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Background: Studies of soft tissue composition using computed tomography (CT) scans are often
semi-quantitative and based on Hounsfield units (HU) measurements that have not been calibrated with
a quantitative CT (QCT) phantom. We describe a study to establish the water (H,O) and dipotassium
hydrogen phosphate (K,HPO,) basis set equivalent densities of fat and fat-free liver tissue. With this
information liver fat can be accurately measured from any abdominal CT scan calibrated with a suitable
phantom.

Methods: Liver fat content was measured by comparing single-energy QCT (SEQCT) HU measurements
of the liver with predicted HU values for fat and fat-free liver tissue calculated from their H,O and K,HPO,
equivalent densities and calibration data from a QCT phantom. The equivalent densities of fat were derived
from a listing of its constituent fatty acids, and those of fat-free liver tissue from a dual-energy QCT
(DEQCT) study performed in 14 healthy Chinese subjects. This information was used to calculate liver fat
from abdominal SEQCT scans performed in a further 541 healthy Chinese subjects (mean age 62 years;
range, 31-95 years) enrolled in the Prospective Urban Rural Epidemiology (PURE) Study.

Results: The equivalent densities of fat were 941.75 mg/em’ H,O and —43.72 mg/cm’ K,HPO,, and for
fat-free liver tissue 1,040.13 mg/cm’ H,O and 21.34 mg/cm’ K,HPO,. Liver fat in the 14 subjects in the
DEQCT study varied from 0-17.9% [median: 4.5%; interquartile range IQR): 3.0-7.9%]. Liver fat in the
541 PURE study subjects varied from —0.3-29.9% (median: 4.9%; IQR: 3.4-6.9%).

Conclusions: We have established H,O and K,HPO, equivalent densities for fat and fat-free liver tissue
that allow a measurement of liver fat to be obtained from any abdominal CT scan acquired with a QCT
phantom. Although radiation dose considerations preclude the routine use of QCT to measure liver fat, the
method described here facilitates its measurement in patients having CT scans performed for other purposes.
Further studies comparing the results with magnetic resonance (MR) measurements of liver fat are required

to validate the method as a useful clinical tool.
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Introduction

Computed tomography (CT) scanners measure tissue
density in Hounsfield units (HU) on a scale that sets
water (H,0) at zero and air at —1,000, independent of the
spectral distribution of X-rays (1). For body tissues HU
measurements vary not only with density and composition
(fat, lean, mineral content) but also the peak kilovoltage
(kV,), X-ray filtration, and how the spectrum is modified
by differences in body thickness (beam hardening) (2).
In quantitative CT (QCT) the HU measurements are
converted into tissue densities by scanning the subject
together with a phantom containing standards representing
known densities of bone and soft tissue (3). In these
standards bone mineral is often represented by dipotassium
hydrogen phosphate (K,HPO,) and proprietary software for
analysing QCT scans is primarily designed to measure bone
mineral density (BMD).

Dual-energy X-ray absorptiometry (DXA) is a widely
used alternative method of measuring BMD (4) that has
also been developed to measure body composition (5,6).
In contrast with DXA, many studies using CT scans to
measure body fat have been semi-quantitative and based
on measurements of HU that were not calibrated with a
QCT phantom (7-11). A limitation of such measurements
is that the results may vary with the make and model of CT
scanner as well as on kV,,, filtration and beam hardening.

The aim of the present study was to establish the H,O
and K,HPO, basis set equivalent densities of fat and fat-
free liver tissue (12). Combining this information with
scan calibration data derived using commercial BMD
software (QCT Pro, Mindways, Austin, TX, USA), we
used HU measurements made with single-energy QCT
(SEQCT) scans to measure fat content in the human liver
and developed a method designed to give accurate and
consistent results from any CT scanner. The method was
applied to abdominal CT scans in 541 Chinese subjects
enrolled in the Prospective Urban Rural Epidemiology
(PURE) Study (13) to measure the distribution of
values of liver fat content in a large healthy human
population.

Methods
Measurement of fat content from a SEQCT scan

Fat content in the liver was derived from single-energy
HU measurements made from 120 kV, QCT scans of the
liver (HU,,,) by using scan calibration data from a QCT
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phantom (Mindways, Austin, TX, USA) to estimate HU
values for 100% fat (HUp,) and lean liver tissue with 0% fat
(HU,,,). The SEQCT derived % fat content of the liver was
calculated from the following equation:

HU,,  —-HU,

lner {5 100% 1]
HU

lean — fat

%fatz(

The values of HU,, and HU,,,, were found by representing
fat and lean tissue in terms of their basis set equivalent
densities of H,O and K,HPO, and adjusting for changes
in kV, and beam hardening using scan calibration data
obtained from the QCT Pro software. We write the
equivalent densities of fat and lean liver tissue as [A(H,0),
B (K,HPO,)] and (4,,,(H,0), B,,(K,HPO,)] respectively,
where A, (H,0) and A,,,(H,0) are the densities of the
H,O component for fat and lean, and B, (K,HPO,) and
B,...(KGHPO,) the densities of the K,;HPO, component, both
in units of mg/cm’. The HU values for fat and lean tissue
are related to their respective equivalent densities by the
following linear equations:

HU'

tu=mH x A, (H,0)+mKxB,, (K,HPO,) [2A]

HU,

lean

=mHxA

lean

(H20)+mK><B,W (KzHPO4) [2B]

where HU’ = HU + 1000 and mH and mK are scaling
factors (units HU mg™ em’) for the H,0O and K,HPO, basis
set densities. Given that the density of water is close to
1,000 mg/cm’ and the fundamental definition of HU in
terms of X-ray attenuation by air and water, then the value
of mH is close to 1.0 independent of changes in kV, or
beam hardening and for present purposes we assume it is
exactly unity. However, the value of 7K varies with changes
in the X-ray spectrum and can be determined from the
BMD calibration slope derived from the BMD steps in the
QCT phantom:

mK = BMD calibration slope + 0.2174 [3]

where 0.2174 HU.mg".cm’ reflects the amount of water
displaced when adding K,HPO, to a given volume of
water in such a manner that the original sample volume
is maintained. It follows from Eq. [2A,2B] that values of
HUg, and HU,,, in individual patients can be calculated
provided the BMD calibration slope is measured and we
know the equivalent densities of fat and lean liver tissue in
terms of H,O and K,HPO,. We now examine the issue of
establishing the correct equivalent densities.

gims.amegroups.com Quant Imaging Med Surg 2017;7(3):281-291



Quantitative Imaging in Medicine and Surgery, Vol 7, No 3 June 2017 283
Table 1 Chemical composition of animal fat broken down into its elemental composition of carbon (C), hydrogen (H) and oxygen (O) (15)
Grams per 100 g of fat
Fatty acid Chemical formula Molecular weight Grams per 100 g of fat c " 5
Myristic acid C4H20, 228.37 1.5 1.10 0.19 0.21
Palmitoleic acid Ci6H3002 254.41 2.0 1.51 0.24 0.25
Palmitic acid C16H30, 256.42 29.0 21.73 3.65 3.62
Linoleic acid C1gH3,0, 280.45 6.5 5.01 0.75 0.74
Oleic acid CyH3,0, 282.46 44.5 34.06 5.40 5.04
Stearic acid CygH360, 284.48 15.0 11.40 1.91 1.69
Cy acids CaoH4002 312.53 0.75 0.58 0.10 0.08
C,, acids CpHu0, 340.58 0.75 0.58 0.10 0.07
Total 100.0 76.0 12.3 11.7

Basis set densities for fat

In a review of standards for DXA measurements of body
composition, Nord and Payne (14) recommended a choice
of fat standard based on the chemical composition of
animal fat published by Noller (7able 1) (15). Establishing
the equivalent densities of H,0O and K,HPO, requires
knowledge of the elemental composition of fat in terms of
the percentage of carbon, hydrogen and oxygen by weight.
Our calculation is set out in Table 1 and, based on these
data and the densities of the constituent fatty acids listed in
Tuble 1, one of the authors (JKB) used typical spectral data
for CT scanners and Mindways proprietary software to
derive the basis set densities for fat.

Busis set densities for lean liver tissue

To investigate the basis set densities for lean liver tissue a
dual-energy QCT (DEQCT) study was performed in 14
healthy subjects (5 females, 9 males) (mean age 65 years;
range, 39-79 years) at the General Hospital of the China
National Petroleum Corporation, Jilin City, Jilin Province,
China. The study was approved by the ethics committee and
all the subjects gave written informed consent. DEQCT
scans of the liver were performed at 80 and 120 kV,
using a GE Healthcare BrightSpeed CT scanner with a
Mindways calibration phantom. Tube current was 250 mA
and slice thickness 1 mm. QCT quantification of liver tissue
was performed using QCT Pro 3D spine module software
version 4.2. The slice where the right branch of the portal
vein enters the liver was chosen for the measurement.
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Three circular regions of interest (ROI) with cross-sectional
areas of approximately 200 mm’ were placed in the left
lobe and the anterior and posterior segments of the right
lobe respectively (Figure I). The ROIs were placed in the
subcapsular region of the liver avoiding the bile duct and
blood vessels. If the left lobe of liver was too small to be
visible in this slice, the slice in which the left lobe had the
largest area was used for its measurement.

The HU values obtained at 80 and 120 kV, are related
to the basis set densities of the liver tissue by the matrix
equation:

[HU;O J [1 mKy, ]{A (#,0) ]

HUY,, L mK, )\ B,,, (KzHP 04) [4]
where HU’ = HU + 1,000, mKy, and mK,,, are the scan
calibration factors at 80 and 120 kV,, respectively {Eq. [3]},
Ajoo(H,0) and By, (K,HPO,) are the equivalent densities of
H,0 and K,HPO, in units of HU-mg "-.cm’ for the sample
of liver tissue being measured, and as previously we set the
scaling factor 72H for the H,O equivalent density to exactly
1.0. Inverting the 2x2 matrix in Eq. [4] enables the HU
values measured at 80 and 120 kV, to be used to calculate
the basis set densities of liver tissue in the three ROIs
measured in each of the 14 subjects:

Aliver (HZO) _ 1 mK120 _MKSO HUZ;O 5
By, (K,HPO,) | mK,y —mKg, | ~1 1 HU}, bl
The major and minor axes of the scatter plots of the
DEQCT study data in its two alternative representations
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Figure 1 Quantitative computed tomography (QCT) image of the
liver showing the placement of three regions of interest (ROIs) in
the left lobe and the anterior and posterior segments of the right

lobe respectively.

(as HU or equivalent densities) were found by solving the

1 [mKIZO _mKsoJ

mK ,,—mKg \ —1 1

252 (1 mKy,
X matrlxl mK

j and its inverse

for their eigenvectors and eigenvalues (16) after substituting
values of 7K at 80 and 120 kV, found from the mean BMD
calibration slopes in the 14 subjects enrolled in the study. A
scatter plot was drawn of the equivalent densities measured
in the DEQCT study subjects from which the basis set
densities of fat-free liver tissue were inferred. The basis
set densities for fat and fat-free liver tissue were added to
the scatter plot to establish a straight line defining the 0 to
100% fat axis. Individual values of liver fat in the DEQCT
study population were then calculated by projecting
their data points onto the fat axis along the major-axis
eigenvector for the 2x2 matrix in Eq. [5].

SEQCT measurements in Prospective Urban Rural
Epidemiology (PURE) study subjects

The basis set densities of fat and fat-free liver tissue found
from the Noller data and the Jilin City study were used
to derive liver fat content in 541 healthy subjects (mean,
62 years; range, 31-95 years) who had abdominal SEQCT
scans at the Shenyang No. 4 People’s Hospital, Shenyang
City, Liaoning Province, China. The subjects were enrolled
and scanned as part of the PURE Study, an international
study of 140,000 participants from 25 countries, of whom
more than 40,000 were recruited in China (13,17). The
study was approved by the ethics committee and all the
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Table 2 Basis set decomposition of fat and lean liver tissue into
equivalent densities of H,O and K,HPO,

Tissue H,O equivalent density K,HPO, equivalent density

(mg/cm®) (mg/cm®)
Fat 941.75 -43.72
Lean Liver 1,040.13 21.34

subjects gave written informed consent. SEQCT scans of
the liver were performed at 120 kV, using a GE Healthcare
LightSpeed 16-slice CT scanner with a Mindways
calibration phantom. Tube current was 250 mA and slice
thickness 1 mm. Details of the scan analysis and size and
placement of the three liver ROIs were the same as those
described above for the Jilin City study (Figure I). The fat
content in each ROI was found using Eq. [1] with values of
HU,, and HU,,, calculated using Eqs. [2,3] and the basis set
densities of fat and lean liver tissue. The % fat values from
the three ROIs in each subject were averaged and the results
plotted as a histogram and described by their median,
interquartile range and range. Six months after the above
analysis a random sample of 20 scans were subject to a blind
reanalysis and Bland-Altman plots (18) drawn to establish
the intra-rater reliability of the % fat measurements.

Single-energy analysis of DEQCT study subjects

SEQCT estimates of liver fat content at 80 and 120 kV, for
the 14 subjects in the Jilin City study were calculated using
Equation 1 and Bland-Altman plots drawn to compare the
results with the values obtained in the DEQCT analysis.
The differences were expressed in terms of the mean and
95% limits of agreement.

Results

Our calculation of the elemental chemical composition
of fat is set out in Tible 1 and resulted in an estimate that
100 g of fat contains 76.0 g of carbon, 12.3 g of hydrogen
and 11.7 g of oxygen. Based on the physical densities of
the constituent fatty acids listed in 7azble 1 we calculated a
density for fat of 0.89 g/cm’. Using these data we derived
basis set densities for fat of 941.75 mg/cm’ H,O and
-43.72 mg/cm’ K,HPO, (Table 2).

Figure 2 plots the equivalent densities for each ROI for
each subject in the Jilin City DEQCT study calculated
using Eq. [5]. Each subject is shown in a different color and

gims.amegroups.com Quant Imaging Med Surg 2017;7(3):281-291



Quantitative Imaging in Medicine and Surgery, Vol 7, No 3 June 2017

the results for the ROIs in the right-superior, right-inferior
and left lobes are joined by a straight line found from linear
regression analysis. On the assumption that liver fat in each
subject is the same in all three ROIs (19), the regression
lines plotted in Figure 2 indicate the orientation of the
lines of constant % fat in the equivalent density plot. The
direction vector determined by the mean orientation for all
14 subjects is (0.864, —0.504), corresponding to an angle of
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Figure 2 Results of basis set decomposition into equivalent
densities of water (H,0) and dipotassium hydrogen phosphate
(K,HPO,) of dual-energy quantitative computed tomography
(DEQCT) scans of the liver acquired at 80 and 120 kV,, in 14
healthy Chinese subjects. Straight lines determined by linear
regression join the three regions of interest (ROI) measured
in each subject in the right-superior, right-inferior and left
lobes respectively. Also plotted are straight lines showing the
orientation of the major axis eigenvector in the equivalent densities
representation of the data (Table 3) and the lines of constant
Hounsfield units (HU) at 80 and 120 kV,.
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-30.3° to the horizontal axis.

Table 3 gives the solutions for the eigenvectors and
eigenvalues of the 2x2 matrices in Eqs. [4,5]. In the
equivalent densities plot shown in Figure 2 the first of the
two eigenvectors (eigenvector 1) listed in 7able 3 (0.859,
—0.513) is represented by a straight line at an angle of -30.8°
to the horizontal. In this representation of the DEQCT
study data eigenvector 1 has the larger eigenvalue (7ible 3)
and is the major-axis eigenvector. Eigenvector 1 lies in the
direction of maximum variance of the data points in Figure 2
and is parallel to the lines of constant % fat in the scatter
plot. Also plotted in Figure 2 are the lines of constant HU
at 80 and 120 kV, calculated using Eq. [5]. The lines of
constant HU have direction vectors (0.891, —0.454) (-27.0°)
at 80 kV,, and (0.833, -0.554) (-33.6°) at 120 kV,, and define
the lines of constant % fat measurement for SEQCT scans
at their respective kV,.

Figure 34 plots the data from Figure 2 after taking the
average of the equivalent densities for the three ROIs
measured in each subject. The cross at (1,034.27, 17.46) is
the centroid of the distribution marking the overall mean
for the 14 subjects, while the red line shows the major-
axis eigenvector drawn through the centroid. Figure 3B
shows the same data plotted in the alternative Hounsfield
units representation. In this representation the major axis is
defined by eigenvector 2 at an angle of 40.5° (7able 3) and is
a line along which the % fat content varies from a minimum
value at the top right in Figure 3B to a maximum value at
the lower left.

Figure 44 shows the same averaged data for the 14
subjects plotted in Figure 34 with a green cross marking the
equivalent densities for 100% fat listed in Table 2. The line
joining the green cross representing 100% fat and the red
cross marking the centroid of the basis set values in the 14
subjects defines an axis on which liver fat can be measured
by projecting each subject’s point on to the % fat axis in a

Table 3 Solutions for eigenvectors and eigenvalues for the 2x2 matrices in the Hounsfield units {Eq. [4]} and equivalent densities {Eq. [5]}

representations of the dual-energy QCT measurements

Representation Matrix Eigenvectors Angles Eigenvalues
Hounsfield units 1 mKg, 0.859,-0.513 -30.8° 0.17
[1 mej 0.760, 0.649 40.5° 2.67
Equivalent densities 1 [me -mKBOJ 0.859, -0.513 -30.8° 5.86
MK 120 =MKo {1 1 0.760, 0.649 40.5° 0.37

In the text and figures (0.859, —-0.513) is referred to as eigenvector 1 and (0.760, 0.649) as eigenvector 2.
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Figure 3 Plots showing: (A) Results of basis set decomposition of the 14 subjects shown in Figure 2 plotted as the average equivalent
densities of the three ROIs measured in each subject. The red cross at (1,034.27, 17.46) is the centroid marking the overall mean for the

14 subjects. The red line shows the major-axis eigenvector for the equivalent densities representation of the DEQCT data (Tible 3) drawn

through the centroid. (B) The same data shown plotted in the alternative Hounsfield units representation. The red cross at (68.53, 60.58) is

the centroid marking the overall mean for the 14 subjects. The red line shows the major-axis eigenvector for the HU representation of the

data (Table 3) drawn through the centroid.

direction parallel to eigenvector 1.

It remains to define the point in the equivalent densities
plot representing fat-free liver tissue. This was found by
projecting the % fat axis beyond the red cross on to a point
marked by a black cross that shows the intersection with
a line drawn parallel to eigenvector 1 through the subject
with the least liver fat content. On the assumption that this
subject has 0% liver fat the black line marks the line of 0%
fat values. The black cross at the point (1,040.13, 21.34)
was adopted as the basis set standard for fat-free liver tissue
(Table 2).

Figure 4B shows the same data as Figure 44 plotted in the
alternative Hounsfield units representation. The 0% and
100% fat points in Figure 44 have been transformed using
Eq. 4 and plotted in Figure 4B and the line of eigenvector
2 has been extended to show its orientation with respect to
the % fat axis.

Figure 54 shows the measurements of liver fat in the 14
subjects in the Jilin City DEQCT study after projecting
their data points in Figure 44 onto the 0 to 100% fat axis
along lines parallel to eigenvector 1. Individual values of
liver fat content varied from 0 to 17.9% with a median of
4.5% and interquartile range 3.0 to 7.9%. Figure 5B shows
the SEQCT estimates of liver fat for the 541 PURE study

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

subjects at the Shenyang No. 4 People’s Hospital. Values of
liver fat content varied from —0.3-29.9% with a median of
4.9% and an interquartile range 3.4-6.9%.

Figure 64 shows the Bland-Altman plot comparing the
original and repeat estimates of liver fat in the 20 subjects
from Shenyang City in the intra-rater reliability study.
The mean difference was negligibly different from zero
and the 95% limits of agreement were +1.8%. Figure 6B,C
compare the SEQCT estimates of liver fat for the 14 Jilin
City subjects at 80 and 120 kV, with the DEQCT values
plotted in Figure SA. The mean differences were negligibly
different from zero and the 95% limits of agreement were
£2.3% at 80 kV, and +1.6% at 120 kV,.

Discussion

Following the convention in body composition studies,
100% fat refers to pure fat and not adipose tissue, which
contains water and cells and is variable in composition (20).
Following the discussion by Nord & Payne of standards
for body composition studies in DXA (14), we based
our standard for 100% fat on Noller’s tabulation of the
composition of animal fat (7zble I) (15). The resulting
elemental composition summarised in 7able 1 is in good

gims.amegroups.com Quant Imaging Med Surg 2017;7(3):281-291
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Figure 4 Plots showing: (A) Results of basis set decomposition for the 14 subjects shown in Figure 34. The green cross marks the basis

set standard for 100% fat (Table 2). The green line joining the green and red crosses defines the axis on which liver % fat is measured by

projecting each patient’s data point in a direction parallel to the major-axis eigenvector. The black line shows the major-axis eigenvector

drawn through the subject with the least liver fat. The black cross at the point (1,040.13, 21.34) marks the projection of the % fat axis onto

the eigenvector and was adopted as the basis set standard for 0% liver fat. (B) The same data shown plotted in the alternative Hounsfield

units representation. The black and green crosses mark either end of the 0 to 100% axis for liver fat content. The black line shows the

major-axis eigenvector for the HU representation of the data (7#ble 3) drawn through the 0% fat point.

agreement with the composition of lipids set out in ICRU
Report 46 (77.3% C, 11.8% H, 10.9% O) (21). Based
on the principle of basis set decomposition, any tissue
can be resolved into a mixture of two basis materials
that reproduces the linear attenuation coefficient over a
wide range of X-ray energies (12). For QCT studies it
is convenient to choose H,O and K,HPO, as the basis
materials, and for the composition of fat set out in Table 1
we obtained equivalent densities of 941.75 mg/cm’ H,O
and —43.72 mg/cm’ K,HPO,. When transformed into HU
values at 80 and 120 kV,, the 100% fat point falls close to
the line defining eigenvector 2 in Figure 4B, which could be
regarded as an alternative empirical definition of the fat axis
in this figure.

For healthy adult liver tissue we first considered
adopting the composition listed in ICRU Report 46 (21)
as our choice of standard for fat-free tissue, for which we
derived equivalent densities of 1,047.9 mg/cm’ H,O and
4.84 mg/cm’ K,HPO,. However, when used in Eq. [1] this
choice led to a large percentage of subjects having negative
% fat values, and for this reason the DEQCT study was
undertaken to gain a better understanding of the equivalent

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

densities of lean liver tissue in healthy human subjects.
When plotted in Figure 44, the ICRU healthy adult liver
composition gave a fat content of 9.6% and laid at the edge
of the range of equivalent densities found for the Jilin City
subjects.

The observation in Figure 2 that the data points from
the DEQCT study are spread along an axis from upper
left to lower right at an angle of approximately —30° to the
horizontal axis is due to the precision errors in the HU
measurements after their transformation into equivalent
densities using Eq. [5]. In Figure 2 the lines of constant
HU at 80 and 120 kV, make angles to the horizontal of
-27.0° and -33.6° respectively. Because of the small angle
between these lines, when DEQCT HU measurements are
transformed into equivalent densities there is relatively poor
discrimination for determining the precise location of data
points in the direction parallel to the —30° axis compared
with the direction at right angles to it. In a study using
mDixon magnetic resonance (MR) imaging to measure
fat content in five liver segments in 80 healthy volunteers,
Ulbrich ez al. reported that there were no statistically
significant differences in fat content between different

gims.amegroups.com Quant Imaging Med Surg 2017;7(3):281-291
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Figure 5 Plots showing: (A) Distribution of liver % fat content in the 14 healthy subjects in the DEQCT study determined by projecting

their data points in Figure 44 onto the green line representing the 0 to 100% fat axis along lines parallel to the major-axis eigenvector. (B)

Distribution of liver % fat content in the 541 healthy subjects in the 120 kV,, QCT study. Liver fat content was calculated from Eq. [1] using

the equivalent densities of fat and lean tissue listed in 7able 2 and scan calibration data from a QCT phantom.

segments (19). On the assumption that the three ROIs
measured in each subject in the present study have the same
fat content the linear regression lines joining each set of
three points in Figure 2 are (within measurement errors)
orientated along lines of constant % fat.

We considered three alternative choices for defining
lines of constant % fat in the equivalent densities plot: (I) an
empirical definition based on taking the mean angle of the
linear regression lines for the 14 subjects plotted in Figure 2
(=30.3°); (II) the mean angle of the lines of constant HU at
80 and 120 kV,, in Figure 2 (also -30.3°); (3) the major-axis

1 mK,,  —mKy,
mKIZO—mKSO( -1 1 j
in Eq. [5] (30.8° Table 3). This latter lies in the direction

of maximum variance of the data points in Figure 2 and, on

eigenvector for the 2x2 matrix

the assumption that the precision errors follow a bivariate
Gaussian model, can be shown to define the orientation
of the lines of constant % fat. When used to project the
individual subject data points in Figure 44 on to the 0 to
100% fat axis there is little practical difference between
these three choices and we choose the eigenvector as our
preferred method.

When we compared SEQCT values of liver fat content
for the 14 Jilin City subjects with their DEQCT results we
found 95% limits of agreement of £2.3% for the 80 kV,
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HU measurements and +1.6% for the 120 kV, data. The
SEQCT and DEQCT results differ because in Figure 44
the former correspond to the results obtained by projecting
the data points onto the fat axis along the lines of constant
HU shown in Figure 2 instead of along eigenvector 1.
For subjects whose DEQCT results happen to fall on the
fat axis in Figure 44 there is no difference between the
SEQCT and DEQCT % fats. For points away from the fat
axis the SEQCT results will be biased relative to projection
along eigenvector 1 with the direction of bias dependent on
whether the point is above or below the axis and which line
of constant HU is used.

We note that because Hounsfield units are a measure
of the linear X-ray attenuation coefficient rather than the
mass coefficient, % fat results calculated using Eq. [1] are
averaged by tissue volume rather than by mass as measured
by techniques such as DXA (5,6) and MR imaging (22). The
biggest difference between the two density measures is for
a fat content of 50%. Assuming a fat density of 0.89 g/cm’
and a lean tissue density of 1.06 g/cm’ (21), 50% fat by
volume corresponds to 45.6% by mass. At the extremes of
0% and 100% fat the difference tapers off to zero and for
% fat contents by volume of 5%, 10% and 20% typical of
the results in Figure 5 the corresponding % fat contents by
mass are 4.2%, 8.5% and 17.3% respectively. The results
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Figure 6 Bland-Altman plots showing: (A) comparison of the original and repeat estimates of liver fat in the 20 subjects from Shenyang

City in the intra-rater reliability study. The 95% limits of agreement shown by the dotted lines were +1.8%; (B) and (C) comparison of the
SEQCT estimates of liver fat in the 14 Jilin City subjects at 80 kV|, and 120 kV, with their DEQCT study results plotted in Figure 54. The
95% limits of agreement were +2.3% at 80 kV, and £1.6% at 120 kV,.

in Figure 5 have not been adjusted for this difference, but
given the densities of fat and lean tissue the correction is
easily made.

Reliable non-invasive methods of measuring fat content
in the liver are important for the diagnosis and management
of non-alcoholic fatty liver disease (NAFLD), a disorder
characterised by the accumulation of extra fat in the liver
and associated with risk factors such as obesity, diabetes
and dyslipidemia (23,24). NAFLD is the most prevalent
type of chronic liver disease in the developed world with a
worldwide prevalence ranging from 13% to 28% (25,26).
While it is normal for the liver in healthy subjects to
contain some fat (19,27,28), a fat content more than 5%
of liver mass is classified as steatosis (28,29). Methods of
investigation and diagnosis include liver biopsy (30,31),
ultrasonography (22,32), CT imaging (22,32) and MR
imaging, including proton magnetic resonance spectroscopy
(‘H-MRS) (27,28) and the modified Dixon (mDixon)
technique (29). Of these, the MR methods are widely
accepted as the most sensitive non-invasive method to
assess hepatic steatosis (33,34). However, the CT methods
with which they have been compared have been semi-
quantitative methods based on Hounsfield units, or the
difference in attenuation between the liver and spleen (7-11),
and as such not subject to rigorous calibration and quality
control and dependent on factors such as kV,, X-ray
filtration, patient size, and the make and model of CT
scanner. The measurement of liver fat using QCT with a

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

properly calibrated clinical CT scanner has not previously
been described. Although MR is the preferred method
of measuring liver fat because of the absence of ionizing
radiation, the QCT method described here may have a role
in providing additional value to diagnostic CT scans by
making a liver fat measurement possible in patients having
scans performed for other reasons, similar to the way a CT
scan for other purposes can provide additional information
about BMD and abdominal adipose tissue.

This study has a number of limitations. Only 14 subjects
were enrolled in the DEQCT study and this limited the
accuracy with which the centroid of the data points in
the equivalent densities scatter plot (Figure 34) could be
determined, and hence the determination of the 0 to 100%
fat axis in Figure 44. More important, the zero point of
the % fat scale was defined on the assumption that the
DEQCT study subject with the lowest liver fat content had
a fat value of 0% (Figure 5A) and, given the small number of
subjects in the DEQCT study, the true zero point must be
uncertain. However, in a similar small study of 10 healthy
subjects using the "H-MRS method Irwan et al. reported
individual % fat values between 0.9% and 21.3% (27), in a
study of 80 healthy subjects using the mDixon MR method,
Ulbrich et al. found values between 1.8% and 10.1% (19),
and in a study of 73 living related liver donors using the
'H-MRS method Rastogi ez al. found values between 0 and
31.5% (28). Hence any error in the zero point of the %
fat scale in the present study is unlikely to be more than
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1% or 2%. The reliability of the zero point of our fat scale
was further explored by examining the distribution of liver
fat values in a large group (n=541) of healthy subjects who
had 120 kV, QCT scans. In these subjects the median fat
content was 4.9% with an interquartile range from 3.4%
to 6.9%, results consistent with previous MR studies in
healthy subjects (19,27,28).

In conclusion, we have reported basis set equivalent
densities for fat and fat-free liver tissue which, when
combined with calibration information from a QCT
phantom, enable accurate measurements of liver fat from
a single-energy scan performed on any CT scanner. In
a large healthy elderly population the method gave fat
results consistent with findings from liver biopsy and
MR measurements in other studies. Although radiation
dose considerations preclude the routine use of QCT to
measure liver fat, the method described here facilitates
its measurement in patients having CT scans performed
for other purposes. Further studies comparing SEQCT
measurements of liver fat content with MR measurements
are required to validate the present findings.
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