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Abstract
Objectives This study aimed to validate the accuracy and reliability of quantitative computed tomography (QCT) and chemical
shift encoded magnetic resonance imaging (CSE-MRI) to assess hepatic steatosis.
Methods Twenty-two geese with a wide range of hepatic steatosis were collected. After QCT and CSE-MRI examinations, the
liver of each goose was removed and samples were taken from the left lobe, upper and lower half of the right lobe for biochemical
measurement and histology. Fat percentages by QCTand proton density fat fraction byMRI (MRI-PDFF) were measured within
the sample regions of biochemical measurement and histology. The accuracy of QCT and MR measurements were assessed
through Spearman correlation coefficients (r) and Passing and Bablok regression equations using biochemical measurement as
the "gold standard".
Results Both QCT and MRI correlated highly with chemical extraction [r = 0.922 (p < 0.001) and r = 0.949 (p < 0.001)
respectively]. Chemically extracted triglyceride was accurately predicted by both QCT liver fat percentages (Y = 0.6 + 0.866 × X)
and by MRI-PDFF (Y = -1.8 + 0.773 × X).
Conclusions QCT and CSE-MRI measurements of goose liver fat were accurate and reliable compared with biochemical
measurement.
Key Points
• QCT and CSE-MRI can measure liver fat content accurately and reliably
• Histological grading of hepatic steatosis has larger sampling variability
• QCT and CSE-MRI have potential in the clinical setting

Keywords Hepatic steatosis . Quantitative computed tomography . Chemical shift encoded magnetic resonance imaging . Proton
density fat fraction . Hepatic triglyceride analysis

Abbreviations
NAFLD Non-Alcoholic Fatty Liver Disease
QCT Quantitative Computed Tomography
BMD Bone Mineral Density

pQCT peripheral Quantitative Computed Tomography
PDFF Proton Density Fat Fraction
CSE-MRI Chemical Shift Encoded Magnetic Resonance Imaging
mDixon modified Dixon
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Introduction

Non-alcoholic fatty liver disease (NAFLD) represents a spec-
trum of disorders characterised by the accumulation of fat in
the liver [1, 2]. Worldwide, the prevalence of NAFLD ranges
from 9 to 37% [1–4], and NAFLD is the most common
aetiology of chronic liver disease in developed countries [5,
6]. Liver biopsy with semi-quantitative histological steatosis
grading is the current reference standard for the diagnosis and
grading of NAFLD [4, 7]. This method is invasive and unsuit-
able for screening large numbers of subjects at risk.
Furthermore, biopsy suffers from high sampling variability
[8, 9], and semi-quantitative grading of hepatic steatosis is
strongly observer-dependent [10, 11].

Computed tomography (CT) evaluation of hepatic
steatosis is based on the attenuation values of the liver
parenchyma, evaluated as Hounsfeld Units (HUs).
Several quantitative CT indices, such as difference in at-
tenuation between liver and spleen (CTL-S), hepatic atten-
uation index (HAI) and the ratio of hepatic attenuation to
splenic attenuation (CTL/S), have been used to assess he-
patic steatosis [12–15]. However, the observed spleen av-
erage CT value may vary with factors, and this makes the
above-mentioned CT indices inconsistent across different
subjects. Quantitative CT (QCT) was originally developed
for the measurement of bone mineral density (BMD) of
the spine [16]. After vigorous quality control, a calibra-
tion phantom is scanned simultaneously with the subject,
which makes it possible to interpret the CT HU of tissue
in terms of a physical density [17]. The QCT phantom
includes standards representative of fat and water, making
it possible to infer the fat content of a tissue from its CT
HU and increasing adiposity is associated with a decrease
in HU [18]. QCT greatly reduces the impact of the
sources of variability across CT scanners and patients,
such as kVp, X-ray filtration, patient size and the varia-
tion of CT HU of spleen. Peripheral QCT (pQCT) was
found to have good accuracy and precision for determin-
ing percent body fat and liver fat in small animals [19].
The measurement of liver fat content using QCT with a
clinical CT scanner has not yet been reported. Neither has
the validation of fat evaluation by QCT using chemical
extraction techniques or histology been previously de-
scribed, whereas such validation is essential before the
technique is applied clinically.

With its ability to detect a very low quantity of fat, proton
magnetic resonance spectroscopy (1H-MRS) is widely accept-
ed to assess hepatic steatosis [20–22]. However, MRS is not
routinely used because it is time-consuming, and samples only
a small portion [23]. In recent years, several techniques of
quantitative magnetic resonance imaging (MRI) have been
introduced for fast acquisition of quantitative proton density
fat fraction (PDFF) maps covering large parts of the liver or

the entire organ [24–27]. Chemical shift encoded MRI (CSE-
MRI) can discriminate between fat and water spins based on
their different resonance frequencies, and its multi-echo vari-
ants such as modified Dixon techniques (mDixon) permit
flexible times to echo (TE) not restricted to exact in-phase/
opposed-phase values. Multi-echo CSE-MRI techniques with
the corrections for T2* decay and inclusion of multi-peak
spectral models has been validated with excellent correlation
with 1H-MRS and histological methods [28–32]. However,
only limited validation studies including both CT and CSE-
MRI have been reported for the determination of hepatic fat
content [33, 34].

The purpose of the present study was to validate the quan-
tification of liver fat content by QCT and CSE-MRI PDFF on
a group of geese with a wide range of hepatic steatosis, using
biochemical extracted triglyceride as the reference.

Materials and methods

Experimental procedures

Experimental animals

A total of 22 Landes geese from the Jinjiang goose breeding
farm (Linqu, Shandong, China) were selected. All geese were
given a normal diet until 2 months old, and then were overfed
with 250-350 g corn at an interval of 6 h each day for 0-28
days. All geese received humane care according to the Guide
for the Care and Use of Laboratory Animals by the National
Academy of Sciences and published by the National Institutes
of Health (NIH publication 86-23, revised 1985).

Quantification of liver fat content by QCT

QCT was performed using a Toshiba Aquilion 80-slice CT
scanner (Toshiba, Tokyo, Japan) with a Mindways calibration
phantom (Mindways Software, Austin, TX, USA) placed be-
neath each goose. During the scan, the feet and wings of the
goose were taped and no anaesthetic was used. Scan parame-
ters were 0.985 pitch, 120 cm table height, 120 kV, 125 mA,
1.0 mm thickness, 500 mm2 field of view (FOV), standard
reconstruction. The scan range included 2 cm above the dia-
phragm to 15 cm below the diaphragm. Images were then
analysed using Mindways QCT PRO three-dimensional
(3D) spine module software version 4.2.

On the 3D reconstructed images an elliptical cylinder ROI
(thickness of 9 mm and area of 180-220 mm2) was individu-
ally placed in the centre part of the left lobe, upper [right-
superior (RS)], and lower [right-inferior (RI)] half of right
lobe, the QCT-derived bone mineral density (BMDSample),
BMD calibration slope and field uniformity correction
(FUC) were exported. According to the calculation formula
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provided by Mindways, the percent fat by volume of goose
liver (β) was obtained [18].

All QCT ROI measurements were performed by one
trained radiologist (with 2 years of experience of QCT
measurement), blinded to the general information of the
samples and MRI results. The intra-observer agreement of
QCT measurements was evaluated for all samples by the
same observer in duplicate analyses performed 1 month
apart.

Quantification of liver fat content by MRI-PDFF

At the same day as the QCT examination, all the geese were
slaughtered and then underwent an MR scan on a clinical 3-T
whole-body MRI system (Ingenia 3.0 T; Philips Healthcare,
Best, The Netherlands) with a 32-channel dS Torso Body coil.
A six-echo mDixon-quant gradient-echo sequence (CSE-MRI
implementation) was acquired and the parameters employed
were: flip angle = 3°, time of repetition (TR) = 8.1ms, first TE
(TE1) = 1.33 ms, TE shift (ΔTE) = 1.3 ms, FOV = 220 × 178
× 90mm3, voxel size = 1.5 × 1.54 × 3 mm3, number of signals
acquired (NSA) = 4. Thirty axial slices were reconstructed
with a voxel size of 1.38 mm and matrix of 160. A T2-
weighted turbo spin echo (TSE) coronal sequence was also
acquired and the parameters were: TR = 488 ms, TE = 60 ms,
slice thickness = 5 mm, slice gap = 1 mm, FOV = 220 × 182
mm2, voxel size =0.55 × 0.65 mm2, NSA = 2.

The image data were processed with the ISP software
(Version 7; Philips Healthcare, Best, The Netherlands).
PDFF maps were generated by accounting for all known
confounding factors, such as seven-peak fat spectrum
modelling [29], bias from T1 and noise [35], T2* correc-
tion [36] and novel eddy current compensation [29,
35–37]. Detailed algorithm for the mDixon-quant hepatic
fat fraction is given in a previous publication [30]. One
trained radiologist (with 1 year of experience of MRI-
PDFF measurement) performed the MR scan and mea-
surements, blinded to the general information of the sam-
ples and QCT results. The axial PDFF map images
representing the middle part of the three lobes were se-
lected using the coronal TSE image as a reference, and
ROIs were placed with the position and size as same as on
QCT. The intra-observer agreement of MRI-PDFF mea-
surements was assessed using two ROI measurements by
the same radiologist with an interval of 1 month.

Sampling of goose liver

Immediately after theMR scan, each goose was dissected, and
the whole liver was removed and weighed. The left and right
lobes of the liver were separated, and the right lobe was cut
into upper and lower halves. Samples (sized 60×30×30 mm)
were taken from the middle of the left, RS and RI lobes. A

small piece of tissue was taken from each sample and fixed in
formalin immediately for pathology exam. The samples were
kept refrigerated (4 °C) before sending to the lab for biochem-
ical measurement.

Quantification of lipid content of liver by biochemical
analysis

The chemical measurement was performed in the National
Food & Safety Supervision and Inspection Centre with
Soxhlet extraction [38]. The 66 liver tissue samples were dried
to constant weight (103 ± 2 °C), and then weighed.
Triglyceride content (g) of the dry samples were determined
by biochemical extraction. The triglyceride mass percent of
the goose liver were obtained using the triglyceride content (g)
and the wet weight (g) of the sample. The volume of fat mass
and fat-free tissue of goose liver was calculated with the equa-
tionV =m / ρ, and the triglyceride volume percent of the goose
livers were then obtained [β = 100 × VFat / (VFat + VFat-free)].
The value of density of fat mass(ρFat)is 0.9007 g/cm3 [39],
and the density of the fat-free tissue of goose liver(ρFat-free)was
1.18 g/cm3 using the mean value of three randomly selected
liver samples.

Histological grading of liver steatosis

A total of 61 specimens were obtained and stained with
haematoxylin and eosin, and five liver tissue samples
were destroyed. The histological results were interpreted
by a hepatopathologist who was blinded to the general
information of the samples and imaging results. The per-
centage of cells affected by fat vacuoles was separated by
grade: grade 0 for less than 5%, grade 1 for 5–30%, grade
2 for 31–50%, grade 3 for 51–75% and grade 4 for more
than 75% [40].

Statistical analyses

All statistical analyses and graphs were conducted by a
statistician using SAS (Version 9.3; SAS Institute, Cary,
NC, USA). The intra-observer agreements of imaging
measurements were calculated using Bland-Altman 95%
limits of agreement analyses as well as intra-class corre-
lation coefficients. Passing and Bablok regression equa-
tions were calculated between imaging measurements and
biochemical extraction. Spearman correlation coefficients
(r) were computed to express the degree of linear associ-
ation between measures. We defined correlation coeffi-
cients as strong if r > 0.8 and excellent if r > 0.9. To
detect the variability of fat distribution, we compare the
values of the three ROIs derived from the same goose
liver, using mixed model repeated measurements analysis.
Data were considered significant when p < 0.05.
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Results

Characteristics of samples obtained

The weight of the sample livers (n = 22) ranged from 0.088 to
0.778 kg. Gross visual evaluation demonstrated the wide
range of hepatic steatosis of the geese livers (Fig. 1a). These
differences of hepatic steatosis were clearly observed by QCT
(Fig. 1b), MRI-PDFF (Fig. 1c) and histology (Fig. 1d).
Overall, the mean value [± standard deviation (SD), range]
of biochemical triglyceride mass percentage, biochemical tri-
glyceride volume percentage, fat percentage by QCT (Fat%

QCT) and MRI-PDFF was 24.13% (± 21.1%, 0.04–58.7%),
25.2% (± 21.87%, 0.04–60.54%), 28.21% (± 25.67%,
-2.19–69.07%) and 33.81% (± 27.53%, 0.88–79.41%),
respectively (Fig. 2).

Intra-observer agreements of QCT and MRI-PDFF
measurement

Bland-Altman analyses demonstrated a very high intra-
observer agreement for both QCT and MRI-PDFF ROI mea-
surements (Fig. 3). The intra-class correlation coefficient was
0.997 (p < 0.001) for QCT ROI measurement and 0.998 (p <
0.001) for MRI-PDFF ROI measurement.

Accuracy of QCT and MRI-PDFF measurement

A high correlation was detected between Fat% QCT and tri-
glyceride volume percentage, as well as between MRI-PDFF
and triglyceride mass percentage, with Spearman correlation
coefficients of r = 0.922 (p < 0.001) and r = 0.949 (p < 0.001),
respectively. Passing and Bablok regression indicated that tri-
glyceride volume percentage can be predicted by Fat% QCT

(Fig. 4a), and triglyceride mass percentage can be predicted by
MRI-PDFF (Fig. 4b).

In comparison to biochemical extraction, both QCT and
MRI-PDFF significantly overestimated liver fat content. The
mean value of difference between Fat% QCT and triglyceride
volume percentage was 3.0% [95% confidence interval
(95%CI), -8.33 to 14.33%; p < 0.001], and the mean value
of difference between MRI-PDFF and triglyceride mass per-
centage was 9.68% (95%CI, -5.28 to 24.63%; p < 0.001).

Histological results compared to biochemical
extraction and imaging modalities

Figure 5 shows the distribution of triglyceride volume per-
centage, Fat% QCT and MRI-PDFF at each division of histo-
logical grading. The biochemical result of each group defined
by histology was 0.04-6.95% for grade 0, 2.69-7.09% for
grade 1, 5.08-9.86% for grade 2, 11.39-25.85% for grade 3
and 10.2-60.54% for grade 4, respectively (Fig. 5a). The

results of QCT and MRI-PDFF of each histologically graded
group were -2.19 to 6.89% and 2.78–10.4% for grade 0, 0.17–
3.0% and 4.18–16.78% for grade 1, 1.11–4.18% and 6.45–
12.75% for grade 2, 11.62–24.26% and 13.04–36.92% for
grade 3, and 12.55–69.07% and 12.09–79.41% for grade 4,
respectively (Fig. 5b and c).

Variability of fat distribution

No statistically significant differences of fat percentage among
the three sampled regions of goose liver were detected by
QCT (p = 0.993), MRI-PDFF (p = 0.995), biochemical ex-
traction (p = 0.998) or histological grading (p = 0.416).

Discussion

The present study evaluated the fat content of goose liver
using QCT and CSE-MRIPDFF and validated these measure-
ments against biochemically extracted triglyceride percent as
reference. The findings from this study impact on the clinical
management of steatosis.

In principle, QCT measures the fat fraction averaged by
volume, and CSE-MR imaging PDFF measures the number
of hydrogen protons in fat compared to the number in both fat
and water. Therefore, we compared QCT measurements with
triglyceride volume percentage and MRI-PDFF with triglyc-
eride mass percentage. Both QCT and MRI-PDFF measure-
ments were found to have very high intra-observer agree-
ments, and considering the minor variability of fat distribution
among the three sample regions, both techniques had negligi-
ble ROI sampling errors. Furthermore, we found excellent
correlations between biochemical extraction and QCT as well
as with MRI-PDFF. In terms of the accuracy of QCT and
MRI-PDFF, the differences between the two imaging modal-
ities and the "gold standard" were small. Compared to the two
imaging modalities, histological grading of liver steatosis had
greater ROI sampling errors and more obvious disagreement
with biochemical extraction.

Nagy and Johnson reported the use of pQCT to measure
liver fat in 26 female lemmings and found that pQCT had
good precision [mean intra-individual coefficients of variation

�Fig. 1 Samples of geese livers with different amount of fat content,
ranging from healthy liver to liver with severe steatosis. a Photographs
demonstrate increased size and yellow hue with increasing steatosis (left
to right). b QCTenabled volumetric quantification of steatosis within the
centre part of RS lobe (samples 1, 2 and 4) and RI lobe (sample 3), and the
results of samples 1, 2, 3 and 4was 2.83%, 4.18%, 24.26% and 435.25%,
respectively. cMRI-PDFFmap detected fat fraction of samples 1, 2, 3 and
4 was 2.78%, 12.75%, 34.73%, and 43.08%, respectively. The size and
position of ROIs by MRI-PDFF were as same as QCT. d Histological
grade was grade 0, grade 2, grade 3 and grade 4, respectively. Triglyceride
mass percentage by chemical extraction was 0.25%, 9.2%, 23.36%, and
33.84%, respectively
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(CV) = 0.3%] for determining percent liver fat, and there was
a high correlation (r = -0.98, p < 0.01) between the attenuation
values of liver by pQCT and chemically extracted triglyceride
[19]. According to the validation study of CT on animals (24
mice) conducted by Lubura et al. [41] the correlation between
the liver fat content by micro-CT {liver fat (%) = [Spleen
(HU) – Liver (HU)] / [Spleen (HU) – Fat (HU)]} and bio-
chemically extracted triglyceride was high (r2 = 0.915), with
a regression slope of 1.7. Artz et al. [33] reported an in vivo
validation of dual-energy CT on a group of obese mice for
quantification of hepatic steatosis, and CT attenuation was
found highly correlated with both biochemically extracted tri-
glyceride (r2 = 0.89) and MRI-PDFF (r2 = 0.86). In a study on
a group of obese patients using non-contrasted CT, Shores
et al. [42] demonstrated high correlation of CTL-S (r = -0.80,
p < 0.001) as well as CTL/S (r = -0.80, p < 0.001) with chem-
ically measured triglyceride using needle and wedge liver bi-
opsy. Compared to previous studies, we demonstrated that
QCT provided a direct value of volume percent of liver fat
that had an excellent correlation with triglyceride by biochem-
ical extraction. Moreover, the slope (0.87) and intercept
(0.6%) of the regression between QCT and biochemical ex-
traction indicated the high accuracy of QCT to quantify liver
fat content.

A concern for using CT in routine liver fat assessment is the
radiation exposure involved. For a QCT study, the exposure
can be half of a routine liver scan without affecting the accu-
racy of measurement, and limiting the number of slices ac-
quired can further reduce the radiation dose [43]. In the

clinical setting, a QCTscan can be incorporated with a routine
clinical CTscan, and liver fat content and visceral fat area [44]
can be obtained with a single CT scan without additional
radiation.

In previous studies, the correlation coefficient between
MRImeasured liver fat content and chemically estimated liver
fat varied from 0.74 to 0.96 [33, 45–48]. Runge et al. [45]
reported a study comparing CSE-MRI (using a four-echo
mDixon technique with a single fat peak reconstruction) to
biochemical triglyceride in a group of mice. The slope and
intercept of the linear regression between MRI measured liver
fat content and liver triglyceride content was 0.045 and 1.6,
respectively [45]. In the study by Hijona et al. [46] the slope
and intercept of the linear regression betweenMRI fat fraction
and liver triglyceride content was 0.0253 and -0.0482, respec-
tively [46]. Hines et al. [47]. conducted a validation study of
CSE-MRI in a group of obese mice compared to lipid extrac-
tion, and in their study, a linear relationship was shown be-
tween the MRI-PDFF (reconstructed with multi-peak spectral
models and with T2* correction) and lipid extraction (slope,
1.11; intercept, -6.3%) Compared to those previous studies,
our study demonstrated comparable results regarding to the
correlation coefficient between MRI and biochemical extrac-
tion (0.949 vs 0.74–0.96). Considering the different algo-
rithms of MR data among different studies, the disagreements
of the slope and intercept of linear regression equations are not
unexpected. MRI-PDFF was also detected with a similar cor-
relation coefficient with biochemical extracted triglyceride
content compared to CT both in the study by Artz et al. [33]
(r2 = 0.92 vs r2 = 0.89) and in our study (r = 0.95 vs r = 0.92).
These results again justified that CSE-MRI PDFF could be a
method of choice for human liver steatosis assessment.

The MR mDixon-quant technique is complicated and
the results can be influenced by many factors. First, MRI-
PDFF measures the ratio of number of hydrogen protons in
fat comparing to the number in both fat and water, while
biochemical extraction measures the triglyceride content in
the liver. Another issue is that mDixon MRI (using rela-
tively longer TE than in solid state physics spectroscopy
methods) cannot measure the signal from hydrogen pro-
tons that are closely connected to large proteins, or in a
solid or semi-solid state. The Bdry^ mass of tissue could
account for 3-15% of total mass. These factors generate a
systematic shift in the final output, and may explain the
relative larger difference between MRI-PDFF and bio-
chemical extraction observed in this study compared to
that between QCT and biochemical extraction.

The present study demonstrated that histological grade
poorly reflected the severity of goose liver steatosis. Due to
its invasive nature, sampling error, and incapability to repeat
the measurement at the same site, histology seems to be less
favourable to assess and monitor change of liver fat content in
comparison to QCT and MRI-PDFF.

Fig. 2 Plots of liver fat percentage measured by chemical extraction
(mass and volume averages), QCT, and MRI. The mean value of
biochemical triglyceride mass percentage, biochemical triglyceride
volume percentage, fat percentage by QCT and MRI-PDFF was
24.13%, 25.2%, 28.21%, and 33.81%, respectively
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There are several limitations to our study. (1) Even though
every effort was made to match the ROIs of the QCT and MRI
measurements to the chemical and histology samples, exact
matching was impossible, and this may result in some differ-
ences. However, our data also showed that there was little vari-
ation among the sample regions, which indicated that steatosis
was homogenous within the liver. (2) Geese were killed before
MR scan, and therefore the alteration of blood perfusion may

bias the MRI signal. The potential influence of blood perfusion
on the MRI signal should be addressed in a future study.

In conclusion, both QCT and CSE-MRI methods can mea-
sure liver fat content accurately and reliably in comparison
with chemical methods, and these results justify the use of
QCT and CSE-MRI in the clinical setting to assess and mon-
itor liver steatosis, but further validations are needed on pa-
tients and community populations.

Fig. 3 Bland-Altman analyses of intra-observer agreement for repeated
ROI measurements. aQCTshowed a very high intra-observer agreement,
mean difference between the two ROI measurements by the same observ-
er was -0.005% (95% limits of agreement, -3.10 to 3.09%, p = 0.999). b

MRI-PDFF showed a similarly high intra-observer agreement as QCT,
mean difference between the two ROI measurements by the same observ-
er was 0.05% (95% limits of agreement, -3.73 to 3.82%, p = 0.991)

Fig. 4 Passing and Bablok regression of biochemical extraction
with QCT and MRI. a QCT determined fat percentage is able to
predict biochemical triglyceride volume percentage with the

equation: Y = 0.6 + 0.866 × X (r = 0.922). b MRI-PDFF can
predict biochemical triglyceride mass percentage with the equation:
Y = -1.8 + 0.773 × X (r = 0.949)
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