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INTRODUCTION
Non-alcoholic fatty liver disease (NAFLD) is a common 
type of liver disease, globally affecting 25.2% with highest 
prevalence in the Middle East and South America.1 In 
alcoholic and NAFLD, hepatic steatosis can progress to 
steatohepatitis, advanced fibrosis, and cirrhosis, and can 
increase hepatocellular carcinoma risk. NAFLD is also a 
major risk factor for cardiovascular disease2 and can influ-
ence the outcome of liver transplantation, not only for the 
recipient, but also for the living donor after partial hepa-
tectomy.3,4 Therefore, accurate assessment of steatosis may 
be important in determining appropriate therapeutic inter-
ventions to prevent long-term complications.

Liver biopsy has been the reference standard for diagnosing 
and grading of steatosis; however, it is invasive, can cause 
sampling biases, and is vulnerable to high interobserver 
variability.5,6 Therefore, alternative non-invasive methods 
would be beneficial.

In recent years, significant advances have been made in 
accurate quantification of liver fat.7 Among the non-invasive 
quantification methods, magnetic resonance spectroscopy 
(MRS) has been accepted as the most accurate non-inva-
sive technique, but it is restricted in its spatial coverage 
and is difficult to perform and analyse. MRI measuring 
proton density fat fraction (PDFF) is a promising method 
for covering the entire liver volume in a single breath hold, 
making it a practical alternative to MRS. Furthermore, 
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Objective: To assess the feasibility of proton density 
fat fraction (PDFF) MRI for estimating hepatic fat frac-
tion with magnetic resonance spectroscopy (MRS) and 
histology as references and to investigate intrahepatic 
fat distribution and variability.
Methods: Between November 2014 and September 
2015, 85 adults (48 males, 47 females) who underwent 
MRI-PDFF (n = 139), MRS-PDFF (n = 49) and liver biopsy 
(n = 29) were enrolled in this study. Data were compared 
using linear regression. MRI-PDFF and standard devia-
tions (variability) and differences between maximum 
and minimum PDFF (PDFF range) for whole liver, the 
lobes, and segment levels were calculated for each 
subject.
Results: Whole-liver MRI-PDFF showed good correla-
tion with MRS-PDFF (r = 0.961) and histologic degree 

of hepatic steatosis (σ = 0.809). Hepatic fat fraction is 
different between lobes and segments. Mean PDFF and 
mean PDFF range of the right lobe were higher than for 
the left lobe, whereas variability in the right lobe was 
lower than in the left lobe.
Conclusion: MRI-PDFF is an accurate non-invasive 
method for quantifying hepatic fat for various hepatic 
disorders, and may be preferable for measuring fat frac-
tion in the right liver for more precise values in longitu-
dinal monitoring, while avoiding FF measurement in the 
left liver.
Advances in knowledge: MRI-PDFF provides a  
non-invasive and accurate quantification of hepatic 
steatosis in various hepatic disorders. It would be pref-
erable to measure FF in the right liver than in the left 
liver.
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each major vendor provides a specific sequence for fat quanti-
fication, such as IDEAL IQ (GE Healthcare, Milwaukee, WI), 
mDIXON-Quant (Philips Healthcare, Best, Netherlands) and 
Multiecho Dixon VIBE of LiverLab (Siemens Medical Solutions, 
Erlangen, Germany). These technical advantages make it easy to 
measure numerous areas and to cover the entire liver. However, 
these new sequences have not been fully validated in populations 
worldwide.

Steatosis tends to be diffuse, but the distribution of fat accumu-
lation can be non-uniform across the liver.8,9 Several studies 
reported hepatic fat distribution using MRI-PDFF with various 
sampling methods.10–12 However, it has not been fully described 
for various hepatic disorders. More detailed descriptions of 
hepatic fat distribution may help inform future clinical trial 
designs.

The main aim of this study was to assess the feasibility of MRI 
(mDIXON-Quant) for estimating hepatic fat quantification 
using MRI with MRS and histology as references and to inves-
tigate the intrahepatic fat distribution and variability in patients 
with various hepatic disorders.

Methods and Materials
Study population
This prospective single-centre clinical study was approved by 
University Hospital’s institutional review board, and written 
informed consent was obtained from each patient prior to 
participation. The study population included subjects with one 
of various hepatic disorders or who were referred to our hospital 
for evaluation for suspected liver disease.

Between November 2014 and September 2015, 85 subjects were 
enrolled in this study. All 85 subjects underwent PDFF (mDIX-
ON-Quant) with or without MRS. Among them, 29 subjects 
with suspected liver disease underwent PDFF and percutaneous 
ultrasonography-guided liver biopsy on the same day. After  
3 months, 54 of 85 subjects underwent follow-up MRI, resulting 
in 139 MRI examinations and 54 MRS examinations for 85 
subjects. Five of the 54 MRS examinations were excluded 
because of technical errors and failure to complete MRS. Finally, 
we obtained 139 MRI examinations and 49 MRS examinations.

MRI examination
All MRI and MRS examinations were performed on a 3T MRI 
scanner (Ingenia; Philips Healthcare, Best, Netherlands) using a 
32-channel torso phased-array coil.

MRI
An axial three-dimensional multiecho modified Dixon gradient 
echo sequence (mDIXON-Quant) was used for steatosis evalu-
ation. Imaging parameters for the mDIXON-Quant sequence 
were: six TEs [first TE shortest automatic (0.9–1.2 ms), delta TE 
0.8–1.01 ms]; TR shortest automatic (5.8–6.3 ms); flip angle = 
3; field of view = 35 × 35 cm; 3 mm slice thickness with no gap; 
matrix size = 300 × 300; Field of view 350 × 350 mm; number of 
slices = 60; scan time = 14.1 s; default parallel imaging SENSE 
factor of 2 in the anterior posterior direction, a factor of 1 in the 

slice encoding direction; number of signal average = 1. mDIX-
ON-Quant sequence automatically produces water, fat, fat frac-
tion, R2*, and T2* maps.

MRS
Using three-plane localizing images, a single 15 × 15 × 15 mm 
voxel was localized in the right lobe of the liver, avoiding all 
liver boundaries and large vessels. After shimming, single-voxel 
MRS was performed using a stimulated-echo acquisition mode. 
During a 15-s single breath hold, 5 spectra were collected at TEs 
of 20, 30, 40, 50 and 60 ms. To minimize the T1 effect, TR was set 
at 3000 ms. Other parameters were 10-ms mixing time, 2048 data 
points over a 1000 Hz receiver bandwidth.

Image analysis
MR iImaging
To estimate hepatic PDFF, the signal intensities from regions of 
interest (ROIs) in the liver were calculated in a fat-fraction map 
image. Using the Philips Interspace Portal (Philips Healthcare, 
Best, Netherlands), all subjects’ fat-fraction map images were 
reviewed by a single reader (with 5-year experience analysing 
abdomen MRI) who was blinded to all clinical, demographic 
and histopathologic information. Non-overlapping circular 
ROIs that were 100 mm2 in area were taken from each Couinaud 
liver segment and care was taken to ensure they were devoid of 
large vessels, ducts, organ boundaries, focal hepatic lesions and 
imaging artefacts. A total of 24 ROIs per subject were obtained, 
including 12 from the right lobe (segments V, VI, VII and VIII) 
and 12 from the left lobe (segments I, II, III and IV). The average 
from three measurements was used as the representative hepatic 
PDFF for each hepatic segment.

MRS
Using Philips software (Philips Healthcare), MRS data were inter-
preted by a single reader (with 5-year experience analysing MRS) 
who was blinded to MRI and histologic results. For fat measure-
ments, localized proton nuclear magnetic resonance spectra of 
the liver were acquired using a previously described method.13 
MRS-PDFF was calculated as the area of peak fat divided by the 
sum of the peak water and fat areas, multiplied by 100.

Liver biopsy and histopathologic examination
Ultrasonography-guided liver biopsies were performed on 
29 subjects using an 18-gauge needle (Stericut 18G coaxial; 
TSK Laboratory, Tochigi, Japan). Two parenchyma cores were 
obtained from two sites in the right anterior segment of the 
liver in each patient. The liver biopsy specimen was routinely 
processed and stained with haematoxylin–eosin. A single expe-
rienced pathologist who was blinded to the hepatic fat fraction 
results reviewed the biopsy. The degree of steatosis was visu-
ally assessed by estimating the percentage of hepatocytes that 
contained macrovesicular fat droplets. The grading system for 
liver steatosis was based on the NASH-CRN scoring system: 
Grade 1:  <5% steatosis; Grade 1: 5–33% steatosis; Grade 2: 
34–66% steatosis; Grade 3: >66% steatosis.13

Statistical analysis
Correlation between the histologic degree of steatosis vs 
MRI-PDFFs and MRS vs MRI-PDFFs were estimated using 
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Spearman correlation test, Pearson’s correlation analysis with 
Bland-Altman anslysis. The mean and variability (SD) of PDFF 
for the whole liver, the lobar and segment levels were calculated 
for each subject. The mean differences between the maximum 
and minimum hepatic PDFF (PDFF range) for the whole liver, 
the lobar, and segment levels were also calculated. The relation-
ships between hepatic PDFF and PDFF range were assessed 
using Pearson’s correlation coefficient for the univariate analyses. 
Mixed model and repeated-measures of analyses of variance 
were used to assess differences in mean and variability between 
segments. All statistical analyses were conducted using commer-
cial software (IBM SPSS v. 21, IBM, Armonk, NY; MedCalc v. 
17.2 (MedCalc Software, Ostend, Belgium); SAS version 9.4(SAS 
Institute Inc,. Cary, NC). A p-value < 0.05 was considered statis-
tically significant.

Results
Characteristics of the study population
The study population consisted of 48 males and 37 females 
(mean age: 47.3 years ± 14.9; range: 15–78 years). 56 of the study 
patients (NAFLD, n = 34; alcoholic liver disease, n = 13; liver 
cirrhosis, n = 9) treated for over 2 years were included. 29 patients 
with suspected liver disease underwent ultrasonography-guided 
percutaneous liver biopsy were also included. Detailed patholo-
gies are described in Table 1.

Correlation between MRI-PDFF and histologic 
degree of steatosis
Right-lobe PDFF was more strongly correlated with histologic 
degree of steatosis than left-lobe PDFF (σ = 0.811, p < 0.001 for 
the right lobe, σ = 0.805, p < 0.001 for the left lobe). Whole-liver 
PDFF also showed excellent correlation with histology degree  
(σ = 0.809, p < 0.001). The relationships between MRI-PDFF and 
histologic degree of steatosis are presented in Figure 1.

Correlation between MRI and MRS
The relationships between PDFF measured by MRI and MRS 
are presented in Table  2 and Figure  2. In Pearson’s correla-
tion analysis, MRI-PDFF showed a higher correlation with 
MRS-PDFF in the right lobe than in the left lobe (r = 0.970, 
p < 0.001 for the right lobe, r = 0.944, p < 0.001 for the left 
lobe). Segment VI PDFF showed the strongest correlation with 
MRS-PDFF (r = 0.972, p < 0.001), followed by segment V PDFF  
(r = 0.969, p < 0.001) and segment VII PDFF (r = 0.966,  
p < 0.001). Bland-Altman analysis displayed fat fraction of 
MRI of whole liver, right liver, left liver and segment VI tend 
to be underestimated compared with MRS as mean of fat frac-
tion increased.

Intrahepatic fat distribution and variability 
measured by MRI
Intrahepatic fat distribution and variability measured by MRI for 
the whole liver, the lobar and segmental levels are summarized in 
Table 3. Mean whole-liver PDFF was 14.3% (range: 1.1–46.7%) 
while mean whole-liver PDFF variability was 1.68% (range: 
0.54–6.39%). Whole-liver PDFF variability and whole-liver 
PDFF range increased as whole-liver PDFF increased (r = 0.588; 
p < 0.001 for whole-liver PDFF variability, r = 0.499; p < 0.001 for 
whole-liver PDFF range).

Right-lobe PDFF was higher than left-lobe PDFF (14.9% for the 
right lobe  vs  13.8% for the left lobe, p < 0.001), whereas right-
lobe variability was lower than left-lobe PDFF variability (1.15% 
for the right lobe  vs  1.74% for the left lobe, p < 0.001). Right-
lobe PDFF range was also lower than left-lobe PDF [Supplemen-
tary Table 1 (Supplementary material available online)] F range 
(2.4% for the right lobe  vs  3.5% for the left lobe).

Segment VI had the highest mean segmental PDFF (15.1%, range: 
1–46.4%), whereas segment II had the lowest mean segmental 
PDFF (13%, range 0.2–48.3%) (p < 0.001). And segment VI had 
the lowest segmental PDFF variability (0.66%, range 0–2.54%), 
whereas segment III had the highest mean segmental PDFF 
variability (1.19%, range 0.06–6.23%) (p < 0.001)  (Supplemen-
tary Table 1). Segment PDFF range was highest in segment III 
(2.3%, range 0.1–28.7%) and lowest in segment VI (1.3%, range 
0.1–4.3%).

Discussion
Our study evaluated a modified Dixon technique (mDIX-
ON-Quant) for hepatic fat quantification in patients with 
various hepatic disorders. We compared this technique to MRS 
and histology. Our results demonstrated that MRI-PDFF using 
mDIXON-Quant showed excellent correlation with MRS-PDFF 

Table 1. Patient characteristics (n = 85)

Patient characteristics Value
Age, yearsa 47.3 ± 14.9 (15–78)

Sex

 � Male 48 (56.5)

 � Female 37 (43.5)

Various hepatic disorders

Non-alcoholic fatty liver disease 40 (47.0)

Alcoholic liver disease 14 (16.5)

Liver cirrhosisb 10 (11.8)

Toxic hepatitis 7 (8.2)

Malignant diseasec 6 (7.1)

No definite diagnostic change in the 
liver on biopsyd

4 (4.6)

Autoimmune hepatitis 2 (2.4)

Acute viral hepatitis 1 (1.2)

Chronic viral hepatitis 1 (1.2)

Note: Data are presented as number of patients with percentages in 
parentheses, unless indicated otherwise. 
aData are presented as mean ±SD with ranges in parentheses.
bLiver cirrhosis, including alcoholic liver disease (n = 6), chronic viral 
hepatitis (n = 4). 
cMalignant disease, including hepatocellular carcinoma (n = 1), 
diffuse large B cell lymphoma (n = 1), metastatic adenocarcinoma  
(n = 3), melanoma (n = 1).
dNo definite diagnostic change in the liver, including minimal portal 
or lobular inflammation.
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and histology in Pearson correlation analysis and Spearman 
correlation test, respectively. Our findings are consistent with 
those of previous studies.12,14–16 However, MRI is underesti-
mating fat fraction compared to MRS as mean of fat fraction 
increased in Bland-Altman analysis. Martino et al showed a 
similar result with our study.17 A possible explanation is limita-
tion of chemical shift technique which is unreliable for discrim-
ination of moderate and severe fatty liver. Nevertheless, MRI is 
useful for longitudinal monitoring in clinical settings because of 
high value of correlation coefficiency of fat fraction with MRS, 
convenience to perform without invasiveness and full coverage 
of whole liver.

Although MRS has been generally accepted as the most accu-
rate non-invasive method for hepatic fat quantification, it has 
several limitations regarding its clinical application: it requires 
a skilled technologist to collect the data and specific analysis 
software to analyse those data; sampling errors are common 
due to small sampling volumes; it cannot cover the whole liver; 
it involves a long acquisition time; and it has high cost. There-
fore, to measure hepatic PDFF, MRI became the focus of atten-
tion as an alternative method of MRS. Several studies found that 
MRI-PDFF yielded high overall accuracy compared with MRS 
and histology.11,14,18–20 Our study used a commercially available 
sequence from a major MRI manufacturer for hepatic fat quan-
tification. It is expected to become widely available as a clinical 
and research tool for detection and monitoring of steatosis. The 
correlation coefficiency of right liver is higher than left liver. It 
may be related to measuring of MRS was undertaken in a single 
liver voxel of right liver. But, other value is also high as 0.9 or 
higher.

Histologic evaluation of diffuse liver disease still has a signifi-
cant diagnostic role when evaluating other features, such as  

Figure 1. Scatterplots showing mean fat fraction measured 
by MRI and histologic degree of hepatic steatosis: (a) whole-
liver PDFF, (b) right-lobe PDFF and (c) left-lobe PDFF showed 
excellent agreement with histologic degree of hepatic steato-
sis (σ = 0.920, σ = 0.930 and σ = 0.905, respectively). PDFF, 
protondensity fat fraction.

Table 2. Correlation between MRI and MRS (n = 49)

MRS

R pa

MRI Whole liver 0.961 <0.001

Lobe

Right 0.970 <0.001

Left 0.944 <0.001

Segment

I 0.927 <0.001

II 0.935 <0.001

III 0.924 <0.001

IV 0.943 <0.001

V 0.969 <0.001

VI 0.972 <0.001

VII 0.966 <0.001

VIII 0.956 <0.001

MRS, magnetic resonance spectroscopy.
ap < 0.05 by Pearson correlation.
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Figure 2. Linear correlation and Bland-Altman analyses of mean fat fraction measured by MRI and MRS: (a) correlation analysis 
and (b) Bland-Altman analysis of whole-liver PDFF and MRS; (c) correlation analysis and (d) Bland-Altman analysis of right-lobe 
PDFF and MRS; (e) correlation analysis and (f) Bland-Altman analysis of left-lobe PDFF and MRS; (g) correlation analysis and (h) 
Bland-Altman analysis of segment IV PDFF and MRS. In Bland-Altman analysis, the thick solid line represents the mean value and 
dashed lines represent 95% confidence intervals. PDFF, proton density fat fraction; MRS, magnetic resonance spectroscopy.
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inflammation, fibrosis and ballooning degeneration. But its 
applicability is limited by its high sampling variability, poor 
interobserver correlations5,21 and its invasiveness, which includes 
risk of pain, bleeding and very rarely death. Additionally, histol-
ogy-determined steatosis is less sensitive for detection of small 
changes in liver fat.15 Noureddin et al found that PDFF changes 
greater than 1% are correlated with changes in anthropometric 
and serologic markers.14 MRI-PDFF is a reliable method for 
detecting small differences in fat fraction and for longitudinal 
monitoring in clinical settings with high repeatability between 
examinations.22,23

Our result showed PDFF variability and PDFF range increased 
as PDFF increased. It is thought to be an inevitable result related 
to non-uniform fatty deposition in the liver. Even though a 
heterogeneous or non-uniform distribution of steatosis is well 
described in the literature,24 detailed descriptions of hepatic 
fat distribution are lacking due to the difficulty in conducting 
biopsy or MRS. Currently, due technical advances in MRI for 
hepatic fat quantification, such as MRI-PDFF, it is possible to 
describe intrahepatic fat distribution in high detail.

We observed significantly higher PDFF values with lower vari-
ability in the right hepatic lobe compared with the left, which 
is consistent with several previous studies.10,22,24 This may be 
attributed to preferential shunting of fatty mesenteric blood 
toward the right portal vein and shunting of splenic blood 
toward the left portal vein. In segmental measurement of 
MRI-PDFF, segment VI showed more consistent MRI-PDFF 
with low variability than segments close the diaphragm. We 
cannot exclude the possibility that motion artefacts might have 
influenced the measurement, despite our efforts to avoiding 
artefacts as much as possible when measuring ROIs. However, 
our results were comparable to those of Bonekamp et al, who 
reported spatial distribution of MRI-PDFF in 50 adults with 
NAFLD,9 and these values might be true differences. It is 

speculated that the difference in oxygen gradient according to 
the blood supply of the liver25 or a third inflow of blood other 
than the usual hepatic arterial and portal venous sources may 
affect distribution of hepatic steatosis and its variability, but 
further investigation is required.

Our study cohort was composed of patients with various hepatic 
disorders, including 40 (47.6%, 40/85) patients with NAFLD. 
Although our sample size was different from Bonekamp et al 
(50 patients with NAFLD), results were consistent between 
the two studies. We believe these findings raise the possi-
bility that MRI-PDFF is a non-invasive biomarker for hepatic 
fat quantification in clinical settings regardless of hepatic  
disorder.

The most precise fat fraction measurement was achieved for the 
mean liver PDFF obtained by whole-liver segmentation, but this 
is a vexatious measurement to undertake in a clinical setting. 
A simple and precise monitoring method is needed. Based on 
our data, the right liver, especially segment VI, could be used 
for follow-up of liver-fat fraction because of its low fat variance, 
although it had a slightly higher baseline value.

Our study has several limitations. First, our study was performed 
on a small cohort of 85 patients; however, this cohort was rela-
tively large compared with previous studies.10–12 Second, our 
study cohort included many hepatic disorders, which could have 
affected fat distribution. Although our findings are not rele-
vant to any specific disease group, they are applicable in clinical 
settings that cover various hepatic disorders. Further studies are 
required to assess hepatic fat distribution for each disease group. 
Third, MRI PDFF was not compared with MRS and histology at 
the same location. Because MRI PDFF is often used to measure 
whole liver in a clinical setting, we tried to compared MRS and 
histology with the method actually used. MRI PDFF showed a 
good correlation with MRS in our study, but does not exactly 

Table 3. Intrahepatic fat distribution and variability using MRI (n = 139 examinations)

Fat fraction Variability (SD) PDFF range (Max-Min)
Whole liver 14.3 (1.1–46.7) 1.68 (0.54–6.39) 4.9 (0.8–19.5)

Lobe   

 �  Right 14.9 (1.4–46.3) 1.15 (0.37–3.98) 2.4 (0.3–12.8)

 �  Left 13.8 (0.7–47.6) 1.74 (0.42–8.34) 3.5 (0.3–19.5)

Segment   

 �  I 13.8 (0.3–47) 1.14 (0.06–8.62) 2.2 (0.1–16.2)

 �  II 13 (0.2–48.3) 1.11 (0.06–6.23) 2.1 (0.1–12)

 �  III 13.9 (0.3–49.6) 1.19 (0.06–15.75) 2.3 (0.1–28.7)

 �  IV 14.5 (0.2–46.9) 0.88 (0.06–4.79) 1.7 (0.1–8.8)

 �  V 14.8 (0.3–47.5) 0.78 (0.06–5.69) 1.4 (0.1–5.9)

 �  VI 15.1 (1–46.4) 0.66 (0–2.54) 1.3 (0–4.7)

 �  VII 14.9 (0.9–45.7) 0.71 (0.06–2.21) 1.4 (0.1–4.3)

 �  VIII 14.7 (0.8–45.8) 1.16 (0–15.03) 1.4 (0–3.8)

PDFF range, differences between maximum and minimum PDFF.
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