased, whereas GPR increased, 
with fibrosis progression. IVIM + GPR may 
supplement opportunistic assessment dur-
ing magnetic resonance imaging when elas-
tography is unavailable or serum markers 
are confounded, but it should not replace 
FIB-4 or APRI.
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using Functool software on an AW 4.6 work-
station (GE Healthcare, Milwaukee, WI, USA)  
for image quality assessment, region of inter-
est (ROI) delineation, and data analysis.

2.3 Liver biopsy histopathological exami-
nation

For patients who met the inclusion criteria, 
ultrasound-guided liver biopsy was performed 
using a 16-G needle to obtain a specimen at 
least 1 cm in length, including at least six por-
tal tracts. The specimen was fixed and embed-
ded and then stained with hematoxylin and 
eosin for morphologic diagnosis. Masson tri-
chrome and reticulin staining were performed 
to evaluate liver fibrosis. Histologic staging of 
liver fibrosis was based on the Scheuer scoring 
system described in the Chinese Guidelines 
for Prevention and Treatment of Chronic Hep-
atitis B10-12 and was classified into five stages: 
S0, no liver fibrosis; S1, portal tract fibrosis 
without fibrous septa; S2, portal tract fibrosis 
with few fibrous septa; S3, portal tract fibrosis 
with extensive fibrous septa without cirrhosis; 
and S4, severe lobular architectural distortion 
with early cirrhosis. Two pathologists, blinded 
to MRI and clinical data, independently staged 
fibrosis using the Scheuer system, with dis-
crepancies resolved by consensus (S1 = 22, S2 
= 24, S3 = 22, S4 = 29).

2.4 Image analysis

Two senior abdominal radiologists with ex-
tensive expertise in hepatic MRI independent-
ly evaluated the images. Both radiologists 
were blinded to all clinical, laboratory, and 
histopathological data during ROI placement 
and parameter extraction from the abdomi-
nal IVIM-DWI images. After rigorous screening 
to ensure that image sequences met quality 
control (QC) standards, the datasets were up-
loaded to the GE Healthcare AW 4.6 advanced 
workstation. IVIM parameters were fitted us-
ing the full biexponential model—S(b)/S0 = 
perfusion fraction (f value) · exp(−b · fast dif-
fusion component [Dfast]) + (1 − f ) · exp(−b 
· slow diffusion component [Dslow])—across 
all 12 b-values using non-linear least squares 
(GE Functool, AW 4.6; b = 0 as S0, voxel-wise 
normalized), with unchanged manufacturer 
defaults: Dslow (0, 5) × 10-3, Dfast (0, 200) × 
10-3 mm2/s, f (0, 1) and default initial guesses 
(Dslow ≈ 1.0 × 10-3, Dfast ≈ 50 × 10-3 mm2/s, f ≈ 
0.25). Non-convergent voxels were automat-
ically excluded; ROIs with Dfast > 150 × 10-3 
mm2/s or f > 0.6 were flagged for review, and 
none were retained after QC.

Quantitative measurements were per-
formed by two deputy chief physicians 

with 15 and 20 years of specialized experi-
ence in abdominal MRI diagnosis. The right 
lobe (segments V–VIII) was chosen a priori 
because of its higher intraclass correlation 
coefficients (ICCs) and lower coefficients 
of variation (CVs) in our prior repeatabili-
ty study,5 larger parenchymal volume, and 
lower susceptibility to cardiac motion than 
the left lobe; segments II–IV were excluded. 
Although whole-liver sampling may capture 
greater spatial heterogeneity, reproducibility 
was prioritized in this pilot study. All biop-
sies were obtained from the right lobe, but 
the biopsy segment was not prospectively 
recorded, precluding segment-level spatial 
matching between MRI and biopsy (see Sec-
tion 4).

According to the Couinaud eight-seg-
ment liver classification system,13 the right 
hepatic lobe (segments V–VIII) was anatom-
ically segmented. On the b = 0 s/mm2 IVIM 
images, three circular ROIs (80–120 mm2) 
were symmetrically placed within the paren-
chyma of each segment. Spatial alignment 
across parametric maps was ensured using 
rigid registration. Major vascular structures, 
bile ducts, and regions with susceptibility 
artifacts were avoided. The mean apparent 
diffusion coefficient (ADC), Dslow, Dfast, and 
perfusion fraction (f value) of the right he-
patic segments were extracted. The reliabil-
ity design, reading procedure, and results are 
described in Section 2.6.1. Representative 
parametric distributions are shown in the Re-
sults section.

2.5 Hematological scoring model

The GPR hematological scoring model 
was calculated as follows: GPR = GGT (U/L) 
/ GGT (ULN) × 100 / platelet count (PLT) (× 
109/L).10 Serological indicators were obtained 
from the hospital medical record system. FIB-
4 = (age × AST) / (PLT × √ALT), with AST/ALT 
in U/L and PLT in ×109/L; APRI = ([AST/ULN] 
× 100) / PLT, using an institutional AST ULN 
of 40 U/L.

2.6 Statistical methods

Statistical analyses were performed using 
SPSS 26.0 (IBM, Armonk, NY, USA) and R 4.3.1 
(R Foundation for Statistical Computing, Vi-
enna, Austria) (rms for calibration, pROC for 
the DeLong test). Normally distributed data 
are presented as mean ± standard deviation 
(compared by t-tests/ANOVA), non-normal/
heteroscedastic data as median (interquar-
tile range [IQR]) (M[P25, P75]) (compared by 
rank-sum tests), and categorical data as n 
(%) (compared using χ2 tests), with α = 0.05. 

Reproducibility was assessed using the with-
in-subject CV (median [IQR]) and intra-/in-
ter-reader ICC(2,1) (two-way random-effects, 
absolute agreement, single measures) with 
95% confidence intervals (CIs). ICCs were in-
terpreted descriptively as poor (0.00–0.20) to 
excellent (0.81–1.00). ICCs/CV were not used 
for variable selection or segment exclusion.

2.6.1 Reproducibility and reliability assess-
ment

Reproducibility was assessed in dedicated 
subsets—42 controls, 46 with early fibrosis, 
and 51 with advanced fibrosis—measured 
independently by two blinded radiologists, 
with one reader repeating the measure-
ments to assess intra-reader agreement. Each 
segmental value was the mean of three ROIs, 
and the segment-averaged (V–VIII) value was 
the mean of four segments; ICC(2,1), CV, and 
the predefined Dfast fitting-failure rule (Dfast 
> 150 × 10-3 mm2/s) were applied. The stand-
ardized modeling pipeline comprised the 
following: (1) univariable screening of can-
didate IVIM parameters and GPR using the 
Mann–Whitney U test or t-test, as appropri-
ate (P < 0.05 retained); (2) variance inflation 
factor (VIF) assessment (VIF ≥ 5 excluded); (3) 
least absolute shrinkage and selection op-
erator (LASSO) with 10-fold cross-validation 
(λ.min); (4) backward elimination using Wald 
statistics (P > 0.10 removed); (5) final binary 
logistic regression for each comparison (HC 
vs. EHF; EHF vs. AHF); and (6) nested boot-
strap validation (1,000 iterations, repeating 
steps 1–5 within each sample), with out-of-
bag testing for the optimism-corrected AUC, 
calibration slope/intercept, and selection 
frequency. A 70/30 partition was used, with 
the bootstrap nested within the training set 
to prevent leakage. Events-per-variable (EPV) 
ratios were 8.4 (five predictors) and 15.3 
(three predictors).

2.6.2 Model performance evaluation

For IVIM-DWI segmental parameters, in-
dependent-samples t-tests or Mann–Whit-
ney U tests were used to compare the HC and 
EHF groups and the EHF and AHF groups. 
Parameters showing significant differences 
were included in the regression modeling. 
The GPR values for all groups were calcu-
lated, recorded, and incorporated into the 
model.

Receiver operating characteristic curves 
were generated separately for IVIM-DWI pa-
rameters and GPR in the HC vs. EHF and EHF 
vs. AHF comparisons. Probabilities derived 
from the IVIM-DWI and GPR models were 
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combined to construct a hybrid model. Per-
formance was assessed using the AUC (< 0.7 
= low, 0.7–0.9 = moderate, and > 0.9 = high). 
A two-sided P value < 0.05 was considered 
statistically significant. To minimize over-
fitting, several strategies were employed: 
(1) LASSO regularization for feature selec-
tion; (2) limiting the number of predictor 
variables in the final model; (3) bootstrap 
validation to assess model optimism; and 
(4) reporting both apparent and corrected 
performance metrics. The EPV ratio was 8.4 
for the HC vs. EHF model and 15.3 for the 
EHF vs. AHF model; the relatively low EPV of 
the former is acknowledged as a limitation. 
Least absolute shrinkage and selection oper-
ator regularization was performed using the 
glmnet package in R. The optimal regulari-
zation parameter (λ) was determined via 10-
fold cross-validation, minimizing the mean 
cross-validated deviance (λ.min). The penalty 
path was computed over 100 λ values span-
ning from λ.max to 0.001 × λ.max. Feature 
selection stability was further assessed using 
bootstrap resampling (1,000 iterations), re-
cording the proportion of iterations in which 
each variable was selected.

2.6.3 Decision curve analysis

Decision curve analysis (DCA) was per-
formed as described by Vickers et al.14 to 
evaluate the clinical utility of each model. 
The net benefit was calculated across a range 
of threshold probabilities (0–1) for all evalu-
ated models (IVIM, GPR, APRI, FIB-4, and the 
IVIM+GPR fusion model) in both diagnostic 
tasks (HCs vs. EHF and EHF vs. AHF). The net 
benefit of each model was compared using 
the treat-all and treat-none strategies.

3. Results

3.1 Participant characteristics and baseline 
parameter distributions

A total of 139 participants were enrolled: 
42 HCs (23 men/19 women, 38.5 ± 10.2 
years), 46 EHF (27 men/19 women, 40.2 ± 
9.8 years), and 51 AHF (31 men/20 women, 
42.6 ± 11.5 years) (Figure 1, Table 1). The dis-
tribution of individual fibrosis stages was S1 
= 22, S2 = 24, S3 = 22, and S4 = 29. No signif-
icant differences in sex or age were observed 
among the groups (all P > 0.05), minimizing 
potential confounding. 

IVIM-DWI and GPR parameters differed 
significantly among the groups (Kruskal–
Wallis H test, all P < 0.001), with ADC, Dslow, 
and Dfast decreasing and GPR increasing as 
fibrosis progressed (Supplementary Table 1 

and Table 2). Post-hoc tests showed that AHF 
parameters differed from those of EHF and 
HCs (all P < 0.05), and EHF parameters dif-
fered from those of HCs (all P < 0.05).

3.2 Feature selection and model coeffi-
cients

After univariate screening, LASSO regular-
ization, and multicollinearity assessment (all 
VIF < 5) in the training set using nested boot-
strap resampling (1,000 iterations), the final 
predictors were identified. Logistic regres-
sion coefficients, odds ratios (ORs), standard 
errors (SEs), and VIFs for the fusion model in 
both comparison groups were aggregated 
and reported (Supplementary Table 2 and 3). 
All VIFs ranged from 1.87 to 3.57, indicating 
no significant multicollinearity and support-
ing the reliability of the results.

Healthy controls vs. early hepatic fibrosis

The fusion model predictors were SV ADC, 
SVII ADC, SVIII Dslow, SVI Dfast, and GPR. The 
key predictors were SVIII Dslow (β = −0.326, 
SE = 0.128, P = 0.012, OR = 0.722, 95% CI: 
0.561–0.935) and GPR (β = 0.289, SE = 0.106, 
P = 0.008, OR = 1.335, 95% CI: 1.082–1.649).

Equation: Logit(P) = 1.258 − 0.158 × SV 
ADC − 0.213 × SVII ADC − 0.326 × SVIII Dslow 
− 0.189 × SVI Dfast + 0.289 × GPR

P = early fibrosis probability; GPR unitless; 
IVIM diffusion parameters in ×10-3 mm2/s

Early hepatic fibrosis vs. advanced hepatic 
fibrosis

The predictors were SVII ADC, SVI Dfast, 
and GPR (VIF < 4). For GPR, β = 0.215, SE = 
0.099, P = 0.031, and OR = 1.240 (95% CI: 
1.018–1.511). Adding IVIM parameters did 
not significantly improve predictive perfor-
mance compared with GPR alone (fusion vs. 
GPR; P = 0.625).

Equation: Logit(P) = 0.896 − 0.196 × SVII 
ADC − 0.178 × SVI Dfast + 0.215 × GPR

P = advanced fibrosis probability; GPR 
unitless; IVIM diffusion parameters in ×10-3 
mm2/s

3.3 Hepatic fibrosis diagnostic efficacy 
(with bootstrap correction and DeLong P 
values)

Group differences were tested using the 
Mann–Whitney U test. After univariable 
screening and LASSO-based feature selec-
tion, a binary logistic regression model was 
constructed. Model comparisons were per-
formed using exact DeLong test P values. 
Performance and calibration were validated 
using the bootstrap optimism-corrected 
AUC, the calibration slope and intercept, and 
the Hosmer–Lemeshow (HL) test (Tables 3 
and 4).

Figure 1. Flowchart of participant recruitment and study design. Patient groups (EHF and AHF) 
underwent liver biopsy for histological fibrosis staging. Healthy controls were enrolled based on clinical 
validation criteria without biopsy (see Methods for inclusion criteria). Patient groups underwent IVIM-DWI 
examination, serum biomarker measurement, and liver biopsy for histopathological confirmation. Healthy 
controls underwent the same imaging and laboratory evaluations but were validated by clinical criteria 
without biopsy. IVIM-DWI, intravoxel incoherent motion diffusion-weighted imaging; HCC, hepatocellular 
carcinoma; MRI, magnetic resonance imaging.
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3.3.1 Healthy controls vs. early hepatic fi-
brosis

The fusion model showed improved per-
formance compared with IVIM alone (De-
Long P = 0.023) and GPR alone (DeLong P = 
0.041). However, it did not surpass FIB-4 or 
APRI, with a bootstrap optimism-corrected 
AUC of 0.739 (95% CI: 0.638–0.841). The small 
difference between the original AUC (0.745) 
and the optimism-corrected AUC (0.739) 
suggests minimal overfitting. Calibration 
was good (slope = 0.92, intercept = 0.08; HL 
test χ2 = 6.25, P = 0.518) (Table 3, Figure 2).

3.3.2 Early hepatic fibrosis vs. advanced he-
patic fibrosis

The fusion model was superior to IVIM 
alone (DeLong P = 0.037) and comparable to 
GPR alone (DeLong P = 0.625), with no sig-
nificant differences from APRI or FIB-4, with a 
bootstrap optimism-corrected AUC of 0.692 
(95% CI: 0.585–0.798). The model also had 
good calibration (calibration slope = 0.89, 
intercept = 0.11; HL test χ2 = 7.18, P = 0.416) 
(Table 4, Figure 3).

Bootstrap validation (1,000 iterations) 
confirmed the stability of all estimates, with 
consistent median values and narrow 95% 
CIs. No obvious overfitting was observed. 

3.4 Comparison with the aminotrans-
ferase-to-platelet ratio index and Fibrosis-4

APRI and FIB-4 scores were calculat-
ed for all participants and compared with 
the IVIM, GPR, and fusion models (Supple-
mentary Table 4). For HCs vs. EHF, FIB-4 
achieved the highest AUC (0.911, 95% CI: 
0.844–0.969), followed by APRI (0.843, 95% 
CI: 0.755–0.923). The IVIM + GPR fusion 
model (AUC = 0.745) outperformed IVIM 
alone and GPR alone but did not outper-
form APRI (DeLong P = 0.023) or FIB-4 (De-
Long P < 0.001), with only a small gain over 
GPR alone (ΔAUC = 0.015, P = 0.041). For 
EHF vs. AHF, the fusion model and GPR had 
identical AUCs (0.698; P = 0.625), indicating 
that adding IVIM provided no incremental 
value. For EHF vs. AHF, the IVIM+GPR fusion 
model (AUC = 0.698) was comparable to 
APRI (0.573) and FIB-4 (0.637), with no sig-

nificant differences among methods (Sup-
plementary Table 4).

3.5 Feature selection stability

The LASSO feature selection identified 
the final predictor sets for both diagnostic 
tasks. Bootstrap stability analysis showed 
that all selected features demonstrated high 
selection frequencies (Supplementary Table 
5). For HCs vs. EHF, the selection frequen-
cies were SV ADC (76.4%), SVII ADC (85.7%), 
SVIII Dslow (92.1%), SVI Dfast (79.3%), and 
GPR (89.6%). For EHF vs. AHF, the selection 
frequencies were SVII ADC (73.2%), SVI Dfast 
(71.5%), and GPR (87.8%). The final model 
features were consistent across bootstrap 
iterations, supporting the stability of our fea-
ture selection approach.

3.6 Decision curve analysis

DCA showed the highest net benefit for 
FIB-4, followed by APRI, for HCs vs. EHF, with 
lower net benefits for GPR and the fusion 
model; for EHF vs. AHF, all curves overlapped 
and showed limited net benefit. Thus, DCA 

Table 1. Baseline characteristics of the study participants

Characteristic Healthy Controls 
(n = 42)

EHF 
(n = 46)

AHF 
(n = 51)

Statistic P value

Sex (male/female) 23/19 (54.8/45.2) 27/19 (58.7/41.3) 31/20 (60.8/39.2) χ2 = 0.58 0.747

Age (years) 38.5 ± 10.2 40.2 ± 9.8 42.6 ± 11.5 F = 1.85 0.162

ALT (U/L) 16.7 (11.0, 21.2) 42.8 (19.2, 77.3) 39.0 (24.3, 95.2) H = 39.73 < 0.001

AST (U/L) 17.4 (14.1, 19.6) 34.1 (20.7, 48.6) 32.0 (21.0, 71.2) H = 45.94 < 0.001

GGT (U/L) 25.3 ± 8.6 58.6 ± 15.2 92.5 ± 22.6 F = 102.35 < 0.001

PLT (× 109/L) 258.6 ± 45.2 205.3 ± 38.5 156.8 ± 32.9 F = 89.62 <0.001

EHF, early hepatic fibrosis (S1–S2); AHF, advanced hepatic fibrosis (S3–S4); ALT, alanine aminotransferase; AST, aspartate aminotransferase; GGT, gamma-glutamyl transpeptidase; 
PLT, platelet count. Chi-square tests were used for categorical data; continuous data are presented as mean ± SD or median (interquartile range) (F: ANOVA; H: Kruskal–Wallis). 
Alanine aminotransferase and AST were higher in EHF and AHF than in controls (all P < 0.001), with no EHF–AHF differences (ALT P = 0.997; AST P = 0.493).
 SD, standard deviation; ANOVA, analysis of variance.

Table 2. GPR values in three groups (M [P25, P75])

Group n GPR 
(M [P25, P75])

Mann–Whitney U 
(EHF vs. HCs)

P 
(EHF vs. HCs)

Mann–Whitney U 
(AHF vs. EHF)

P 
(AHF vs. EHF)

Healthy Controls (HCs) 42 15.2 (12.5–18.8) - - - -

EHF (S1–S2) 46 28.6 (24.3–32.9) 358.5 < 0.001 - -

AHF (S3–S4) 51 45.8 (39.6–52.1) - - 625.5 < 0.001

GPR, gamma-glutamyl transpeptidase-to-platelet ratio; EHF, early hepatic fibrosis; AHF, advanced hepatic fibrosis, HC, healthy control.

Table 3. Diagnostic performance of IVIM, GPR, and fusion models (HCs vs. EHF) with bootstrap validation

Model Original AUC 
(95% CI)

Bootstrap optimism-
corrected AUC (95% CI)

Sensitivity (%) 
(95% CI)

Specificity (%) 
(95% CI)

DeLong P 
(vs. fusion)

Calibration 
(slope/intercept)

HL test 
(χ2/P)

IVIM alone 0.652 (0.535–0.769) 0.647 (0.531–0.763) 60.9 (48.2–73.6) 81.0 (67.2–94.8) 0.023 0.85/0.15 5.82/0.555

GPR alone 0.730 (0.626–0.835) 0.725 (0.621–0.829) 76.1 (64.5–87.7) 61.9 (46.8–77.0) 0.041 0.90/0.10 6.58/0.474

Fusion model 0.745 (0.643–0.847) 0.739 (0.638–0.841) 69.6 (58.1–81.1) 69.0 (57.3–80.7) - 0.92/0.08 6.25/0.518

AUC, area under the curve; HL test, Hosmer–Lemeshow test; EHF, early hepatic fibrosis; HC, healthy control; IVIM, intravoxel incoherent motion; GPR, gamma-glutamyl 
transpeptidase-to-platelet ratio; CI, confidence interval. 
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indicated no clinically meaningful advan-
tage of the fusion model (Supplementary 
Figure 1). Representative IVIM-DWI paramet-
ric maps for a patient with early-stage liver 
fibrosis are shown in Figure 4.

Regarding measurement reliability, as 
detailed in Supplementary Table 6, seg-
ment-averaged (V–VIII) intra-reader ICCs 
were excellent (0.86–0.99; CV 0.9–4.6%). In-
ter-reader agreement was moderate to good 
for ADC (0.49–0.84), good for f (0.77–0.88), 
moderate for Dslow (0.43–0.65), and the 
lowest for Dfast (0.29 in S1–S2; 0.49 in S3–S4 
after excluding one non-convergent fit; CV 
13.3–17.4%). The lower ICCs in the patient 
groups reflect restricted between-subject 
variance in homogeneous subsets and the 
sensitivity of Dfast to ROI placement and sig-
nal-to-noise ratio (SNR) rather than systemat-
ic bias; all CVs were below 20%. The GPR, de-
rived from GGT and platelet counts, does not 
involve reader-dependent measurement.

4. Discussion
In this pilot study, we evaluated a fusion 

model combining segmental right-lobe IVIM-
DWI parameters with the GPR for the non-in-
vasive assessment of CHB-related hepatic 
fibrosis. Our findings indicate that although 
the IVIM+GPR fusion model outperformed 
individual IVIM parameters alone, estab-
lished serum-based scores (FIB-4 and APRI) 
performed better in distinguishing HCs from 
biopsy-proven early fibrosis, whereas the fu-
sion model did not outperform GPR alone for 
EHF vs. AHF (both AUC = 0.698, P = 0.625). 
This underscores the diagnostic challenge 
of early fibrosis detection and highlights 
the importance of comparative evaluation 
against validated tools. IVIM-DWI imaging 
has been increasingly used to evaluate he-
patic fibrosis because it can simultaneously 
characterize tissue diffusion and microvas-
cular perfusion without requiring specialized 
hardware.5,8,9,15,16 However, its diagnostic ac-
curacy for early-stage fibrosis remains limit-

ed, consistent with our findings (AUC = 0.652 
for HCs vs. EHF). Several factors may explain 
this modest performance. Liver fibrosis is spa-
tially heterogeneous, and diffusion changes 
in early stages may be too subtle to detect 
with current spatial resolution.17-20 Addition-
ally, IVIM-DWI has not been widely adopted 
in routine clinical practice, and its implemen-
tation requires standardized acquisition pro-
tocols that are not yet universally available. 
The GPR offers practical simplicity, requiring 
fewer laboratory parameters, which may be 
advantageous in resource-limited settings. 
All methods demonstrated limited perfor-
mance in distinguishing early from advanced 
fibrosis, highlighting an inherent diagnostic 
challenge. Future studies should examine 
whether combining IVIM-DWI with serum 
markers provides incremental value in set-
tings where elastography is unavailable. The 
GPR is a recently proposed hematological 
scoring model based on the ratio of gam-
ma-glutamyl transferase to platelet count.6,21 
In our study, GPR alone (AUC = 0.730 for 
HCs vs. EHF) outperformed IVIM alone but 
did not surpass APRI (0.843) or FIB-4 (0.911). 
Nonetheless, GPR offers a practical advan-
tage: it requires only two routine laboratory 
parameters (GGT and platelet count), mak-
ing it particularly suitable for resource-con-
strained settings where comprehensive lab-
oratory panels are not readily available.22,23 
The rationale for combining IVIM-DWI with 
GPR is that these two modalities capture 
complementary aspects of liver pathology. 
IVIM reflects tissue microstructure,15 whereas 
GPR reflects biochemical and hematological 
changes.24 However, our results suggest that 
this complementarity does not translate into 
diagnostic superiority over established se-
rum scores for the HCs vs. EHF distinction. For 
EHF vs. AHF, the fusion model (AUC = 0.698) 
was comparable to FIB-4 (0.637) and APRI 
(0.573), with no significant differences, high-
lighting that the differentiation of early from 
advanced fibrosis remains a common chal-
lenge for all evaluated methods. From a clin-
ical perspective, an AUC below 0.70 indicates 
limited discriminative ability, suggesting that 
none of the evaluated methods can reliably 
guide individual treatment decisions based 

Figure 2. The ROC curves of the IVIM model, GPR hematological scoring model, and fusion model in the EHF 
group compared with the healthy control group. The ROC curve demonstrates the diagnostic performance 
of the healthy control group vs. the EHF group across different models, with the fusion model (AUC = 0.745, 
95% CI 0.643–0.847) showing improved performance compared with IVIM alone (AUC = 0.652, P = 0.023) 
and GPR alone (AUC = 0.730, P = 0.041). However, FIB-4 (AUC = 0.911) and APRI (AUC = 0.843) achieved 
higher diagnostic accuracy. The calibration plot of the fusion model demonstrated good consistency 
between predicted and actual probabilities (calibration slope = 0.92, intercept = 0.08; Hosmer–Lemeshow 
P = 0.518). IVIM, intravoxel incoherent motion; GPR, gamma-glutamyl transpeptidase-to-platelet ratio; ROC, 
receiver operating characteristic curve; EHF, early hepatic fibrosis; AUC, area under the curve; CI, confidence 
interval; FIB-4, Fibrosis-4; APRI, aminotransferase-to-platelet ratio index.

Table 4. Diagnostic performance of IVIM, GPR, and fusion models (EHF vs. AHF) with bootstrap validation

Model Original AUC 
(95% CI)

Bootstrap optimism-
corrected AUC (95% CI)

Sensitivity (%) 
(95% CI)

Specificity (%) 
(95% CI)

DeLong P 
(vs. fusion)

Calibration 
(slope/intercept)

HL test 
(χ2/P)

IVIM alone 0.595 (0.480–0.710) 0.590 (0.475–0.705) 46.9 (33.2–60.6) 76.1 (63.5–88.7) 0.037 0.78/0.22 8.25/0.319

GPR alone 0.698 (0.592–0.804) 0.693 (0.586–0.799) 67.3 (54.7–79.9) 69.6 (57.0–82.2) 0.625 0.88/0.12 7.56/0.373

Fusion model 0.698 (0.592–0.804) 0.692 (0.585–0.798) 67.3 (54.7–79.9) 69.6 (57.0–82.2) - 0.89/0.11 7.18/0.416

AUC, area under the curve; HL test, Hosmer–Lemeshow test; EHF, early hepatic fibrosis; AHF, advanced hepatic fibrosis; IVIM, intravoxel incoherent motion; GPR, gamma-glutamyl 
transpeptidase-to-platelet ratio; CI, confidence interval.
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solely on the distinction between early and 
advanced fibrosis. These findings underscore 
the need for complementary approach-
es, such as combining multiple modalities 
or incorporating additional biomarkers, to 
improve staging accuracy at the individual 
patient level. An important question raised 
by our findings is the following: under what 
clinical circumstances would an MRI-based 
fusion model be preferred over inexpensive 
serum biomarkers such as FIB-4 and APRI? 
We acknowledge that FIB-4 and APRI should 
remain first-line screening tools where com-

prehensive laboratory panels are readily 
available. However, the fusion model may 
offer incremental value in specific scenarios: 
(1) when patients already undergo abdomi-
nal MRI for other indications, extracting IVIM-
DWI parameters incurs no additional cost, 
enabling opportunistic fibrosis assessment; 
(2) when serum markers are confounded by 
extrahepatic conditions or acute inflamma-
tory states, imaging-based parameters may 
provide more liver-specific information; and 
(3) for longitudinal monitoring, serial MRI 
can track microstructural changes over time. 

Adding IVIM sequences increases exami-
nation time by approximately 5–8 minutes 
without requiring additional contrast or con-
sumable costs. However, no formal cost-ef-
fectiveness analysis was performed, and this 
potential benefit warrants formal evaluation 
in larger prospective cohorts. Another impor-
tant aspect of this study is that we reported 
the model equations and performed internal 
validation using bootstrap resampling. The 
small sample size (n = 139) and single-center 
design are important limitations that may af-
fect generalizability. Although bootstrap re-
sampling demonstrated reasonable internal 
consistency, the stability of selected predic-
tors in independent datasets remains to be 
confirmed. Future external validation studies 
are essential to establish the reproducibility 
of the fusion model across different popu-
lations and imaging platforms. The modest 
AUC values, particularly for EHF vs. AHF, sug-
gest that the current model may serve as a 
supplementary assessment tool in settings 
where elastography or comprehensive lab-
oratory panels are unavailable, rather than 
as a replacement for established diagnostic 
approaches. Notably, the present study does 
not propose the fusion model as a replace-
ment for FIB-4 or APRI but rather as a com-
plementary tool in specific clinical scenarios 
where imaging is already being performed 
or serum markers are unreliable.

A single non-invasive model for liver fi-
brosis assessment may not meet clinical 
needs. Accordingly, combining multiple 
non-invasive techniques to establish a com-
prehensive evaluation model has become an 
important trend and research focus. Among 
currently used non-invasive approaches 
for liver fibrosis assessment, combined di-

Figure 4. Representative IVIM-DWI parametric maps of a male patient with early-stage liver fibrosis. (a–d) Liver segments S7 and S8; (e–h) segments S5 and S6. 
a, e: ADC; b, f: Dslow; c, g: Dfast; d, h: perfusion fraction (f). Images are shown for visual reference only and do not provide quantitative evidence of diagnostic 
performance. IVIM-DWI, intravoxel incoherent motion diffusion-weighted imaging.

Figure 3. The ROC curves of the IVIM model, GPR hematological scoring model, and fusion model in the 
EHF group compared with the AHF group. The ROC curve demonstrates the diagnostic performance of 
the EHF group vs. the AHF group across different models. Specifically, the fusion model (AUC = 0.698) was 
superior to IVIM alone (AUC = 0.595, P = 0.037) and comparable to GPR alone (AUC = 0.698, P = 0.625), APRI 
(AUC = 0.573), and FIB-4 (AUC = 0.637), with no significant differences among methods. The calibration 
plot demonstrated good consistency between predicted and actual probabilities (calibration slope = 0.89, 
intercept = 0.11; Hosmer–Lemeshow P = 0.416). IVIM, intravoxel incoherent motion; GPR, gamma-glutamyl 
transpeptidase-to-platelet ratio; ROC, receiver operating characteristic curve; AHF, advanced hepatic 
fibrosis; AUC, area under the curve; FIB-4, Fibrosis-4; APRI, aminotransferase-to-platelet ratio index.
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agnosis represents an effective strategy to 
improve diagnostic performance. In clinical 
practice, several hematological scoring mod-
els are used for combined assessment, and 
imaging and serum models are frequently 
integrated, such as ultrasound elastography 
combined with hematological scoring mod-
els.6,22,25 In this context, the present study 
provides preliminary evidence that combin-
ing segmental IVIM-DWI with GPR may also 
be useful, particularly when elastography is 
unavailable or serum markers are confound-
ed. Nevertheless, the performance of the fu-
sion model remained moderate rather than 
high, especially in the comparison between 
early and advanced fibrosis. Therefore, the 
model should be viewed as a supplementa-
ry tool for screening and stratification rather 
than a replacement for histologic staging.

This study has several limitations. First, 
because a biopsy-proven S0 CHB group was 
not included (controls were defined clinical-
ly), spectrum and verification bias mean that 
the HCs vs. EHF comparison reflects discrim-
ination of healthy individuals from estab-
lished fibrosis rather than S0-to-S1 detection; 
undetected mild fibrosis in controls could 
only attenuate the observed differences. 
Second, the small, single-center sample did 
not fully control for age, sex, fatty degenera-
tion, and inflammation, and body mass index 
was not systematically recorded, requiring 
external validation. Third, biopsy segments 
were not prospectively recorded, precluding 
segment-level biopsy–MRI co-registration. 
Fourth, the HCs vs. EHF EPV ratio was 8.4 (< 
10); the relatively complex modeling pipe-
line may be unstable at this sample size. The 
30% holdout set was not reported separate-
ly because each subgroup contained only 
12–15 participants, which is too small for 
stable performance estimation. Fifth, the fu-
sion model did not surpass APRI or FIB-4 for 
HCs vs. EHF. Sixth, IVIM-DWI is not yet widely 
adopted, which limits its immediate applica-
bility. Seventh, despite excellent intra-reader 
ICCs (0.86–0.99), inter-reader agreement was 
moderate for Dslow (0.43–0.65) and low for 
Dfast (0.29 in early; 0.49 in advanced fibrosis 
after excluding one non-convergent fit). The 
homogeneous reliability subsets (42/46/51) 
restricted between-subject variance, and 
the sensitivity of Dfast to ROI placement 
and SNR warrants caution, particularly for 
the segment-VI term. Eighth, the exact 
MRI–biopsy interval was not prospectively 
recorded, precluding a median and range; 
all examinations were performed within 1 
month (mostly within 2 weeks). Future stud-
ies should include a biopsy-proven S0 group 

or MR elastography, prospectively record bi-
opsy segments, systematically document the 
MRI–biopsy interval, use standardized fitting 
and QC, and include larger multicenter co-
horts to confirm predictor stability and incre-
mental value.

FIB-4and APRI outperformed the fusion 
model for HCs vs. EHF, with only a margin-
al gain over GPR alone; for EHF vs. AHF, the 
fusion model did not outperform GPR (both 
AUC = 0.698, P = 0.625). Given the absence 
of a biopsy-proven S0 group, these results 
demonstrate technical feasibility rather than 
clinical staging capability, and the right-lobe 
(V–VIII) protocol should not be extrapolated 
to the whole liver. The model should be con-
sidered a supplementary, opportunistic tool 
during abdominal MRI rather than a replace-
ment for FIB-4 or APRI; larger multicenter 
studies with an S0 group, external validation, 
and MRI–biopsy co-registration are required.
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