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Abstract
Objective To compare the stretched exponential model of diffusion-weighted imaging (DWI) with monoexponential and
biexponential models in terms of the ability to characterize focal liver lesions (FLLs).
Methods This retrospective study included 180 patients with FLLs who underwent magnetic resonance imaging including DWI
with nine b values at 3.0 T. The distributed diffusion coefficient (DDC) and intravoxel diffusion heterogeneity index (α) from a
stretched exponential model; true diffusion coefficient (Dt), pseudo-diffusion coefficient (Dp), and perfusion fraction ( f ) from a
biexponential model; and apparent diffusion coefficient (ADC) were calculated for each lesion. Diagnostic performances of the
parameters were assessed through receiver operating characteristic (ROC) analysis. For 20 patients with treated hepatic metas-
tases, the correlation between the DWI parameters and the percentage of tumor necrosis on pathology was evaluated using the
Spearman correlation coefficient.
Results DDC had the highest area under the ROC curve (AUC, 0.905) for differentiating malignant from benign lesions,
followed by Dt (0.903) and ADC (0.866), without significant differences among them (DDC vs. Dt, p = 0.946; DDC vs.
ADC, p = 0.157). For distinguishing hypovascular from hypervascular lesions, and hepatocellular carcinoma from metastasis,
f had a significantly higher AUC than the other DWI parameters (p < 0.05). Theα had the strongest correlation with the degree of
tumor necrosis (ρ = 0.655, p = 0.002).
Conclusion The DDC from stretched exponential model of DWI demonstrated excellent diagnostic performance for differenti-
ating malignant from benign FLLs. The α is promising for evaluating the degree of necrosis in treated metastases.
Key Points
• The stretched exponential DWI model is valuable for characterizing focal liver lesions.
• The DDC from stretched exponential model shows excellent performance for differentiating malignant from benign focal liver
lesions.

• The α from stretched exponential model is promising for evaluating the degree of necrosis in hepatic metastases after
chemotherapy.
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Abbreviations
ADC Apparent diffusion coefficient
AUC Area under the ROC curve

CI Confidence interval
DDC Distributed diffusion coefficient
DWI Diffusion-weighted imaging
EHE Epithelioid hemangioendothelioma
FLL Focal liver lesion
FNH Focal nodular hyperplasia
HCC Hepatocellular carcinoma
ICC Intrahepatic cholangiocarcinoma
IVIM Intravoxel incoherent motion
MRI Magnetic resonance imaging
ROC Receiver operating characteristic
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ROI Region of interest
T2WI T2-weighted imaging

Introduction

Diffusion-weighted imaging (DWI) is a widely used magnetic
resonance imaging (MRI) sequence that is helpful for the de-
tection and characterization of focal liver lesions (FLLs) [1, 2].
DWI reflects tissue diffusibility in FLLs, and this characteris-
tic can be quantified by the apparent diffusion coefficient
(ADC) obtained using the monoexponential model of DWI
data. Although previous studies have shown the usefulness
of ADC in the characterization of FLLs, considerable overlaps
have been observed in the ADC values of benign and malig-
nant liver lesions [1–5]. Because both true molecular diffusion
and blood perfusion affect ADC values, the ADC may not
represent true tissue characteristics [6]. Intravoxel incoherent
motion (IVIM), a biexponential model of DWIwithmultiple b
values, enables the separate analysis of pure molecular diffu-
sion and blood perfusion [7]. In prior studies, the true diffu-
sion coefficient (Dt) obtained from the IVIM model demon-
strated better diagnostic performance than the ADC in the
differentiation of benign and malignant hepatic lesions [6,
8]. In addition, the perfusion fraction ( f ) and pseudo-
diffusion coefficient (Dp) were useful for evaluating the
hypervascularity of FLLs [6, 8].

However, the biexponential model has been criticized for
oversimplification of diffusion parameters to only two compart-
ments, i.e., true diffusion and perfusion compartments [9, 10].
Stretched exponential model can overcome the limitations of the
hypothesis of two diffusion compartments in a biexponential
model, by not assuming the specific number of different com-
partments. Instead, the stretched exponential model considers the
composite of continuous distribution of ADCs in each part.
Therefore, stretched exponential model is thought to reflect phys-
iologic characteristics of biologic tissue, considering the hetero-
geneity of intravoxel diffusion rates and the distributed diffusion
effect within each voxel in multiple pools of water molecules
[11]. Several clinical studies have used the stretched exponential
model [12–17]. For characterizing liver disease, several investi-
gators have reported the usefulness of the stretched exponential
model in evaluating hepatic fibrosis [12, 18]. To our knowledge,
only one recent study has compared different DWI models for
differentiating benign from malignant hepatic lesions [19].
Differentiation of malignant from benign FLLs is also available
on contrast-enhanced computed tomography or MRI. However,
DWI is particularly useful that it does not require intravenous
contrast administration, and different DWI models can reflect
different functional characteristics of FLLs. Therefore, it would
be meaningful to investigate whether there is an additional value
of stretched exponential model of DWI compared with other
models in the diagnosis of benign and malignant FLLs. In

addition, for treated metastatic lesions which are composed of
viable tumor, fibrosis, and necrosis, increased necrosis after che-
motherapy can be interpreted as treatment response. Although
there have been several reports that increased ADC and Dt

reflected tumor necrosis after chemotherapy [20–22], there has
been no study on the role of stretched DWImodel for evaluating
tumor necrosis in treated metastases.

Therefore, the purpose of our study was to evaluate the
ability and potential additional value of the stretched exponen-
tial model of DWI for characterization of FLLs comparedwith
those of the monoexponential and biexponential models.

Materials and methods

Study population

Our Institutional Review Board approved this retrospective
study and waived the requirement for informed patient con-
sent because of its retrospective design. A total of 981 adult
patients who underwent liver MRI, including DWI with mul-
tiple b values at 3 T, at our hospital between November 2015
and January 2017 were retrospectively recruited. Among
these patients, 801 patients were excluded after meeting the
following exclusion criteria (Fig. 1): (1) patients without any
FLLs (n = 80), (2) patients with FLLs less than 2 cm in diam-
eter (n = 539); (3) patients who underwent locoregional treat-
ment for hepatic tumors prior to MRI (n = 100); (4) patients
undergoing chemotherapy for hepatic tumors except metasta-
ses (n = 15); (5) patients without diagnostic proof of FLLs
(n = 33), and (6) patients with unacceptable DWI image qual-
ity for evaluating FLLs (n = 34). Finally, 180 patients were
included in this study (male:female, 122:58; mean age, 57.4
± 11.5 years). For patients with more than one hepatic lesion,
only the largest was included for analysis to avoid a clustering
effect within the patient. The final diagnoses of the FLLs were
hepatocellular carcinoma (HCC) in 61 patients, metastasis in
86, hemangiomas in 12, simple hepatic cysts in 10,
intrahepatic cholangiocarcinoma (ICC) in 4, focal nodular hy-
perplas ia (FNH) in 3, combined hepatocel lular-
cholangiocarcinoma (cHCC-CC) in 1, epithelioid
hemangioendothelioma (EHE) in 1, angiomyolipoma in 1,
and abscess in 1. Among the 86 patients with hepatic metas-
tasis, 40 patients were treated with systemic chemotherapy.
Treated metastases were only included in the analysis of the
correlation between DWI parameters and tumor necrosis. The
diameter of the FLLs ranged from 2.0 to 20.0 cm, with a mean
diameter of 4.66 cm (Table 1).

Confirmation of hepatic lesions

Among the 180 FLLs, 89 lesions were pathologically con-
firmed by biopsy (n = 23) or surgery (n = 66), and the
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remaining 91 were diagnosed based on typical clinical and
MRI findings with at least 6 months of follow-up (Table 1).
The diagnostic MRI criteria of FLLs without pathologic con-
firmation were as follows: (1) HCCs were diagnosed when
lesions exhibited arterial hyperenhancement and venous or
delayed phase washout in high-risk patients, according to the
criteria proposed by the American Association for the Study
of Liver Disease [23]; (2) metastases were diagnosed when the
lesions exhibited peripheral rim enhancement and a diameter
increase of at least 20% during serial imaging follow-up in
patients with a known primary malignancy [8, 24]; (3) hem-
angiomas were defined when lesions exhibited high signal
intensity on T2-weighted imaging (T2WI) and a typical dy-
namic enhancement pattern without interval change during at
least 6 months of follow-up; (4) hepatic cysts were diagnosed
when lesions exhibited bright signal intensity on T2WI with-
out contrast enhancement; (5) FNH were diagnosed based on
typical MRI findings of a hyperintense central scar on T2WI,
rapid and strong arterial hypervascularity, and retention of
contrast medium in the hepatobiliary phase using
gadoxetate-enhanced MRI [25]; and (6) abscess was diag-
nosed based on peripheral enhancing multiseptated cystic le-
sions in a clinical setting with fever and chills [26].

MRI acquisition

MRI was performed on a 3-T machine (Achieva TX, or
Ingenia; Philips Healthcare) using anterior and posterior coils.
The routine MRI protocol consisted of dual-echo spoiled
gradient-echo T1-weighted in-phase and opposed-phase im-
ages, multi-shot and single-shot turbo spin-echo T2WI, free
breathing single-shot echo-planar DWI, and dynamic fat-
suppressed spoiled gradient-echo T1WI before and after the

injection of contrast medium. The DWI was acquired with the
following parameters: echo time, 50.2 ms; repetition time,
5000 ms; echo train length, 27; receiver bandwidth, 2877
per pixel; field of view, 400 mm; matrix size, 90 × 92; number
of excitations, 3; section thickness, 5 mm; spectral adiabatic
inversion-recovery fat suppression; acquisition time, approxi-
mately 4 min 15 s. Three orthogonal spatial directions were
encoded with nine diffusion-weighted gradients: b values of 0,
10, 25, 50, 75, 100, 200, 500, and 800 s/mm2.

Post-processing and image analysis

DWI data were analyzed using IVIM post-processing soft-
ware (EXPRESS; Philips Healthcare) to acquire DWI param-
eters and parametric maps. The DWI parameters were calcu-
lated according to the following mathematical models: where
S(b) is the signal intensity under the given b value and S(0)
represents the signal intensity for b = 0 s/mm2. All nine b
values were used as input data.

In the monoexponential model, the ADC was calculated
using the monoexponential linear fitting (least-square) tech-
nique on a pixel-by-pixel basis with the following equation:

S bð Þ=S 0ð Þ ¼ exp −b � ADCð Þ

In the biexponential model, DWI signal decay was expect-
ed to follow the IVIM model. The true diffusion coefficient
(Dt) was obtained using b values > 200 s/mm2 with the simple
linear fit equation. The pseudo-diffusion coefficient (Dp) and
perfusion fraction ( f ) were then calculated with a nonlinear
regression algorithm [7].

S bð Þ=S 0ð Þ ¼ 1− fð Þ � exp −b � Dtð Þ½ � þ f � exp −b � Dp

� �� �

Fig. 1 Flowchart of the study
population. *Others included
three focal nodular hyperplasias,
one combined hepatocellular and
cholangiocarcinoma, one
epithelioid
hemangioendothelioma, one
angiomyolipoma, and one
abscess. MRI, magnetic
resonance imaging; DWI,
diffusion-weighted imaging;
FLL, focal liver lesion; HCC, he-
patocellular carcinoma; ICC,
intrahepatic cholangiocarcinoma
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In the stretched exponential model, the distributed diffu-
sion coefficient (DDC) and the water molecular diffusion het-
erogeneity index (α) were acquired using the following equa-
tion [11]:

S bð Þ=S 0ð Þ ¼ exp − b � DDCð Þ½ �α

where DDC indicates the mean intravoxel diffusion rate and α
represents intravoxel water molecular diffusion heterogeneity,
ranging from 0 to 1. For the biexponential and stretched ex-
ponential models, the Levenberg–Marquardt fit was used [13].

For quantitative analysis, one junior radiology resident
(H.C.K.) performed region of interest (ROI) measurement un-
der the supervision of a board-certified abdominal radiologist
(N.S., with 5 years of experience in liver MRI), and both
radiologists were unaware of the clinicopathologic findings.
ROIs were drawn on DWI images (b = 0 s/mm2) using post-
processing software to include the largest area and the most
representative portion of the FLL on three consecutive DWI
images. The mean area of the ROIs was 1973 ± 3537 mm2.
The average of the three ROI values was used for statistical
analysis.

For qualitative analysis, the vascularity of FLLs was
reviewed by consensus of two radiologists (Y.E.C. and N.S.,
with 10 and 5 years of clinical experience in liver MRI, re-
spectively). After the exclusion of hepatic cysts and treated
metastases, 130 FLLs were divided into groups of
hypovascular (n = 61) and hypervascular lesions (n = 69).
The vascularity of the FLLs was determined based on the
relative enhancement of the dominant part (> 50%) within
the lesions compared with that of the background liver in the

late arterial phase. The hypovascular FLLs consisted of me-
tastases (n = 40), HCCs (n = 8), hemangiomas (n = 6), ICCs
(n = 4), abscess (n = 1), EHE (n = 1), and cHCC-CC (n = 1).
The hypervascular FLLs included HCCs (n = 53), metastases
(n = 6) , hemang iomas (n = 6) , FNH (n = 3) , and
angiomyolipoma (n = 1).

Statistical analysis

All DWI parameters were compared according to the lesion
diagnoses using the independent sample t test or analysis of
variance with the Bonferroni multiple comparisons as a post
hoc test. Because the numbers of ICC (n = 4), FNH (n = 3),
abscess (n = 1), angiomyolipoma (n = 1), EHE (n = 1), and
cHCC-CC (n = 1) were too small for a separate statistical anal-
ysis, these FLLs were excluded from the aforementioned anal-
ysis. Instead, these FLLs were included in the following analy-
ses. The independent sample t test was used to compare DWI
parameters in solid FLLs between benign andmalignant lesions
and between hypovascular and hypervascular lesions. For the
evaluation of benign solid FLLs, cysts were excluded, and
hemangiomas were included in the analysis. The diagnostic
performances of the DWI parameters in differentiating solid
FLLs were evaluated using receiver operating characteristic
(ROC) analysis and the area under the ROC curve (AUC).
The AUCs among the DWI parameters were compared using
the DeLong test. The sensitivity and specificity of the DWI
parameters were calculated at the cutoff values that can achieve
the largest Youden index. For the surgically confirmed hepatic
metastases treated with chemotherapy, the correlation of the

Table 1 Number and reference
standard of focal liver lesions Focal liver lesions Number Mean size (cm) Reference standard

Biopsy Surgery Imaging

HCC 61 5.05 ± 3.18 6 24 31

Metastasis (untreated) 46 4.41 ± 3.17 8 21 17

Metastasis (treated)* 40 4.36 ± 3.25 5 16 19

Hemangioma 12 4.12 ± 3.23 0 1 11

Cyst 10 4.79 ± 3.26 0 1 9

Intrahepatic cholangiocarcinoma 4 6.35 ± 3.24 3 1 0

Focal nodular hyperplasia 3 4.27 ± 3.16 0 0 3

Abscess 1 4.10 0 0 1

Angiomyolipoma 1 6.20 0 1 0

EHE 1 2.50 0 1 0

cHCC-CC 1 5.20 1 0 0

Total 180 4.66 ± 3.20 23 66 91

Sizes are presented as the mean diameter ± standard deviation

HCC, hepatocellular carcinoma; EHE, epithelioid hemangioendothelioma; cHCC-CC, combined hepatocellular
carcinoma and cholangiocarcinoma

*Treatedmetastases were only included for analysis of correlation between tumor necrosis and diffusion-weighted
parameters
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DWI parameters and the degree of tumor necrosis based on
pathologic reports was evaluated using the Spearman correla-
tion coefficient. Statistical analyses were performed using the
SPSS v23.0 software (IBM Corp.) and MedCalc Statistical
Software version 18.2.1 (MedCalc Software Bvba). P values
< 0.05 were considered statistically significant.

Results

DWI parameter values according to diagnosis

The DWI parametric values of the various FLLs are summa-
rized in Table 2 and Fig. 2. The ADC (p < 0.001), Dt

(p < 0.001), f (p = 0.005), and DDC (p < 0.001) differed sig-
nificantly among HCCs, metastases, and hemangiomas. In
post hoc comparisons, the ADC, Dt, and DDC of hemangi-
omas were significantly higher than those of HCCs or metas-
tases (p < 0.001). In the comparison between HCCs and me-
tastases, f was significantly higher in HCCs (22.80%) than in
metastases (17.06%; p = 0.004), but other parameters were not
significantly different (p > 0.05). In the comparison between
hemangiomas and cysts, ADC (p < 0.001), Dt (p = 0.001),
f (p = 0.003), DDC (p = 0.017), and α (p = 0.001) were signif-
icantly different. Theαwas significantly higher in cysts (0.95)
than in hemangiomas (0.70). Representative figures of HCC
and hemangiomas are shown in Figs. 3 and 4.

Comparison of DWI parameters for discrimination
of solid focal lesions according to malignancy
and vascularity

The malignant FLLs had significantly lower values of ADC
(p < 0.001), Dt (p < 0.001), and DDC (p < 0.001) than the be-
nign FLLs. Conversely, α, f, and Dp were not significantly
different between the malignant and benign lesions.

Significant differences were observed in f and α between the
two groups, distinguishing hypovascular from hypervascular
solid lesions. The f was significantly higher in hypervascular
lesions than in hypovascular lesions (24.38% vs. 16.29%,
p < 0.001), as was α (0.68 vs. 0.60, p = 0.002) (Table 3).

Diagnostic performance of DWI parameters
in the differentiation of solid focal lesions

Table 4 summarizes the results of ROC analysis for the differ-
entiation of solid FLLs. For the differentiation of malignant
lesions from benign lesions, DDC had the largest AUC
(0.905; 95% confidence interval [CI], 0.841–0.949) followed
by Dt (0.903; 95% CI, 0.838–0.948) and ADC (0.866, 95%
CI, 0.795–0.920). The sensitivity and the specificity of DDC
for differentiating malignant and benign lesions were 85.8%
and 82.4%, respectively, at an optimal cutoff value of 1.785 ×
10−3 mm2/s. The AUC of DDC was not significantly different
from those of Dt (p = 0.946) and ADC (p = 0.157). Regarding
lesion vascularity, f had the largest AUC (0.762; 95% CI,
0.679–0.832), followed by α (0.664; 95% CI, 0.576–0.744)
and Dp (0.608; 95% CI, 0.518–0.692). The f had significantly
higher AUCs than all other DWI parameters (p ≤ 0.031). For
the differentiation of HCCs from metastases, f also had the
largest AUC (0.714; 95% CI, 0.618–0.797), differing signifi-
cantly from all other DWI parameters (p ≤ 0.019).

Correlation between DWI parameters and tumor
necrosis in treated metastasis

Among the patients with metastases treated with chemotherapy
(n= 40), 20 patients underwent surgical resectionwithin 1month
afterMRI. Correlation of theDWI parameters and the percentage
of tumor necrosis reported on the pathologic reports (n= 20) was
analyzed using the Spearman correlation coefficient (ρ). The α
had the strongest correlation with the degree of tumor necrosis

Table 2 Diffusion-weighted imaging parametric values of focal liver lesions

Parameter HCC (n = 61) Metastasis (n = 46) Hemangioma (n = 12) p value* Cyst (n = 10) p value†

ADC (10−3 mm2/s) 1.33 ± 0.23 1.38 ± 0.4 1.94 ± 0.34 < 0.001 3.12 ± 0.75 < 0.001

Dt (10
−3 mm2/s) 1.04 ± 0.31 1.17 ± 0.58 1.75 ± 0.31 < 0.001 2.93 ± 0.82 0.001

f (%) 22.80 ± 8.70 17.06 ± 8.26 20.34 ± 11.64 0.005 5.97 ± 6.84 0.003

Dp (10
−3 mm2/s) 83.69 ± 62.89 84.64 ± 64.21 85.53 ± 56.12 0.994 61.13 ± 62.45 0.346

DDC (10−3 mm2/s) 1.32 ± 0.41 1.35 ± 0.53 2.43 ± 0.84 < 0.001 3.24 ± 0.56 0.017

α 0.62 ± 0.14 0.65 ± 0.14 0.70 ± 0.21 0.236 0.95 ± 0.71 0.001

Data are means ± standard deviation

DWI, diffusion-weighted imaging; ADC, apparent diffusion coefficient; Dt, true diffusion coefficient; Dp, pseudo-diffusion coefficient; f, perfusion
fraction; DDC, distributed diffusion coefficient; α, intravoxel diffusion heterogeneity index; HCC, hepatocellular carcinoma

*DWI parameters of HCC, metastasis, and hemangiomas were compared using an analysis of variance
†DWI parameters of hemangiomas and cysts were compared using an independent sample t test
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(ρ = 0.655, p = 0.002), followed by Dt (ρ = 0.576, p = 0.008)
(Figs. 5 and 6). The other DWI parameters were not significantly
correlated with the degree of tumor necrosis.

Discussion

The results of this study showed that the DDC from the
stretched exponential model demonstrated the optimal

diagnostic performance in differentiating malignant from be-
nign FLLs, followed byDt and ADC, although the differences
among them were not significant. A recent study also showed
that DDC had the highest value (AUC, 0.819) in
distinguishing between malignant and benign hepatic lesions
[19]. This indicates that the average diffusion rate of benign
hepatic lesions is higher than that of malignant lesions, and
DDC may have the strongest ability to discriminate benign
from malignant liver lesions with less overlap. Conversely,

Fig. 2 Box plots of diffusion-weighted imaging parameters of hepatocellular carcinoma (HCC), metastasis, and hemangiomas. *p < 0.001 and **p =
0.004. Dp and α did not differ significantly among HCC, metastasis, and hemangioma

Fig. 3 Imaging of a 65-year-old man with hepatocellular carcinoma
(HCC). a Axial T1-weighted image acquired during the arterial phase
showing a hyperenhancing mass in the right anterior section of the liver.
b The region of interest was manually drawn on the hepatic tumor on the

diffusion-weighted image acquired with a b value of 0 s/mm2 and copied
onto (c–h) color maps. The values of (c) the ADC, (d)Dt, (e) f, (f)Dp, (g)
DDC, and (h) α of HCC were 1.23 × 10−3 mm2/s, 0.80 × 10−3 mm2/s,
26.31%, 165.26 × 10−3 mm2/s, 1.20 × 10−3 mm2/s, and 0.49, respectively
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the α, another parameter from the stretched exponential mod-
el, could not distinguish between benign and malignant liver
lesions. The α represents intravoxel water molecular diffusion
heterogeneity, ranging from 0 to 1 [11, 13]. A lower α value
indicates higher intravoxel diffusion heterogeneity, indicating
higher heterogeneity of exponential decay [11]. In a previous
study, the α value did not differ significantly between benign
and malignant liver lesions, although it could distinguish nor-
mal hepatic parenchyma from benign and malignant liver le-
sions [19]. In a comparison of monoexponential and
biexponential DWI models for differentiating malignant from
benign lesions, Dt demonstrated better diagnostic perfor-
mance than conventional ADC [6, 8], which corroborates
our study results.

We found that the IVIM-derived perfusion parameter, f,
demonstrated the strongest diagnostic performance for differ-
entiating hypervascular liver lesions from hypovascular le-
sions. The Dp did not differ significantly between

hypervascular and hypovascular liver lesions in this study.
Our results are in good agreement with previous studies,
which have shown a positive correlation between f and the
degree of enhancement in hepatic tumors including HCCs
and in renal lesions [6, 8, 27, 28]. The poor reliability of Dp

reported in prior studies may explain the poor correlation be-
tween Dp and the hypervascularity of the FLLs [6, 8, 12, 29].
In our study, the α value of hypervascular FLLs was signifi-
cantly lower than that of hypovascular FLLs (0.60 vs. 0.68,
p = 0.002), although the AUC of α for the differentiation of
hypervascular and hypovascular FLLs was significantly lower
than that of f. This result may indicate that the hypervascular
liver lesions had a higher degree of multiexponential signal
decay, possibly because of the prominent vascular structure,
angiogenesis, and tissue heterogeneity. One other explanation
could be that the HCCs, which comprised the largest portion
of hypervascular liver lesions (76.8%, 53/69) in this study, had
a lower α value than the other hepatic lesions.

Fig. 4 Imaging of a 38-year-old woman with hemangioma. a Axial T1-
weighted image acquired during the delayed phase showing peripheral
nodular enhancement of a hepatic mass. b The region of interest was
manually drawn on the hepatic tumor on the diffusion-weighted image

acquiredwith a b value of 0 s/mm2 and copied onto (c–h) color maps. The
values of (c) the ADC, (d) Dt, (e) f, (f) Dp, (g) DDC, and (h) α of
hemangioma were 1.65 × 10−3 mm2/s, 1.62 × 10−3 mm2/s, 17.15%,
178.28 × 10−3 mm2/s, 1.58 × 10−3 mm2/s, and 0.79, respectively

Table 3 Diffusion-weighted imaging parametric values of solid focal liver lesions according to malignancy and vascularity

Parameter Benign (n = 17) Malignant (n = 113) p value* Hypovascular (n = 61) Hypervascular (n = 69) p value†

ADC (10−3 mm2/s) 1.86 ± 0.33 1.37 ± 0.32 < 0.001 1.41 ± 0.40 1.44 ± 0.33 0.627

Dt (10
−3 mm2/s) 1.68 ± 0.31 1.10 ± 0.44 < 0.001 1.23 ± 0.56 1.13 ± 0.37 0.221

f (%) 21.45 ± 11.40 20.45 ± 8.90 0.681 16.29 ± 7.27 24.38 ± 9.14 < 0.001

Dp (10
−3 mm2/s) 83.30 ± 48.30 82.28 ± 63.94 0.939 71.64 ± 60.56 91.94 ± 62.05 0.062

DDC (10−3 mm2/s) 2.39 ± 0.82 1.36 ± 0.48 < 0.001 1.44 ± 0.54 1.54 ± 0.71 0.376

α 0.66 ± 0.21 0.64 ± 0.15 0.688 0.68 ± 0.15 0.60 ± 0.15 0.002

Data are means ± standard deviation. Treated metastasis and cysts were excluded from this analysis

ADC, apparent diffusion coefficient; Dt, true diffusion coefficient; Dp, pseudo-diffusion coefficient; f, perfusion fraction; DDC, distributed diffusion
coefficient; α, intravoxel diffusion heterogeneity index

*Differences between benign and malignant solid focal lesions
†Differences between hypovascular and hypervascular solid focal lesions
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For the treated hepatic metastases that were surgically
resected, we investigated the correlation between tumor ne-
crosis and the DWI parameters, and α showed the most sig-
nificant positive correlation with the degree of tumor necrosis
after chemotherapy, followed by Dt. We assumed that viable
cell density and tumor vascularity are reduced with tumor

necrosis progression, thereby increasing structural homogene-
ity resulting in an increasing α. Several prior studies have
reported the potential value ofα in the assessment of treatment
response after chemotherapy [30–32]. In a study of 79 patients
with rectal cancer, α was more useful than ADC and IVIM-
derived parameters for predicting pathologic complete

Table 4 Results of receiver operating characteristic analysis for differentiation of solid liver lesions

Parameters Cutoff Sensitivity Specificity AUC 95% CI

Benign* vs. malignant ADC (10−3 mm2/s) 1.656 88.5 76.5 0.866 0.795, 0.920

Dt (10
−3 mm2/s) 1.400 85.8 82.4 0.903 0.838, 0.948

f (%) 24.050 74.3 47.1 0.532 0.443, 0.620

Dp (10
−3 mm2/s) 49.845 41.6 82.4 0.543 0.453, 0.631

DDC (10−3 mm2/s) 1.785 85.8 82.4 0.905 0.841, 0.949

α 0.854 94.7 29.4 0.539 0.449, 0.627

Hypovascular vs. hypervascular ADC (10−3 mm2/s) 1.344 59.4 55.7 0.549 0.459, 0.636

Dt (10
−3 mm2/s) 1.334 81.2 32.8 0.536 0.446, 0.624

f (%) 18.934 69.6 72.1 0.762 0.679, 0.832

Dp (10
−3 mm2/s) 37.484 76.8 44.3 0.608 0.518, 0.692

DDC (10−3 mm2/s) 2.293 13.0 95.1 0.513 0.424, 0.602

α 0.710 82.6 47.5 0.664 0.576, 0.744

HCC vs. metastasis ADC (10−3 mm2/s) 1.427 70.5 39.1 0.507 0.409, 0.605

Dt (10
−3 mm2/s) 1.334 90.2 23.9 0.530 0.431, 0.627

f (%) 15.422 83.6 52.2 0.714 0.618, 0.797

Dp (10
−3 mm2/s) 37.484 70.5 39.1 0.503 0.405, 0.602

DDC (10−3 mm2/s) 1.819 93.4 17.4 0.502 0.404, 0.600

α 0.679 72.1 45.7 0.563 0.463, 0.658

ADC, apparent diffusion coefficient; Dt, true diffusion coefficient; Dp, pseudo-diffusion coefficient; f, perfusion fraction; DDC, distributed diffusion
coefficient; α, intravoxel diffusion heterogeneity index; AUC, area under the receiver operating characteristic curve; CI, confidence interval

*Cysts were excluded, and hemangiomas were included in benign solid liver lesions

Fig. 5 Imaging of a 48-year-old man with treated colorectal liver
metastasis. The pathologically proven degree of tumor necrosis was
85% after chemotherapy. (a) Axial T1-weighted image acquired during
the portal phase showing a large hypovascular mass on the right
hemiliver. (b) The region of interest was manually drawn on the hepatic

tumor on the diffusion-weighted image acquired with a b value of
0 s/mm2 and copied onto (c–h) color maps. The values of (c) the ADC,
(d) Dt, (e) f, (f) Dp, (g) DDC, and (h) α of metastasis were 1.82 ×
10−3 mm2/s, 1.50 × 10−3 mm2/s, 24.72%, 33.16 × 10−3 mm2/s, 2.24 ×
10−3 mm2/s, and 0.70, respectively
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response [31]. In another study of 29 patients with metastatic
abdominal and pelvic tumors, the α value significantly in-
creased after treatment with vascular endothelial growth factor
inhibitors [32]. Regarding the relationship between Dt and
tumor necrosis, Chiaradia et al showed that tumor necrosis
of colorectal cancer liver metastasis following systemic che-
motherapy was correlated with a specific increase in Dt [22],
which corroborates our results. However, because of the small
number of patients and lack of serial intrapatient comparison
(before and after chemotherapy) in our study, larger prospec-
tive studies are warranted to generalize our results.

Several limitations of our study should be considered.
First, an inherent selection bias may have affected the re-
sults because of the retrospective study design. Second, our
patient cohort had a relatively small number of benign
lesions, and most of solid benign FLLs were hemangi-
omas. Although the more critical issue is whether DWI
can differentiate solid benign FLLs such as FNH or adeno-
ma from malignancy, this could not be evaluated in this
patient cohort. Third, because we included FLLs ≥ 2 cm
to reduce measurement error, our results may not be appli-
cable to smaller lesions. Fourth, we cannot guarantee the
correspondence between the tumor slices assessed by the
pathologist and the image slices where the DWI parameters
were measured. Nevertheless, it might be meaningful that
α measured at the largest tumor area reflects total tumor
necrosis on pathologic examination. Fifth, as mentioned,
the results regarding tumor necrosis and DWI parameters
should be interpreted with caution because of the small
number of patients and lack of serial comparison. Finally,
the reproducibility of DWI parameters was not assessed.
One major issue of diffusion MRI in the liver is

measurement error, caused by physiologic motion or dif-
ferences in hardware. In addition, ROI measurements of
the FLLs were performed by a single radiologist, which
limits the reliability assessment of the DWI parameters.

In conclusion, our results indicate that the stretched expo-
nential DWI model might be valuable for characterizing FLLs.
The DDC demonstrated excellent diagnostic performance for
differentiating malignant from benign lesions. We also suggest
that α can be a promising indicator for evaluating the degree of
necrosis in hepatic metastases after chemotherapy.
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