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Recent advances in MRI technology enabled 
diffusion-weighted (DW) MRI as a helpful tool 
in the evaluation of diffuse and focal liver dis-
eases. DW-MRI does not require ionizing radia-
tion and iodinated contrast media. It is a fast 
imaging method that can be performed within 
a breath-hold time. Introduction of echo-planar 
imaging (EPI) and parallel imaging methods has 
increased the number of DW-MRI examinations 
in abdominal imaging by decreasing examina-
tion time and time-related artifacts. Evaluation 
of focal hepatic lesions has been emphasized in 
several DW-MRI studies [1–6]. 

DW-MRI examinations should be performed 
using appropriate scanning techniques and 
acquisition parameters. In this review, tech-
nical considerations and acquisition param-
eters of DW-MRI are presented. Detection 
and character ization of focal hepatic lesions in 
DW-MRI by visual assessment and quantitative 
evaluation are also summarized. 

Physics & technical considerations of 
DW-MRI
In biological tissues, water molecules have 
thermally induced random motion, which is 
called Brownian motion [2]. The combination 
of Brownian motion and pseudodiffusion that 
results from the perfusion effect of microcap-
illary perfusion is called intravoxel incoherent 
motion, which is represented by the apparent 
diffusion coefficient (ADC) value [7]. DW-MRI 
is based on the measurement of such molecular 
motion, and contrast differences in this imaging 

technique depend on the different movements 
of water molecules in various biological tissues. 
Restriction of diffusion creates significant con-
trast between different tissues in DW-MRI. This 
restriction usually originates from high cellular-
ity and deformed cellular membrane integrity, 
such as in tumors [8]. In cystic and necrotic tis-
sues, water molecules move without restriction, 
resulting in increased diffusion [9]. This is also 
dependent on the amount of water within the 
lesion. If the amount of water within the lesion 
is higher, then the diffusivity is also higher [7]. 
A recent study using phantom test tubes con-
taining different concentrations of sucrose and 
water demonstrated that if the concentration of 
sucrose increased, then the diffusivity would 
be lower, causing higher signal intensity (SI) in 
diffusion-weighted imaging (DWI) [7]. 

DWI can be performed with various diffusion 
gradients. The strength of diffusion gradients 
is represented by b values. Increased b values 
reflect increased strength of diffusion gradient. 
Applications of at least three diffusion gradients 
and at least two b values are recommended in the 
evaluation of focal liver lesions in DW-MRI [10]. 
Three gradient directions (x: pointing from floor 
to ceiling, y: from left to right when standing 
in front of the magnet and z: from feet to head) 
are sufficient to estimate the diffusion charac-
teristics of water molecules in biological tissues. 
However, diffusion tensor imaging requires six 
or more gradient directions. 

Diffusion of water molecules in biological 
tissues can be evaluated by visual assessment, 
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as well as with quantitative parameters. Visual 
assessment of DWIs depends on observation of 
signal changes in DW-MRI. Unrestricted diffu-
sion results in signal loss of DW-MRI, whereas 
restriction of diffusion results in increased SI. 
Because of the microcapillary perfusion, the 
degree of signal drop of the focal liver lesions 
with all increasing b values is nonlinear [11–14]. 
Quantitative evaluation of water diffusion 
depends on measurement of ADC values. 
Quantitative ADC values can be calculated 
using monoexponential fitting of DW-MRI data 
with a linear regression ana lysis of the function 
S = S

0
 × exp (-b × ADC), where b is the diffusion 

factor, S is the SI after application of the diffu-
sion gradient and S

0
 represents SI at b = 0 s/mm2 

[15]. The ADC value reflects the decrease in loga-
rithm of relative SI with increasing strength of 
motion probing gradient (b value). The ADC 
values are calculated automatically in most com-
mercial MRI systems with a monoexponential 
function. In the monoexponential method, the 
amount of decreased signal in DWI is accepted 
as directly proportional to the strength of the 
diffusion gradient. However, clinical and phan-
tom studies demonstrated that at low diffusion 
gradients (b value <100 s/mm2), measured sig-
nal attenuation results from water diffusion 
and microcirculation within the microcapillar-
ies, which causes a sudden decrease in signal 
attenuation at these diffusion gradients. The 
biexponential method measures both the per-
fusion and tissue-diffusion effects in DW-MRI 
[9]. Increased diffusion of water molecules cause 
increased ADC values. The decreased ADC val-
ues represent restricted diffusion. High b values 
yield more accurate ADC values in evaluation of 
diffusion properties of tissues because microcap-
illary perfusion accounts for only a small pro-
portion of the measured signal on DW images 
obtained with high b values [9]. Low b values 
provide higher ADC values because the SI, 
due to diffusion, plays only a minor role in 

these gradients, and  microcapillary perfusion 
increases ADC values [11]. 

Biological tissues can be classified into isotro-
pic or anisotropic tissues in terms of diffusion 
properties. In isotropic tissues, water molecules 
diffuse in every direction opposite to anisotropic 
tissues, in which diffusion occurs in only one 
direction. Liver parenchyma has an isotropic dif-
fusion pattern unlike that found in the brain or 
kidney [16–18]. The isotropic diffusion property 
of the liver indicates that the use of multidi-
rectional diffusion gradients is unnecessary for 
the design of DW-MRI studies of the liver [3]. 
Taouli et al. reported that two b values in one 
direction could be sufficient for the design of 
DW-MRI sequences in the liver. In their study, 
they measured the ADC values of liver paren-
chyma and focal hepatic lesions in three direc-
tions (frequency-encoding [x], phase-encoding 
[y], and section-select [z] directions) and found 
small nonsignificant differences between the 
ADCs measured in all three directions. In 
addition, comparison of ADC values of three 
directions and a separate sequence performed 
with unidirection yielded no significant differ-
ences [3]. If DW-MRI of the liver is performed 
by applying tridirectional diffusion gradients 
(along each of the three directions: x, y and z), 
the average DW image (trace) of these three 
directions is generally used for evaluation signal 
changes and ADC measurements. It should be 
kept in mind that at least two or more b values 
should be obtained to measure ADC values in 
tissues.

Acquisitions
The most frequently used technique in 
DW-MRI of the abdomen is single-shot spin-
echo EPI (SS-EPI) with fat-supression [19,20]. 
The EPI sequence is a fast imaging method 
that can complete signal collection of single 
images within a single acquisition period. This 
short acquisition period minimizes the effect 

Table 1. Advantages and disadvantages of breath-hold and free-breathing echo-planar imaging.

Technique Advantages Disadvantages

Breath-hold EPI Short acquisition time
Decreased susceptibility to respiratory artifacts

Poor SNR
Greater sensitivity to distortion and ghosting artifacts
Lower spatial resolution
Limitation on the number of b values

Free-breathing EPI Increased SNR
Thinner sections
More b values

Slight image blurring
Suboptimal assessment of lesion heterogeneity secondary to 
volume averaging
Long acquisition time
Pseudoanisotropy artifact

EPI: Echo-planar imaging; SNR: Signal–noise ratio.
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of gross physiologic motion from respiration 
and cardiac movement [2]. In EPI, fat suppres-
sion reduces chemical shift artifacts. Breath-
hold or free-breathing mode can be used with 
EPI. Breath-hold SS-EPI is the most frequently 
used technique in the evaluation of the liver. 
The advantages and disadvantages of breath-
hold and free-breathing mode DW-MRI are 
summarized in Table 1. Multiple signal averag-
ing with respiratory and/or cardiac triggering 
may be used to reduce the effects of motion 
in free-breathing SS-EPI [5,10,21]. Multiple 
signal averaging in free-breathing SS-EPI 
results in increased signal–noise ratio (SNR). 
Combination of respiratory triggering and 
free-breathing SS-EPI can be used, which can 
provide high-quality images with good ana-
tomic detail. Sensitivity of respiratory-triggered 
DW-MRI in detection of focal liver lesions was 
found to be higher (93.7%) than breath-hold 
DW-MRI (84.3%), secondary to improved 
image quality, SNR and ADC quantif ica-
tion in respiratory-triggered DW-MRI [21,22]. 
Kandpal et al. compared the respiratory-
triggered and breath-hold DW-MRI of focal 
hepatic lesions and concluded that SNR of 
normal liver and contrast–noise ratio of metas-
tases, hepato cellular carcinomas (HCCs) and 
abscesses in respiratory-triggered DW-MRI 
were significantly better than in breath-hold 
DW-MRI [5]. Disadvantages of respiratory-
triggered DW-MRI are long acquisition time 
and pseudo-anisotropy artifact, which may 
cause errors in ADC calculation [23]. The 
ADC values obtained in breath-hold and 
respiratory- triggered images do not differ 
significantly [24].

Spectral attenuated inversion recovery or 
chemical excitation with spectral suppression 
techniques may be used to suppress the signal 
of fat tissue in DW-MRI of liver [10]. It has been 
reported that administration of gadopentetate 
dimeglumine does not significantly affect SNR 
and contrast–noise ratio of DW images. ADC 
values may decrease in contrast-enhanced DW 
images, but no significant difference was found 
between ADC values of focal hepatic lesions in 
unenhanced and enhanced DW images [25,26].

 n Diffusion gradients: b values
DW-MRI studies of liver can be conducted 
with different b values. There is no consen-
sus regarding which gradients are most use-
ful in the evaluation of focal hepatic lesions. 
However, imaging with at least three b val-
ues, including both lower and higher b values 

(e.g., using b = 0, b ≤100, and b ≥500 s/mm2), 
is recommended to obtain reproducible results. 
It is generally accepted that increasing the num-
ber of different diffusion gradients reduces the 
errors in ADC estimation [8]. 

The visual detection of focal hepatic lesions 
in DW images with lower b values is easier 
since blood vessels appear with low SI on these 
images [27]. The low SI appearance of blood 

Figure 1. Liver abscess. (A) Axial diffusion-
weighted image at b-400 gradient reveals right 
lobe mass with the increased signal intensity. 
(B) Apparent diffusion coefficient (ADC) map 
shows reduced ADC value at the wall of the 
lesion and increased ADC value at the center of 
the lesion, mimicking a necrotic tumor. 
(C) Average ADC value of lesion obtained at 
the center of the abscess cavity, the wall of the 
abscess cavity and normal liver parenchyma at 
the right lobe are 2.27 × 10-3 mm2/s, 
0.61 × 10-3 mm2/s and 1.36 × 10-3 mm2/s, 
respectively.
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vessels is more useful in depiction of especially 
small hepatic lesions. The optimum b value for 
the detection of focal hepatic lesions may be 
between 10 and 50 s/mm2 [4]. However, char-
acterization of focal hepatic lesions necessitates 
acquisition of one or more high b-value images, 
which is also necessary for ADC measure-
ment, as already demonstrated for renal lesion 
characterization [28]. 

Restriction of diffusion can be more 
easily assessed in higher b-value images 
(≥400–500 s/mm2) since the signal drop is 
more enhanced in these images. The optimum 
high b-value should range between 500 and 
1000 s/mm2 in order to obtain a high SNR [29]. 
In addition, decrease of ADC values is more pro-
nounced in these images. Measurement of ADC 
values at high b values should be obtained with 
acceptable SNR. Low SNR results in artificially 
reduced ADC values.

The SI of a focal hepatic lesion is deter-
mined by the Brownian motion of water mol-
ecules, microcapillary perfusion and T2-shine-
through effect. A focal hepatic lesion with 
a long T2-relaxation time may appear with a 
high SI on high diffusion images, secondary 
to T2-shine-through effect [10]. Concurrent 

assessment of DW images with ADC values is 
necessary to understand the T2-shine-through 
effect on DW images. T2-shine-through effect 
causes increased SI on DW images and increased 
ADC values for the same lesion with the same 
b gradients. Ichikawa et al. concluded that values 
>400 s/mm2 might reflect ADC measurements 
more accurately in abdominal diffusion studies 
in order to minimize perfusion effect on DW 
images [30].

 n Parallel imaging techniques
Parallel imaging techniques are more frequently 
used in DW-MRI of the liver. Two main paral-
lel imaging techniques are simultaneous acquisi-
tion of spatial harmonics and sensitivity encod-
ing [31,32]. These techniques reduce the number 
of signals needed for a given spatial resolution, 
resulting in a reduced time of readout and 
scanning. A MRI is constituted from the data 
obtained in the phase and frequency directions. 
In parallel imaging, incomplete data acquired 
in phase direction are used. Reduced scanning 
time by two- to three-times with parallel imag-
ing improves the quality of EPI by reducing sus-
ceptibility artifacts [33,34]. Parallel imaging also 
improves ADC measurements in the left liver 
lobe [35]. Decreased scanning time in parallel 
imaging may be used to acquire breath-hold 
DW-MRI with high-quality images.

 n 3 Tesla in DW-MRI of focal hepatic 
lesions
The SNR is increased in 3 Tesla (T) magnets, 
which increases the signal of the DW images. 
However, artifacts and image distortion in 
DW-MRI occur more commonly when using 3T 
scanners, secondary to increased magnetic sus-
ceptibility and magnetic field variation in these 
systems. Parallel imaging in 3T systems can 
reduce the susceptibility effects by reducing the 
scan times. Radiofrequency absorption rate is 
increased in 3T MRI systems and a recent study 
concluded that DW-MRI may be an alternative 
to T2-weighted imaging in terms of absorption 
rate in 3T MRI [36].

Region of interest placement in ADC 
measurement of focal liver lesions
The regions of interest (ROIs) should be placed 
within the confines of the focal liver lesions. For 
heterogeneous lesions, ROIs should include the 
entire lesion. Insertion of ROIs at least 5 mm 
away from the outer margin of the focal hepatic 
lesion is recommended when comparison of 
ADC values between focal lesions and liver 

Figure 2. Well-differentiated hepatocellular carcinoma. (A) Axial T2-weighted 
MRI demonstrates a slightly hyperintense solid mass (arrow) in the right lobe of the 
liver. (B) Diffusion-weighted image at b-800 gradient reveals high signal intensity 
right lobe mass (arrow). (C) Apparent diffusion coefficient (ADC) map shows an 
increased ADC value compared with the liver parenchyma. (D) Average ADC values 
of lesion and normal liver parenchyma are 1.01 × 10-3 mm2/s and 0.38 × 10-3 mm2/s, 
respectively. A very low ADC value of normal liver parenchyma may be caused by 
chronic liver disease.
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parenchyma is performed [15]. The ROIs may 
be copied and pasted on to the T1, T2 and DW 
images, and ADC maps to ensure the correct 
localization of the ROIs. When comparing the 
ROI values of the focal hepatic lesions with liver 
parenchyma, the posterior segment of the right 
hepatic lobe is usually preferred in order to avoid 
artifacts from the great vessels [8]. The aver-
age ADC value obtained from multiple ADC 
measurements is recommended for use when 
 comparing focal hepatic lesions. 

Applications
 n Focal liver lesions

DW-MRI was demonstrated to have higher 
sensitivity in detection of focal hepatic lesions 
in comparison with T2-weighted images 
[37]. Comparison between DW images and 
gadolinium or super paramagnetic iron oxide 
enhanced images, in terms of detection of focal 
hepatic lesions yielded that the combination of 
DW-MRI with contrast-enhanced MR images 
has higher sensitivity than contrast-enhanced 
images alone in the detection of HCCs [38,39]. 
Characterization of focal hepatic lesions is more 
reliably performed using higher b values, since 
DW images obtained in high b values represent 
diffusion properties more sufficiently. 

 n Visual assessment of DW-MRI of 
focal hepatic lesions
On visual inspection of diffusion images alone, 
false-positive detection of malignant hepatic 
lesions may be caused by T2-shine-through, 
partial volume effects from adjacent structures, 
and cellular benign lesions (e.g., focal nodu-
lar hyperplasia [FNH], adenoma and abscess) 
(Figure 1) [40]. False-negative findings may result 
from metastases arising from mucinous tumors 
(which can mimic the appearance of a cyst), well-
differentiated tumors (e.g., well-differentiated 
HCC), necrotic lesions (either primarily necrotic 
or secondary to treatment) and image artifacts 
that could obscure lesion visualization (Figure 2). 
DW-MRI performed with a very low diffusion 
gradient, such as 20 s/mm2, was reported to be 
useful in identification of focal hepatic masses 
<10 mm [4]. Blood vessels appear black on these 
low b values, resulting in increased contrast 
between black vessel and bright lesion [4]. In 
a study evaluating visual assessment of focal 
hepatic lesions on DW images, lesion charac-
terization as benign or malignant was correct in 
89% of lesions [22].

Another advantage of DW-MRI reported 
is that this technique can easily demonstrate 

the focal hepatic lesions localized near to liver 
c apsula that mimic intrahepatic vasculature [8]. 

 n Characterization of focal hepatic 
lesion on DW-MRI 
Differentiation between solid and cystic lesions 
by visual assessment can be performed on DW 
images with higher b values (≥500 s/mm2), since 
significant signal drop occurs in cystic lesions on 
DW images with these b values [8]. Quantitative 
ADC values also enable DW-MRI to distinguish 
benign and malignant focal hepatic lesions. The 
ADC values of malignant hepatic lesions were 
found to be significantly lower than benign 
hepatic lesions with variable degree of overlap 
[3,6,14,22,41,42]. Cutoff ADC values in differen-
tiation between benign and malignant hepatic 
lesions depend on the strength of the diffu-
sion gradient used. Taouli et al. found that all 
focal hepatic lesions with an ADC greater than 
2 × 10–3 mm2/s were benign and all lesions with 
an ADC less than 1 × 10–3 mm2/s were malig-
nant in unidirectional and multidirectional 
DW-MRI sequences [3].

According to the literature, considerable over-
lap exists between cellular benign hepatic lesions 

Figure 3. Simple hepatic cyst. (A) Axial fat-saturated T2-weighted MRI 
demonstrates marked hyperintense mass in the right lobe of the liver. 
(B) Diffusion-weighted MRI at b-400 gradient reveals increased signal intensity in 
the mass secondary to T2-shine-through effect. (C) Diffusion-weighted MRI at 
b-800 gradient reveals marked signal drop within the lesion consistent with cyst. 
(D) Apparent diffusion coefficient map shows increased apparent diffusion 
coefficient value compared with the liver; mean apparent diffusion coefficient 
values of the mass and normal liver parenchyma are 3.02 × 10–3 mm2/s and 
1.10 × 10–3 mm2/s, respectively. 
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(e.g., FNH and adenoma) and the malignant 
lesions, such as metastasis and HCC [8]. This 
result is not surprising, since the principle of 
DW-MRI mainly depends on high cellularity. 

Earlier studies regarding DW-MRI of focal 
hepatic lesions focused only on cysts and hem-
angiomas for benign hepatic lesions, and HCCs 
and metastases for malignant hepatic lesions [1,2]. 
Recent studies examined the differentiating role 
of DW-MRI by including hypercellular benign 
hepatic lesions, such as FNH, hepatic adenoma 
and nodular regenerative hyperplasia, in the 
benign hepatic lesion group [43,44]. 

 n Focal hepatic lesions
Benign hepatic lesions
Cyst
Visual assessment of DW images with higher 
b values (≥500 s/mm2) can distinguish hepatic 
cysts from solid lesions by revealing sig-
nal drop in hepatic cysts [10]. The T2-shine-
through effect may occasionally prevent signal 
drop in cysts on high diffusion gradients [45]. 
Hepatic cysts have fluid content, which allows 
unrestricted diffusion within the lesion and 
increases the ADC values. The highest ADC 
values among focal hepatic lesions belong to 
hepatic cysts [2]. Measurement of ADC values 

may allow differentiating simple cysts from 
abscesses, which can mimic simple hepatic 
cysts in conventional MRI sequences (Figure 3). 
Oruç et al. reported no significant difference 
between average ADC values of simple cysts 
and Type 1 hydatid cysts (3.08 × 10-3 and 
2.84 × 10 -3 mm2/s, respectively) [46]. According 
to their study, ADC values of abscesses were 
significantly lower than those of hydatid cysts 
and simple cysts. Type 4 hydatid cysts dem-
onstrated statistically significant lower ADC 
values than other hydatic cyst types. The ADC 
values of abscess and Type 4 hydatid cysts were 
not  significantly different. 

Hepatic cysts and hemangiomas may mimic 
each other with similar signal intensities in 
unenhanced MRIs. The ADC values of hepatic 
cysts were also found to be significantly higher 
than liver hemangiomas in DW-MRI. Sun et al. 
used four different diffusion gradients (b 0, 100, 
500 and 1000 s/mm2) in their study and con-
cluded that the mean ADC value of hepatic cysts 
(3.14 ± 0.34 mm2/s) was significantly higher 
than the mean ADC value of hemangiomas 
(1.86 ± 0.34 mm2/s) [2]. 

Hemangioma
Cavernous hemangiomas mainly include fluid 
content resulting in higher ADC values than 
hepatic parenchyma (Figure 4) [15]. On DW 
images, hemangiomas demonstrate similar SI 
to the cysts, while ADC maps may demon-
strate an inhomogeneous appearance, second-
ary to fibrosis or the presence of thrombus in 
 hemangiomas [42].

The SI of hemangiomas varies on DW-MRI, 
which makes it difficult to distinguish heman-
giomas from other hepatic tumors [43]. Bozgeyik 
et al. studied the ADC values of liver hemangi-
omas to discover the optimum diffusion gra-
dient at which hepatic hemangiomas can be 
detected more easily, and if lesion size affects 
the ADC values. They concluded that hem-
angiomas had lower ADC values than normal 
hepatic tissue on b-100 and b-600 images. On 
the other hand, hemangiomas had higher ADC 
values than normal hepatic tissue on b-1000 
images. No significant relation was found 
between lesion size and ADC values with dif-
ferent b values, which means that the size of 
the hemangiomas does not alter ADC values 
significantly [47].

Atypical hemangiomas may mimic other focal 
hepatic lesions in conventional MRIs. DW-MRI 
may be helpful to differentiate atypical heman-
giomas from other focal hepatic lesions because 

Figure 4. Liver hemangioma. (A) Axial fat-suppressed T2-weighted MRI 
demonstrates a hyperintense mass at left liver lobe. (B) Hemangioma appears 
hyperintense on diffusion-weighted MRI at b-800 gradient, which was attributed 
to the T2-shine-through effect. (C) Hemangioma appears as increased apparent 
diffusion coefficient value on apparent diffusion coefficient map, suggesting 
unrestricted diffusion. (D) Apparent diffusion coefficient values of hemangioma 
and normal liver parenchyma are 2.81 × 10-3 mm2/s and 1.04 × 10-3 mm2/s, 
respectively. 
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the appearance and ADC values of atypical 
hemangiomas are not significantly different 
from typical hemangiomas in DW images and 
ADC maps [48]. 

Abscess
Hepatic abscesses show significantly higher SI 
than hepatic cysts, and cystic and necrotic tumors 
on high b-value DW-images. They demonstrate 
significantly lower ADC values on DW-MRI 
due to cellular debris and exudates, which dis-
tinguishes them from cystic or necrotic tumors 
[49]. The mean ADC values of hepatic abscesses, 
cystic or necrotic tumors and hepatic cysts were 
reported as 0.67 × 10–3 mm2/s, 2.65 × 10-3 mm2/s 
and 2.93 × 10–3 mm2/s, respectively [49]. 

Benign hepatocellular lesions
This group of lesions includes adenomas, 
FNHs and nodular regenerative hyperplasias. 
Common histologic properties of these lesions 
are based on benign hyperplasia of hepatocytes. 
Benign hepatocellular lesions have intermedi-
ate SI and ADC values on the DW images and 
ADC map, respectively. These lesions usually 
have decreased ADC values at high diffusion 
gradients, with the appearance of increased SI 
in high DW images [43]. No significant differ-
ence was found between ADC values of benign 
hepatocellular lesions or hepatic parenchyma 
[3]. Overlap between ADC values of benign and 
malignant hepatocellular lesions usually occurs 
between benign hepatocellular lesions and 
HCCs [29]. According to our study in which we 
used b-100, b-600 and b-1000 gradients, FNH 
showed the highest ADC values in benign, solid 
hepatocellular lesions (i.e., adenoma and nodu-
lar regenerative hyperplasia) and ADC values of 
FNHs were significantly different from all types 
of malignant hepatic tumors including HCC, 
metastasis and cholangiocarcinoma (Figure 5) 

[43]. Solid benign lesions, other than FNH, did 
not show significantly higher ADC values than 
HCCs. No significant difference was obtained 
between ADC values of benign hepatocellular 
lesions [43].

Malignant hepatic lesions
Hepato cellular carcinoma
The ADC values of HCCs are lower than 
benign hepatocellular lesions (Figure 6). High 
ADC values may be obtained in treated and/
or necrotic HCCs. HCCs may be difficult to 
differentiate from surrounding cirrhotic changes 
or dysplastic nodules, as these can have similar 
ADC values [3,14,50–52].

The role of DW-MRI in discriminating 
high-grade from low-grade HCC is also under 
investigation. In one recent study, the ADC 
values of moderately- and poorly-differentiated 
HCCs were significantly lower than the ADC 
values of well-differentiated HCCs and dysplastic 
nodules. Furthermore, in the same study, it was 
shown that all iso- to hypo-vascular lesions on 
gadolinium-enhanced examination that were also 
visible on DW-MRI were poorly-differentiated 
HCCs, whereas lesions not visible on DW-MRI 
were low-grade HCCs or dysplastic nodules, 
probably reflecting less restriction of diffusion 
and less hypercellularity in low-grade HCCs [53]. 
Addition of DWI to gadolinium- or super para-
magnetic iron oxide-enhanced MRI was reported 
to increase sensitivity in detection of HCCs [38,39].

In an experimental study, ADC values of 
chemically-induced primary hepatic nodules 
were investigated and no significant difference 
was found between ADC values of dysplastic 
nodules and well-differentiated HCCs [54]. In 
the same study, the ADC values of regenerative 
and dysplastic nodules were also not statistically 
different. 

The ADC values of HCCs were reported 
to be similar to hepatic metastases [6]. It was 

Figure 5. Focal nodular hyperplasia. (A) Axial T2-weighted MRI demonstrates 
an isointense solid mass (arrow) in the left lobe of the liver with central 
hyperintense area (arrowhead) suggesting vascular scar in focal nodular 
hyperplasia. (B) Contrast-enhanced T1-weighted MRI reveals contrast enhancement 
of the mass. Central vascular scar is not enhanced. (C) Mean apparent diffusion 
coefficient value of focal nodular hyperplasia obtained at b-100 gradient is 
2.48 × 10-3 mm2/s. (D) Mean apparent diffusion coefficient value of focal nodular 
hyperplasia at b-1000 gradient is 1.57 × 10-3 mm2/s.
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suggested that the ratio of lesion:liver can dif-
ferentiate HCCs from hepatic metastases. The 
ratio of lesion:liver of HCC was found to be 
significantly lower than hepatic metastases [2]. 

In a recent study, in addition to the conven-
tional MRI criteria (enhancement in the arte-
rial phase and washout in the portal venous 
and/or equilibrium phase) adding a new DWI 
criterion (hyperintensity in DWI) was found 
to significantly increase sensitivity for the 

diagnosis of HCC compared with conventional 
criteria, regardless of tumor size in chronic liver 
disease patients [55]. The addition of DWI to 
contrast-enhanced T1-weighted images slightly 
increases the detection rate of HCC in pretrans-
plant patients [56]. Also, ADC characteristics of 
HCC metastasis appear to be similar to primary 
HCC [57].

 n Metastasis
The lowest ADC values among the malignant 
hepatic lesions have been obtained in metastasis 
and HCC in most of the studies [3]. Necrotic 
metastases and metastases from mucinous 
tumors may show high ADC values (Figure 7). 
The differential diagnosis between small-sized 
metastases and hemangiomas is very difficult 
in conventional sequences; DW-MRI is more 
useful to differentiate these lesions. Sensitivity 
values of DW-MRI and gadolinium enhanced in 
detection of hepatic metastases were not signifi-
cantly different [58]. Colorectal hepatic metas-
tases were found to be more accurately detected 
with the addition of DW-MRI to mangafodipir 
trisodium-enhanced MRI [59].

 n Cholangiocarcinoma
Cholangiocarcinomas appear with increased 
SI on DW images. ADC values of cholan-
giocarcinomas were reported to be lower 
than other malignant liver tumors, such as 
HCCs and metastases [43]. These diffusion 
properties are attributed to accompanying 
fibrotic changes in the histologic structure of 
cholangiocarcinomas. 

 n Assessment of treatment response
Tumor response to chemotherapy, radiation 
and local ablation therapies can be evalu-
ated with DW-MRI. Contrast-enhanced 
T1-weighted MRI with subtraction is a gold 
standard technique for evaluation of response 
to therapies [60]. Increased ADC values in 
tumors after treatment generally show posi-
tive correlation with tumor response (Figure 8). 
The increase of ADC values as a response to 
treatment occurs earlier than size change in 
focal hepatic tumors. Correlation between 
ADC values and tumor response was mainly 
studied with colorectal metastases treated with 
chemo therapy and HCCs treated with chemo-
embolization therapy [8]. Transient reduction in 
ADC within 24–48 h after initiation of treat-
ment may be secondary to acute cell swelling 
or possibly reduction of interstitial volume [61]. 
Following the increase in ADC with treatment, 

Figure 6. Hepatocellular carcinoma. 
(A) Diffusion-weighted MRI at b-800 gradient 
reveals increased signal intensity in the right 
liver lobe mass secondary to restriction of 
diffusion. (B) Apparent diffusion coefficient 
map shows reduced apparent diffusion 
coefficient consistent with restricted diffusion. 
(C) Mean apparent diffusion coefficient value 
of the normal liver tissue and mass are 
1.07 × 10–3 mm2/s and 0.68 × 10–3 mm2/s, 
respectively. 
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subsequent decrease in ADC values may be 
related to tumor repopulation, fibrosis or tissue 
remodeling, and decreased perfusion [62–64]. 
More recently, it was shown that increased 
ADC values after radiofrequency ablation in 
treated tumors correlated with a decrease in 
fluorine-19-fluorodeoxyglucose tracer uptake 
at PET [65]. Necrotic tumors with high ADC 
values were demonstrated to be highly resistant 
to treatment. ADC has a significant correla-
tion with necrosis [66,67]. Colorectal metasta-
ses with a high pretreatment ADC was shown 
to respond poorly to chemotherapy, suggest-
ing that tumors that were more necrotic prior 
to treatment are more chemoresistant [68,69]. 
A recent study showed lower performance of 
DW-MRI compared with contrast-enhanced 
imaging, with sensitivity for detection of local 
HCC recurrence of 60.7% compared with 82% 
for contrast-enhanced imaging [51]. Kamel 
et al. reported that ADC measurement can be 
used to predict the degree of tumor necrosis 
of large HCCs after transarterial chemoem-
bolization [67]. DWI and ADC are helpful 
and may integrate the information obtained 
with subtraction. ADC may have a role in new 
ablation techniques with Y90 and irreversible 
 electroporation [70].

 n Limitations
The main limitations of DW-MRI in evalu-
ation of focal hepatic lesions include limited 
image quality secondary to poor SNR and 
limited spatial resolution. Respiratory, cardiac 
and peristaltic activities decrease the quality of 
DW images. Distortion, ghosting and blurring 
constitute EPI-related artifacts. ADC repro-
ducibility is another limitation since ADC val-
ues may be changed according to used MRI 
system and DW-MRI acquisition technique 
[8,10]. Parallel imaging should be used system-
atically to reduce susceptibility artifacts and 
decrease the echo time to improve SNR [71–73]. 
DW-MRI studies obtained with 3T scan-
ners have limited value since few studies are 
accomplished in this area. High-field imaging 
enables higher SNR; however, EPI suffers from 
increased susceptibility artifacts in high-field 
MRI systems. Non-EPI sequences may be used 
in higher field MRI systems. 

The ADC values may differ secondary to 
used sequences, MRI machines and b values. 
The ADCs should be validated by performing 
phantom measurements in DW-MRI stud-
ies in order to minimize ADC measurement 
errors. Phantom studies may be performed 

with water and acetone with increasing b 
values: 200, 300, 400, 500, 600 and 1000 s/
mm2 before evaluation of focal liver lesions in 
DW-MRI. Determination of decrease of ADC 
values with the increase of diffusion gradi-
ents may be  helpful to prevent errors in ADC 
measurement. 

Another limitation of DW-MRI of focal 
hepatic lesions is the difficulty in visual assess-
ment of small hepatic lesions. In DW-MRI 
studies, researchers generally excluded the 
lesions smaller than 1 cm, since DW images 
have limited spatial resolution. Studies with 
large series are required to understand the util-
ity of ADC measurement in small focal hepatic 
lesions.

Conclusion
In conclusion, DW-MRI is a quick and 
noncontrast imaging method that can be per-
formed in patients with renal insufficiency. 
DW-MRI reflects tissue cellularity, integrity 
of cellular membranes and microcapillary per-
fusion [11,62]. It can be used as a complemen-
tary imaging method in evaluation of focal 
hepatic lesions. When performing DW-MRI 
in the liver, it is advantageous to use both 

Figure 7. Hepatic metastasis. (A) Axial contrast-enhanced T1-weighted MRI of a 
patient with metastatic gastric tumor reveals right hepatic metastasis with 
peripheral rim enhancement. (B) Diffusion-weighted image at b-800 gradient 
demonstrates hyperintense metastases. (C) Apparent diffusion coefficient map 
shows hypointense area reflecting restricted diffusion. (D) Mean apparent diffusion 
coefficient values of the normal liver parenchyma and metastasis are 
1.17 × 10–3 mm2/s and 0.72 × 10–3 mm2/s, respectively. 
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Executive summary

Physics & technical considerations of diffusion-weighted MRI
 � Diffusion-weighted MRI (DW-MRI) is a quick, noncontrast imaging technique that avoids use of ionizing radiation. 
 � Artifacts of DW-MRI have been reduced by echoplanar and parallel imaging techniques. 
 � Applications of at least three diffusion gradients and at least two b values are recommended in evaluation of focal hepatic lesions in 

DW-MRI.
 � The b values in DW-MRI of liver should be arranged according to reason of the examination. 
 � Applying a small diffusion weighting of b <100–150 s/mm2 nulls the intrahepatic vascular signal, creating the so-called black-blood 

images, which improves detection of focal liver lesions, while higher b values (500 s/mm2) give diffusion information that is important 
for focal hepatic lesion characterization.

Evaluation of focal hepatic lesion on DW-MRI
 � The apparent diffusion coefficient values of malignant hepatic lesions were found to be significantly lower than benign hepatic lesions 

with variable degree of overlap.
 � Quantitative apparent diffusion coefficient values may be used to determine the response of malignant hepatic lesions to treatment and 

increased apparent diffusion coefficient values in these lesions after treatment reflects good results. 

of studies performed with 3T is increasing, 
since 3T scanners provide high-quality images 
with increased SNR. 

Overlap between ADC values of benign and 
malignant hepatic lesions necessitates interpre-
tation of ADC values concurrently with con-
ventional MR sequences, including contrast 
enhanced images. 

Future perspective
DW-MRI will be increasingly used in evalua-
tion of focal hepatic lesions in the future with 
the application of a parallel imaging technique. 
High Tesla MRI systems, such as 3T, obtain 
high SNR in DW images. Use of DW-MRI 
on 3T MRI can decrease the radiofrequency 
absorption rate. Large series, including focal 
hepatic lesions <1 cm, are required to deter-
mine the utility of DW-MRI in evaluation of 
focal hepatic lesions. DW-MRI will gain much 
acceptance with the improvements in image 
quality and shortness of sequence acquisition 
time that minimize artifacts. Improvements in 
software that superimposes DW images onto 
the conventional MRIs, such as T2-weighted 
and contrast-enhanced images may be helpful 
in evaluation of focal hepatic lesions. It has 
already been done for prostate tumor detection 
and localization [74]. 
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lower and higher b values (e.g., b 50, b 100 
and b 500 s/mm2). Additional b values can 
be considered for research, clinical trials or 
when the primary aim is to obtain an accu-
rate ADC. Although most DW-MRI studies 
regarding focal hepatic lesions have been car-
ried out with 1.5T MRI scanners, the number 

Figure 8. Apparent diffusion coefficient value as a marker of treatment 
response. (A) Axial T2-weighted MRI of a patient with hepatocellular carcinomas 
demonstrates a hyperintense mass (arrow) in the right liver lobe. (B) Apparent 
diffusion coefficient (ADC) map at b-1000 gradient reveals hepatocellular 
carcinomas with low signal intensity, suggesting decreased diffusion in mass. ADC 
value of the mass is 1.29 × 10–3 mm2/s. (C) Axial T2-weighted image 2 months after 
chemoembolization treatment reveals the right liver lobe mass with same lesion 
size. The a-fetoprotein level of the patient was decreased. (D) Corresponding ADC 
map reveals ADC value of the lesion as 1.50 × 10–3 mm2/s. The increased ADC value 
is compatible with the decreased a-fetoprotein.
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