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Abstract
Objectives To assess the diagnostic accuracy of diffusion tensor imaging (DTI) in the characterization of hepatic focal lesions
(HFLs) and compare it to diffusion-weighted imaging (DWI).
Methods Prospective analysis was done for 49 patients (23 male and 26 female) with 74 HFLs who underwent dynamic MRI,
DWI, and DTI. Apparent diffusion coefficient (ADC) values from DWI, fractional anisotropy (FA) values, and mean diffusivity
(MD) values from DTI were measured by two independent radiologists. HFLs were classified into benign and malignant HFLs;
the latter were subdivided into HCC and non-HCC lesions. Binary logistic regression was performed to analyze the associations
between the DTI parameters and the distinction of malignant lesions.
Results The ADC, MD, and FA at cutoff values of ≤ 1.17 × 10−3 mm2/s, ≤ 1.71 × 10−3 mm2/s, and > 0.29, respectively, are
excellent discriminators for differentiating malignant and benign HFLs. The mean ADC and MD values of hemangiomas were
significantly higher than HCC and non-HCC malignant lesions. In contrast, the mean FA values of hemangiomas were signif-
icantly lower than those of non-HCC malignant lesions and HCCs. The ADC and MD were very good discriminators at cutoff
values of > 1.03 × 10−3 mm2/s and > 1.12 × 10−3 mm2/s, respectively. The FA at a cutoff value > 0.38 is an excellent discriminator
for HCC versus non-HCC malignant lesions. Only FA value > 0.38 was a statistically significant independent predictor of HCC
versus non-HCC lesions among the three parameters. There was an excellent inter-observer agreement with ICC > 0.9.
Conclusion MD and FA of DTI are non-invasive, very good, and excellent discriminators superior to ADCmeasured by DWI for
the differentiation of HFLs.
Key Points
• The ADC, MD, and FA at cutoff values of ≤ 1.17 × 10−3 mm2/s, ≤ 1.71 × 10−3 mm2/s, and > 0.29, respectively, are excellent
discriminators for differentiating malignant and benign HFLs.

• The mean ADC andMD values of hemangiomas were significantly higher than those of HCC and non-HCC malignant lesions.
In contrast, the mean FA values of hemangiomas were significantly lower than those of non-HCCmalignant lesions and HCCs,
respectively.

• Multivariate regression analysis revealed that only FA value > 0.38 was a statistically significant independent predictor of
HCC vs. non-HCC lesions. A lesion with FA > 0.38 has 34 times higher odds of being HCC rather than non-HCC lesions
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DTI Diffusion tensor imaging

DWI Diffusion-weighted imaging
FA Fractional anisotropy
HCC Hepatocellular carcinoma

* Ali H. Elmokadem
mokadem83@yahoo.com

1 Department of Radiology, Mansoura University, El Gomhoria St.,
Mansoura 35516, Egypt

2 Department of Surgical Oncology, Mansoura University,
Mansoura, Egypt

3 Department of Internal Medicine, Horus University, Damietta, Egypt
4 Department of Internal Medicine, Mansoura University,

Mansoura, Egypt

https://doi.org/10.1007/s00330-022-09091-w

/ Published online: 18 August 2022

European Radiology (2023) 33:1400–1411

1 3

http://crossmark.crossref.org/dialog/?doi=10.1007/s00330-022-09091-w&domain=pdf
http://orcid.org/0000-0001-5119-9548
mailto:mokadem83@yahoo.com


HFLs Hepatic focal lesions
MD Mean diffusivity

Introduction

Hepatic tumors constitute a significant health problem; early
detection and differentiation are critical for accurate manage-
ment and patient outcomes. Hepatic focal lesions (HFLs) are
classified into benign and malignant lesions. Hemangiomas
are the most common benign tumor, while hepatocellular car-
cinoma (HCC) is the commonest primary hepatic malignancy.
Moreover, hepatic metastases are more common than primary
hepatic tumors [1, 2].

Current technical improvements in contrast-enhanced ul-
trasound (CEUS), computed tomography (CT), and magnetic
resonance imaging (MRI) have facilitated a more frequent
diagnosis of benign and malignant HFLs [3]. CT demonstrat-
ed significantly higher sensitivity and specificity for HCC
detection than sonography [4]. However, CT has a few limi-
tations, such as radiation exposure and lack of high soft tissue
resolution compared to MRI, which may cause indeterminate
diagnosis [5]. Contrast-enhanced dynamic MR is a keystone
for hepatic lesion characterization [6]. According to the latest
Liver Imaging Reporting and Data System (LI-RADs), pre-
cise diagnosis of HCC depends on five major features accord-
ing to the enhancement pattern and size. The diffusion restric-
tion is an ancillary feature favoring malignancy, including
HCC and other malignant HFLs [7, 8].

Diffusion-weighted imaging (DWI) is a non-contrast tech-
nique that has been progressively used to characterize HFLs
[9, 10]. DWI allows qualitative and quantitative analysis
through the apparent diffusion coefficient (ADC) map and
reflects histopathological tissue features but fails to describe
diffusion characteristics in anisotropic environments [10, 11].
Though previous studies have revealed the utility of ADC in
the characterization of hepatic focal lesions, the ADC values
of benign and malignant liver lesions showed considerable
overlaps [12–14].

Diffusion tensor imaging (DTI) is an advanced, recently
introduced MR technique developed based on DWI. Unlike
the uni-directional or three orthogonal directional DWI, DTI
measures the diffusivity of water molecules by using six or
more different directions of diffusion-sensitive gradients, vi-
sually exposing the microstructural characteristics of biologi-
cal tissues permitting the evaluation of their anisotropic prop-
erties [15, 16]. DTI is considered an emerging technique in
extra-cranial applications as it was mainly performed to trace
white matter fiber in the nervous system [17–19]. It improves
the routine DWI module to illustrate the orientational variabil-
ity, allowing the assessment of diffusion anisotropy [19]. The
calculated DTI parameters are mean diffusivity (MD) and
fractional anisotropy (FA), which reflect the size and shape

of the diffusion ellipsoids, respectively [20]. FA shows the
fraction of anisotropic diffusion to total diffusion [10].

The data available about the role of DTI in assessing HFLs
are few and limited to specific focal lesions [10, 16]; most of
the existing data were concerned with the role of DTI in dif-
fuse liver disease as fibrosis and steatosis [15, 21–24].
Furthermore, no available studies compared the diagnostic
accuracy of routine DWI and DTI, so we aimed to assess the
role of DTI in categorizing HFLs and comparing it to DWI.

Methods

Study population

The institutional review board approved the study, and in-
formed consent was obtained from all patients. Patients with
HFLs (> 1 cm) diagnosed by sonography or triphasic CTwere
included in this study. All patients underwent contrast-
enhanced dynamic MRI of the liver, DWI, and DTI from
July 2020 to August 2021. Eighteen patients were excluded
from the study; 11 had previous locoregional treatment for
HCC, 5 had received chemotherapy for hepatic metastases,
and the other 2 were due to image quality degradation caused
by respiratory motion artifacts. Lastly, 49 patients with 74
focal lesions (23 male and 26 female) were included in the
study. Their mean age ± SD was 51.6 ± 7.1 years, ranging
from 30 to 67 years. Figure 1 shows a flow chart of the study
population.

MR imaging technique

Conventional MRI

All patients underwent MRI examination at 1.5 T (Ingenia®,
Philips Healthcare). Pre-contrast MRI sequences included
T1WI (TR/TE = 112/4.8 ms), T2WI (TR/TE ≥ 400/80 ms),
and T2 SPAIR (spectral adiabatic inversion recovery) fat sup-
pression sequence (TR/TE = 2500–3000/80–100 ms).
Gadolinium-based contrast agent (Gd-DTPA) was injected
at a dose of 0.1 mmoL/kg at a rate of 2 mL/s using an auto-
mated injector. Multiphasic post-contrast T1-weighted high-
resolution isotropic volume examination (THRIVE) was per-
formed, including early and late arterial and portal venous
with 18–21-s intervals for image acquisition, and 5-min de-
layed phases. The following acquisition parameters were
used: TR/TE 3.3–4.5/1.4–1.9 ms, flip angle 10°, matrix size
172 × 135, FOV 300–400mm, and slice thickness of 3–5mm.

DWI

DWI was performed before the contrast study using a fat-
suppressed single-shot echo-planar sequence with b values
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(b = 0, 500, and 1000 s/mm2). Diffusion imaging acquisition
parameters were as follows: TR/TE = 1900–70 ms, NEX = 3,
matrix = 124 × 120, slice thickness = 5 mm, slice gap = 1–2
mm, and scan time = 70 s.

DTI

Diffusion tensor imaging was also performed before contrast
medium injection using axial non-breath hold, single-shot gra-
dient echo-planar DTI sequence (TR/TE = 3000/90 ms). Six
diffusion directions were applied along 32 axes using variable
diffusion-weighted b values (b = 0 and 800 s/mm2) with the
following scanning parameters: FOV = 250 × 170 mm2, ma-
trix = 80 × 60, and voxel dimensions = 3.5 × 37 × 2.5 mm3.
Slice thickness was 2.5 mm with no gap, and total scan dura-
tion was 6 min.

Image analysis

Dynamic MR, DWI, and DTI image analysis was performed
by two independent radiologists (10 and 5 years of experience
in interpreting abdominal MR images). Both radiologists were
blinded to the final pathological results in patients with atyp-
ical HFLs. The images were transferred to a workstation (ex-
tended MR Workspace 2.6.3.5, Philips Medical Systems).

Conventional MRI

Based on the imaging features, HFLswere classified into three
groups: benign, HCCs, and non-HCC malignant lesions. We

considered the imaging features of dynamic MRI as the stan-
dard of reference for typical HFLs in 41 patients. Atypical
HFLs in 8 cases underwent tissue biopsy. Marked T2
hyperintensity and typical enhancement pattern on DCE-
MRI (peripheral interrupted nodular enhancement in the
arterial phase and progressive centripetal enhancement in
the portal and delayed phases) were used to diagnose
hemangioma [25]. We used major and ancillary imaging
criteria of the latest update of LI-RADS for the diagnosis
of HCC as follows: non-rim arterial phase hyperenhancement
(APHE) with non-peripheral washout or enhancing capsule in
the portal or delayed phases, mild to moderate T2
hyperintensity, and diffusion restriction [7, 8]. HFLs were
considered metastatic if a primary tumor was present.
Hepatic metastases were diagnosed by the typical appearance
of the targetoid mass in the form of rim APHE, peripheral
washout, and targetoid diffusion restriction [7, 10].
Intrahepatic mass forming cholangiocarcinoma was diag-
nosed by minor peripheral rim enhancement during both the
arterial and portal venous phases, gradual centripetal pro-
longed enhancement in the delayed phase with peripheral in-
trahepatic duct dilatation, and capsular retraction [26].

DWI

Both reviewers measured ADC values separately by manually
applying the region of interest (ROI) encompassing the solid
part of the HFLs without including the adjacent hepatic pa-
renchyma. The ADC values were measured three times, and
the measurements were averaged. In patients with multiple

Fig. 1 Flow chart of the study
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HFLs, each lesion was determined by its location in the liver
(according to the hepatic segment) to avoid overlap between
the two observers and then analyzed separately. Moreover, the
average ADC value was calculated for each lesion.

DTI

The images were loaded to the DTI software provided by the
vendor, and both FA maps and MD maps were created from
the post-processing workstation. Co-registration of the MD
and FA maps to both T2-weighted and contrast-enhanced
T1-weighted images was done for accurate assignment of
ROI. A circular ROI was placed on the MD and FA maps
over the most enhanced region of the HFL, guided by
contrast-enhanced images to avoid cystic or necrotic parts.
The ROI size varied from 1 to 3.1 cm2 (mean 1.6 cm2).
Both observers independently measured MD and FA values
three times, and the measurements were averaged. Similarly,
in patients with multiple HFLs, both DTI parameters were
calculated for each lesion.

Statistical analysis

Data were analyzed using IBM-SPSS software (version 26.0)
and MedCalc Statistical Software (version 18.9.1).
Quantitative data were initially tested for normality using
Shapiro-Wilk’s test, with data being normally distributed if p
> 0.050. The presence of significant outliers was tested by
inspecting boxplots. Quantitative data were expressed as
mean ± SD for normally distributed data. The intraclass cor-
relation coefficient (ICC) and Bland and Altman plot were
used to assess the agreement between the two raters. One-
way ANOVA test compared quantitative data between the
three groups. The diagnostic performance of a test was
assessed by ROC curve analysis, sensitivity, specificity,
PPV, NPV, accuracy, F1 score, and the Matthews
Correlation Coefficient. Logistic regression was used to pre-
dict the probability that an observation falls into one of two
categories of a dichotomous dependent variable (HCC vs.
non-HCC). For any of the used tests, results were considered
statistically significant if the p value ≤ 0.050.

Results

Patients’ characteristics

Hepatic focal lesions were 24 hemangiomas in 18 patients, 27
HCCs in 17 patients, and 23 non-HCCmalignant lesions in 14
patients (9 patients with 18 metastases and 5 patients with
cholangiocarcinoma). Six patients with hepatic metastases
had primary colorectal cancer, one patient had pancreatic ad-
enocarcinoma, and the last two patients had ovarian cancer.

Out of 14 patients with non-HCC malignancy, eight
underwent tissue biopsy (3 with metastases and five
cholangiocarcinomas). The remaining six patients were
considered metastatic due to known primary malignancy and
typical targetoid mass appearance on both dynamic MRI and
DWI. No biopsy was performed for benign HFLs or HCCs;
the diagnosis was based on MRI features. HCCs were more
common in males (85%) than in females (15%). In compari-
son, hemangiomas were more common in females (75%) than
in males (25%). This difference in gender distribution was
statistically significant (p < 0.0005).

Benign versus malignant HFLs

The ADC, MD, and FA at cutoff values of ≤ 1.17 ×
10−3 mm2/s, ≤ 1.71 × 10−3 mm2/s, and > 0.29, respectively,
were excellent discriminators for differentiating malignant
and benign HFLs. This minor difference between the AUC
of FA vs. AUCs of both ADC and MD is not statistically
significant (p = 0.2641). The three parameters have an
excellent diagnostic performance with 100% specificity
and 100% PPV for all of them (Tables 1 and 2; Fig. 2).

Hemangioma versus HCC and non-HCC malignant
lesions

The mean ADC and MD values of hemangiomas (1.74 ± 0.18
× 10−3 mm2/s and 2.34 ± 0.21 × 10−3 mm2/s, respectively)
were significantly higher than those of HCC (1.07 ± 0.07 ×
10−3 mm2/s and 1.22 ± 0.12 × 10−3 mm2/s respectively) and
non-HCC malignant lesions (0.92 ± 0.11×10−3 mm2/s and
1.11 ± 0.10 × 10−3 mm2/s respectively) while the mean FA
values of hemangiomas (0.25 ± 0.02) were significantly lower
than those of non-HCC malignant lesions (0.35 ± 0.05) and
HCCs (0.45 ± 0.05). One-way ANOVA test revealed a statis-
tically significant difference in DTI parameters between the
three groups, with a large effect size (f = 2.84, 2.12, and 3.67,
for ADC, FA, and MD, respectively). Post hoc tests revealed
that the MD values were statistically significantly higher
in benign lesions > HCC lesions > non-HCC lesions
(Tables 3 and 4).

Table 1 Diagnostic performance of discriminators of malignant vs.
benign lesion. Areas under the ROC curves for the three discriminators

Discriminator Cutoff value p value AUC 95% CI SE

ADC ≤ 1.17 < 0.001 1.000 0.951–1.000 0.0000

FA > 0.29 < 0.001 0.978 0.913–0.998 0.0197

MD ≤ 1.71 < 0.001 1.000 0.951–1.000 0.0000

Notes: AUC, area under the ROC curve; CI, confidence interval; SE,
standard error.
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HCC versus non-HCC malignant lesions

The ADC andMD at cutoff values of > 1.03 × 10−3 mm2/s and
> 1.12 × 10−3 mm2/s, respectively, were very good discrimina-
tors for HCC vs. non-HCC lesions, while FA at a cutoff value >
0.38 was an excellent discriminator for HCC vs. non-HCC
lesions. This difference between AUC of FA vs. AUC of MD
is statistically significant (p = 0.036), while the difference be-
tween AUC of ADC vs. AUC of MD is not statistically signif-
icant (p = 0.387). Table 5 shows very good performance of
ADC and MD and an excellent performance of FA in discrim-
inating HCC from non-HCC lesions with 74.1%, 88.9%, and
88.9% sensitivity; 87%, 69.6%, and 91.3% specificity; 87%,

77.4%, and 92.3% PPV; 74.1%, 84.2%, and 87.5% NPV; and
0.80, 0.80, and 0.90 accuracy respectively (Fig. 2).

The binary logistic regression analysis was performed to
ascertain the effects of ADC > 1.03 × 10−3 mm2/s, FA > 0.38,
and MD > 1.12 × 10−3 mm2/s on the likelihood that the ma-
lignant lesion will be HCC vs. non-HCC. On univariate ana-
lysis, each of the three parameters was a statistically signifi-
cant predictor of HCC. So, all these three parameters were
entered in a multivariate logistic regression model. The model
was statistically significant (c2 (3) = 41.526, p value < 0.001).
The model correctly classified 90% of cases with a sensitivity
and a specificity of 88.9% and 91.3%, respectively. Of the
three predictor variables, only FA > 0.38 was a statistically

Table 2 Diagnostic performance
of discriminators of malignant vs.
benign lesion. Diagnostic
performance of the three
discriminators

Discriminator SN SP PPV NPV Accuracy F1 score MCC

ADC 100% 100% 100% 100% 1.00 1.00 1.00

FA 96% 100% 100% 92.3% 0.97 0.98 0.94

MD 100% 100% 100% 100% 1.00 1.00 1.00

Notes: SN, sensitivity; SP, specificity; PPV, positive predictive value; NPV, negative predictive value; MCC,
Matthews Correlation Coefficient

Fig. 2 ROC curves for diagnostic performance of ADC, MD, and FA to discriminate malignant from benign HFLs (A–C). ROC curves for diagnostic
performance of ADC, MD, and FA to discriminate HCC from non-HCC malignant lesions (D–F)
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significant independent predictor of HCC vs. non-HCC le-
sions. A lesion with FA > 0.38 has 34 times higher odds of
being HCC than non-HCC lesions (Table 6).

Inter-observer agreement

Each observer measured two hundred twenty-two values.
There was excellent reliability (absolute agreement) between
the two observers in measuring ADC, FA, and MD with
ICC = 0.967 and 95% CI = 0.948–0.979, ICC = 0.903
and 95% CI = 0.850–0.937, and ICC = 0.963 and 95%
CI = 0.941–0.977 respectively (Fig. 3). Demonstrative
cases are listed in Figs. 4, 5, and 6.

Discussion

This study aimed to differentiate between hemangioma, HCC,
and non-HCC malignant HFLs, including hepatic metastases

and cholangiocarcinoma, using DWI and DTI parameters.
Our results revealed that DTI parameters are excellent dis-
criminators of HFLs as malignant HFLs revealed significantly
lower MD and higher FA than benign HFLs. Also, the
MD values are statistically significantly higher in
hemangiomas > HCC > non-HCC-lesions; only FA >
0.38 was a statistically significant independent predictor
of HCC vs. non-HCC-lesions. This study is unique re-
garding the wide variety of HFLs and the comparison
between DWI and DTI.

HCC is the only malignancy for which a non-invasive ra-
diological diagnosis is acceptable based on imaging charac-
teristics on dynamic contrast-enhanced CT or MRI without
histological confirmation [27]. Lately, contrast-enhanced CT
or MRI has become routinely performed for the diagnosis of
HCC and replaced using biopsy to confirm the diagnosis prior
to treatment for most patients [28]. The updated LI-RADS
system also meets the requirement to accurately diagnose
HCC, as it is clinically significant to distinguish between
HCC and other hepatic malignancies because the management
changes considerably [29]. In this study, we considered LI-
RADS-v2018 both major and ancillary imaging features for
precisely diagnosing all HCC cases.

Dynamic contrast-enhanced MRI is still the gold standard
in HFL characterization. However, contrast media might
cause nephropathy in chronic renal insufficiency patients,
which is considered the third cause of acute renal injury ne-
cessitating hospitalization [30]. This limitation pushed inves-
tigators to assess the utility of non-contrast techniques such as
DWI in the differentiation between benign and malignant

Table 3 Diagnostic performance of discriminators of HCC vs. non-
HCC. Areas under the ROC curves for the three discriminators

Discriminator Cutoff value p value AUC 95% CI SE

ADC > 1.03 < 0.001 0.882 0.760–0.956 0.0458

FA > 0.38 < 0.001 0.960 0.862–0.995 0.0230

MD > 1.12 < 0.001 0.812 0.677–0.909 0.0668

Notes: AUC, area under the ROC curve; CI, confidence interval; SE,
standard error

Table 4 Diagnostic performance
of discriminators of HCC vs. non-
HCC. Diagnostic performance of
the three discriminators

Discriminator SN SP PPV NPV Accuracy F1 score MCC

ADC 74.1% 87% 87% 74.1% 0.80 0.80 0.61

FA 88.9% 91.3% 92.3% 87.5% 0.90 0.91 0.80

MD 88.9% 69.6% 77.4% 84.2% 0.80 0.83 0.60

Notes: SN, sensitivity; SP, specificity; PPV, positive predictive value; NPV, negative predictive value; MCC,
Matthews Correlation Coefficient

Table 5 Comparison of ADC, FA, and MD between the three study groups

Parameter Group One-way ANOVA test (Welsh)

Benign Non-HCC HCC F value p value Partial η2

x SD x SD x SD

ADC 1.74 0.18 0.92 0.11 1.07 0.07 185.38 < 0.001 0.890

FA 0.25 0.02 0.35 0.05 0.45 0.05 208.26 < 0.001 0.818

MD 2.34 0.21 1.11 0.10 1.22 0.12 323.67 < 0.001 0.931

Notes: Data are mean (x ) and standard deviation (SD). Partial η2 is a measure of effect size
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hepatic focal lesions. Prior multiple studies evaluated the val-
ue of DWI and measured ADC values in a selected group of
HFLs. In concordance with our results, previous studies used

ADC values to differentiate between hemangioma and HCC
and stated that ADC values of hemangiomas were significant-
ly higher than those of HCC [31]. Another recent study stated
that the combination of quantitative ADC histogram analysis
and LI-RADS categorization increases the accuracy of the
diagnosis of HCC compared to the other primary liver cancers
(ICC and combined HCC-ICC) [32].

On the other hand, there is a substantial overlay between
ADC values of benign and malignant lesions. A recent meta-
analysis revealed that ADCmeasurement independently is not
an optimal diagnostic imaging method for distinguishing ma-
lignant from benign HFLs [33]. Another study added that
DWI could not be used as a single criterion of malignant
hepatic lesions, as their results revealed a significant differ-
ence between benign and malignant HFLs without threshold
ADC values for differentiating both categories [34].

Unlike DWI, multiple parameters could be extracted from
DTI, including MD and FA. FA values are reported to have a
strong correlation with cell density which is considered a good
predictor of malignancy [35]. DTI metrics repeatability stud-
ies have been performed on the human brain; owing to the

Table 6 Predictors of the likelihood of HCC vs. non-HCC malignant
lesion

Predictor Univariate Multivariate

COR 95% CI p value OR 95% CI p value

ADC < 0.001 0.067

≤ 1.03 r (1) r (1) r (1) r (1)

> 1.03 19 4.3–84.3 6.9 0.88–54.5

FA < 0.001 0.002

≤ 0.38 r (1) r (1) r (1) r (1)

> 0.38 84 12.8–552 33.9 3.6–318

MD < 0.001 0.519

≤ 1.12 r (1) r (1) r (1) r (1)

> 1.12 18.3 4.1–81.4 2.25 0.19–26.6

Notes: r(1), reference category; COR, crude odds ratio; OR, odds ratio;
CI, confidence interval. Test of significance is binary logistic regression

Fig. 3 Bland-Altman plots for inter-observer reliability of (A) ADC, (B) MD, and (C) FA measurements
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anatomical variances between the brain and liver parenchyma,
its repeatability in the liver is still under investigation and

needs further confirmation. A recent study revealed that the
repeatability of liver DTI metrics improves with an increasing

Fig. 4 A37-year-old female with a segment I hepatic hemangioma: Axial
T2 fat-suppressed (A) revealed HFL of bright T2 signal intensity. Axial
dynamic arterial and delayed images (B, C) revealed typical peripheral
interrupted nodular arterial enhancement with progressive fill-in. Axial

ADC image (D) shows a free diffusion pattern with an ADC value of 1.61
× 10−3 mm2/s. In axial MD and colored FAmaps (E, F), the hemangioma
had an MD value of 2.12 × 10−3 mm2/s and an FA value of 0.26,
respectively

Fig. 5 A 58-year-old male with a segment IV HCC: Axial T2 fat-
suppressed image (A) revealed a hepatic focal lesion of intermediate T2
signal intensity. Axial dynamic arterial and delayed images (B, C) re-
vealed typical non-peripheral arterial enhancement with delayed washout.

Axial ADC image (D) shows restricted diffusion with an ADC value of
1.07 × 10−3 mm2/s. In axial MD and FA maps (E, F), the HCC had an
MD value of 1.21 × 10−3 mm2/s and an FA value of 0.47, respectively
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number of signal averages. However, no benefit was observed
with an increasing number of gradient directions beyond six
[36].

Few studies have discussed the role of DTI in the assess-
ment of HFLs and were limited to a specific type of lesions
[10, 16]. HCC and non-HCCmalignant lesions exhibited low-
er MD than hemangioma, which is assumed to be due to the
high cellularity of malignant HFLs as diffusion is impeded by
the presence of cellular membranes and macromolecular
structures in malignant HFLs. In this study, the FA values of
HCC and non-HCC malignant lesions are significantly higher
than those of hemangioma, which assumes a higher cell den-
sity and malignant character; this is attributed to a moderate/
high degree of anisotropy of the malignant HFLs, as the nor-
mal structure of cells is often damaged, and consequently, the
diffusion directions of water molecules in the tumor are weak-
ened and altered. Furthermore, FA values had a superior per-
formance in discriminating HCC vs. non-HCC malignant le-
sions compared to MD values. Li et al investigated the feasi-
bility of DTI in the differentiation between HCC and healthy
liver without comparing the DTI parameters to routine DWI.
They stated that HCC had significantly lower ADC values and
higher FA than the healthy liver (1.30 ± 0.34 × 10−3 mm2/s vs.
1.52 ± 0.27×10−3 mm2/s, p = 0.013; and 0.42 ± 0.11 vs. 0.32 ±
0.10, p = 0.004 respectively). Additionally, the DTI cutoff
values for HCCs were close to our results [16].

A retrospective study assessed the utility of DTI in the
diagnosis of hepatic cysts, hemangioma, and metastases with-
out comparison with DWI [10] and revealed that the mean

ADC value of cysts (3.30 ± 0.8 × 10−3 mm2/s) was signifi-
cantly higher than that of hemangiomas (2.23 ± 0.5 × 10−3

mm2/s) and metastases (1.62 ± 0.4 × 10−3 mm2/s), while the
mean FA value of cysts (0.2 ± 0.05) was significantly lower
than of hemangiomas (0.37 ± 0.1) and metastases (0.46 ± 0.1).
While metastases tend to have low ADC and high FA values,
cysts have high ADC and low FA values, and hemangiomas
have high ADC and high FA values. Their result was in con-
cordance with ours. They also concluded that FA values might
play a supportive role in the imaging of HFLs. Our study
revealed relatively lower MD and FA values for liver metas-
tases which may be attributed to their choice of placing large
ROIs, including the cystic parts of the metastases in the mea-
surement, which may have caused an increase in the measured
values.

Intrahepatic cholangiocarcinoma (ICC) is the second most
common primary liver tumor. The operative management is
the gold standard, but ICC is frequently unresectable at diag-
nosis [37]. Recent studies revealed that the mean ADC of ICC
was significantly lower than that of adjacent liver parenchy-
ma; additionally, ADC quantification was helpful for expect-
ing ICC tumor grade [38]. ICC tumors are supplied by the
hepatic artery and are classically less vascular than HCCs,
thus may be responsible for the lower ADC, MD, and FA
values of ICC than HCCs in our study. However, the included
ICC cases were few, and further studies are required for a
better assessment of the DTI metrics in ICC.

DTI parameters and especially FA values allow better dis-
crimination of HCCs from other non-HCC lesions, which is

Fig. 6 A 55-year-old male with
right lobe cholangiocarcinoma:
Axial T2 fat-suppressed image
(A) revealed infiltrative lesion at
superior segments of the right
lobe of high T2 signal intensity
with nearby satellite lesions.
Axial dynamic arterial image (B)
revealed marginal enhancement
of the right lobe lesions and left
lobe lesions. In axial MD and FA
maps (C, D), the cholangiocarci-
noma had an MD value of 1.06 ×
10−3 mm2/s and an FA value of
0.36, respectively
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critical as they have different management and prognosis.
Detection of HCC at early stages permits the application of
curative treatments such as ablation, resection, or a transplant
improving the patient’s prognosis [5]. The addition of FA to
MD measurement increased confidence of discriminating
HCC from non-HCCmalignant lesions as multivariate regres-
sion analysis revealed that only FA value > 0.38 was a statis-
tically significant independent predictor of HCC versus non-
HCC lesions. A lesion with FA > 0.38 has 34 times higher
odds of being HCC than non-HCC lesions.

Contrary to our results, one old study by Taouli et al
showed an isotropic diffusion in both benign and malignant
HFLs with minor non-significant differences between the
ADC values [39]. The MD values of DTI in this study were
relatively higher than ADC values of DWI for both benign
and malignant HFLs; this may be attributed to 32 diffusion
gradients applied in DTI in contrast with three gradients only
applied in DWI. To the best of our knowledge, there is no
available inter-observer agreement prospective study for dis-
criminating variable HFLs using both DWI and DTI parame-
ters. Our study showed an excellent inter-observer agreement
between the two observers in measuring ADC, FA, and MD.
A previous retrospective study that investigated the DTI mea-
surements of only 3 types of HFLs (cyst, hemangioma, and
metastases) without including DWI revealed very good inter-
observer agreement [10].

This study has a few limitations. Firstly, the patient popu-
lation is a relatively small number. Further multi-center stud-
ies upon a larger number of patients are recommended for
better data collection. Secondly, the inclusion criteria in this
study were patients with HFLs without previous chemothera-
py or locoregional treatment. Further studies are recommend-
ed to assess DTI accuracy in predicting the response in pa-
tients with treated HFLs. Thirdly, this study used two-
dimensional ROI to estimate the FA and the MD metrics.
The use of three-dimensional ROI for evaluating the entire
lesion/volume or advanced post-processing such as diffusion
kurtosis and intravoxel incoherent motion (IVIM) diffusion-
weighted MR imaging and machine learning [40] might en-
hance the assessment of HFLs. Several studies evaluated the
IVIM technique for assessing liver tumors; nevertheless, they
show an overlap of IVIM parameters between liver parenchy-
ma and various pathologies [41], Lastly, we excluded lesions
less than 1 cm from the analysis, and usually, these lesions are
difficult to diagnose. Our target was to get accurate cutoff
values to differentiate between HFLs without reading bias
from nearby healthy parenchyma.

Conclusion

MD and FA of diffusion tensor imaging are non-invasive,
reliable, and reproducible excellent discriminators superior

to ADC measured by routine DWI for differentiation of be-
nign hepatic focal lesions as hemangioma fromHCC and non-
HCCmalignant lesions. The FA value for DTI is a statistically
significant independent predictor of HCC vs. non-HCC
lesions.
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