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Background: Liver iron and fat are often co-deposited, synergistically aggravating the progression of
chronic liver disease. Accurate determination of liver iron and fat content is helpful for patient management.
To assess the accuracy of hepatic iron/fat decomposition using dual-energy computed tomography (DECT)
for simultaneously quantifying hepatic iron and fat when both are present.

Methods: Sixty-eight New Zealand rabbits on a high-fat/cholesterol diet plus iron injections were used to
establish a model of coexisting hepatic iron/fat. Abdominal imaging was performed using dual-source DECT.
The iron and fat fractions (Iron-¢r and Fat-¢r, respectively) were calculated using a 3-material decomposition
algorithm. The spectroscopic liver iron concentration (LIC) grading (normal, mild, moderate, severe, and
massive iron overload) and the histopathological fat fraction (Fat-ref) grading (normal, mild, moderate,
severe steatosis) were used as references. Correlations between the DECT parameters and the references
were analyzed. Hepatic iron/fat quantification equations were established and validated. Analysis of
covariance was used to assess the influence of fat on iron measurements and vice versa.

Results: Iron-¢; highly correlated with LIC (r=0.94, P<0.001), and Fat-c highly correlated with Fat-
(r=0.88, P<0.001). Both the Iron-c- and Fat-¢-derived LIC and fat fraction showed good agreement with
spectroscopy/histology. The linear relationship between Iron-¢; and spectroscopic LIC was not affected by
the grade of hepatic fat (F=1.93, P=0.16). The linear relationship between Fat-¢ and Fat-.; was unaffected
by hepatic iron grades from normal to severe (F=0.18, P=0.91). However, with massive iron overload
[>15.0 mg Fe/g (270 pmol/g)] the regression began to deviate, causing fat underestimation (F=5.50, P=0.04).
Conclusions: Our DECT-based iron/fat decomposition algorithm accurately measured hepatic iron and
fat when both were present in a rabbit model. Hepatic fat may be underestimated when there is massive iron

overload.
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Introduction

Fatty infiltration and iron overload commonly occur
together in diffuse liver diseases, including chronic
hepatitis, hemochromatosis, and fatty liver disease (1,2).
Hepatic iron and fat play a synergistic role in promoting
disease progression (3,4). The oxidative stress induced
by iron in hepatocytes contributes to liver cirrhosis and
promotes hepatocellular carcinoma development (5,6).
Fat accumulation may progress beyond simple steatosis
to steatohepatitis, and cirrhosis, accelerating the fibrosis
stimulus caused by iron overload (4,7). Therefore,
simultaneous quantification of hepatic iron and fat
concentrations is important for patient management.

Physiochemical analysis of liver iron concentration (LIC)
and histological examination of the fat fraction (Fat-.) in
a liver biopsy is the reference standards for determining
hepatic iron and fat concentration (8,9). However, liver
biopsy is invasive, with complication rates ranging from
6% to 18% and a major complication rate of 0.1% (10,11).
Minimizing complications using fine 22 G needles and
a limited number of punctures increases the risk of
sampling error and accurate pathological analysis difficulty.
Therefore, noninvasive iron and fat quantification methods
that can evaluate the entire liver are of increasing clinical
interest.

A dedicated practical guide to quantifying hepatic iron
with magnetic resonance imaging (MRI) was published
recently (12). The multi-echo technique measured iron
and fat concentrations (13) simultaneously. However,
the interaction between hepatic iron and fat may not be
perfectly corrected even with six echoes, especially with
severe iron deposition, spoiling the signal in later echoes
(14,15). Liver MRI may also be affected by fibrosis and
inflammation, which affects the T2*-weighted imaging (13).
Moreover, MRI is costly, with limited availability, and
may also be contraindicated in patients with incompatible
implants.

Computed tomography (CT) attenuation measures
fatty infiltration (decreased liver attenuation) and iron
overload (increased liver attenuation), but when fat and iron
coexist, standard CT attenuation no longer works (16,17).
Dual-energy CT (DECT)-based material decomposition
measured the liver’s fatty composition even in the presence
of iron and iodine in a phantom study (18). Another in vitro
phantom study showed that DECT could measure hepatic
iron without confounding from coexisting fat (19).

Although DECT-based material decomposition shows
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promise in measuring hepatic iron and fat, the in vivo
interference from coexisting iron and fat has only been
evaluated in phantom studies. We aimed to assess the
in vivo accuracy of measuring coexisting hepatic iron/fat
using a DECT-based three-material (fat, soft tissue and
iron) decomposition algorithm in a rabbit model.

Methods
Animal model

Experiments were performed under a project license
(2018KY-056) granted by the institutional ethics board of
Northern Jiangsu People’s Hospital, in compliance with
institutional guidelines for the care and use of animals. We
divided 68 8-week-old male New Zealand rabbits, each
weighing approximately 1,800 g, into the main group (n=48)
and a validation group (n=20).

The main group was further divided into four equal
groups (n=12). Group M1 was fed a standard diet for
2 weeks and used as the normal liver group. To induce
different fatty liver stages, groups M2, 3 and 4 were fed a
high-fat/cholesterol diet (standard diet + 10% triglycerides
+ 2% cholesterol) for 2, 4, and 8 weeks, respectively (20).
Iron overload was induced by intravenous injection of iron
dextran (100 mg Fe/mL) during the feeding and 1-2 weeks
before DECT (9). Based on our preliminary experimental
results, a series of total iron injection doses of 0, 200, 800,
1,200, and 2,400 mg Fe were used (9). The 200 mg Fe dose
was given as a single injection. The 800, 1,200, and 2,400
mg Fe doses were administered as 2, 3, and 6 injections on
successive days. In each main group of 12 rabbits, 2 rabbits
were administered each iron dose, and the remaining
2 rabbits were used as a backup for rabbits dying during the
protocol. If less than 2 rabbits died in the main group of
12 rabbits, the extra rabbit(s) received the maximum total
iron dose (2,400 mg Fe).

The validation group of 20 rabbits was divided into 4
equal groups (n=5). Group V1 was fed a standard diet for 2
weeks. Groups V2, 3 and 4 were fed a high-fat/cholesterol
diet for 2, 4, and 8 weeks, respectively. A series of total
iron injection doses of 0, 200, 800, 1,200, and 2,400 mg Fe
were administered in each validation group (one rabbit for
each dose point). The different treatment of rabbits from
different groups is outlined in Figure 1.

All rabbits were housed in independent cages at room
temperature (21x2 °C), with unlimited access to water
and a 12-hour diurnal light cycle. The chow’s weight
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Figure 1 Flowchart of building hepatic iron and fat coexisting rabbit model. DECT, dual-energy CT; HFD, high-fat diet.

was restricted to 100 g/rabbit per day and was entirely
consumed by every rabbit each day. All rabbits underwent
CT scanning within 5 days after the final iron injection. If
rabbits were showing signs of poor condition, euthanasia
was performed shortly after DECT scanning.

Image acquisition

Abdominal dual-source DECT (Somatom Definition
Flash, Siemens AG, Forchheim, Germany) was performed
following anesthetization with intravenous pentobarbital
sodium (30 mg/kg). An abdominal belt was used to
reduce breathing motion artifact. Upper abdominal
unenhanced DECT was performed at 80 kVp and
Sn140 kVp. The corresponding tube current was 350
and 150 mA, respectively. Other scan parameters were as
follows: detector collimation, 64x0.625 mm, gantry rotation
time, 0.5 s, pitch, 0.6. The matrix was 512x512, and the
field of view was 180x180 mm. The reconstruction kernel
was D30f. CT images were reconstructed with 3-mm slice
thickness and 1.5-mm slice interval. The volumetric CT
dose index for this setting was 13.1 mGy.

Image analysis

Decomposition of hepatic iron/fat was performed using
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prototype software (eXamine, Siemens Medical Solutions,
Forchheim, Germany v.1.0.1.33619). An iron-specific slope
value of 1.9 was used to preset the iron/fat decomposition
algorithm (9). The algorithm fits data using CT attenuations
at 80 kVp and Sn140 kVp and then calculates iron, fat,
and soft tissue fractions. The decomposition algorithm’s
basic principle is that iron, fat, and soft tissue have unique
attenuation characteristics when exposed to different
X-ray energies. Each material has its atomic number
(Z), exhibiting unique binding energy (K-edge) in the
photoelectric interaction with X-rays. Elements with unique
K-edge values show different attenuations at different
energy levels. Those with a high atomic number, such as
iron, attenuate a greater portion with low-kilovolt than
high-kilovolt photons due to the photoelectric effect (21).
For a combination of two or more substances with
known attenuation characteristics present in a certain
ratio, DECT-based material decomposition is capable
of materials separation (21). Based on this principle, the
iron/fat decomposition algorithm can generate a material
quantification map. The DECT virtual iron parameter (i.e.,
the CT attenuation values attributed to iron, termed Iron-¢y)
was obtained from three regions of interest (ROI) on the
material quantification maps. The fat fraction (Fat-cp) was
obtained within the same ROIs. The units of Iron-¢r are
given in Hounsfield units (HU), and the units of Fat-¢
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Figure 2 Example of region of interest (ROI) on liver parenchyma simultaneously measuring iron and fat on the iron/fat decomposition

material map. (A) Free hand ROI drawn on the Mixed image, excluding vessels and bile duct and 5 mm from the liver border. (B) Iron/fat

decomposition material map showing the results of iron (Iron_r) and fat (Fatcr) were 36.62 HU and 6.9%, respectively. Meanwhile, CT

attenuation of the same ROI on 80 kVp, Sn140 kVp and Mixed images were also obtained. CT, computed tomography; HU, Hounsfield

units.

are given in percentage (%). Also, CT attenuation at
80 kVp, Sn140 kVp, and Mixed (ratio 80:Sn140 kVp,
0.5:0.5) was obtained from the same ROls.

The liver DECT images were analyzed independently
by two radiologists (each with >5 years of experience in
abdominal imaging), blinded to the diet and iron treatments
and the histopathology and spectroscopy results. Three
freehand ROIs with an area of 800-1,800 mm’ were drawn
on Mixed images approximately 5 mm from the liver
boundary on three consecutive slices, which showed the
largest area of liver parenchyma. The main vessels and
bile ducts were also carefully avoided with a distance apart
>5 mm. These three ROIs were copied to the iron/fat
decomposition material maps. The Iron-cr (HU), Fat-¢r
(%), and the mean CT attenuation at 80 kVp, Sn140kVp,
and Mixed were obtained from each ROI. The mean
value from the three ROIs were used for further analysis.
A representative ROI on the Mixed and material maps is
presented in Figure 2.

Pathological and spectroscopic analyses

After CT scanning, all rabbits were humanely killed by
pentobarbital overdose to obtain liver samples. Because the
iron and fat distribution were diffusely uniform throughout
the entire liver in our preliminary experiments (9,20),
tissue specimens (3 pieces, each about 5 g wet weight) were
obtained from the medial left liver lobe for spectroscopic
analysis. An additional specimen was obtained and then
formalin-fixed paraffin-embedded for hematoxylin and
eosin (H&E) and Prussian blue staining.
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Pathological fat content was measured on H&E-
stained preparations by one pathologist (11 years of clinical
experience conducting hepatic pathologic examinations),
blinded to the CT measurements. Using a computerized
quantitative analysis software programmed in Image ]
(v1.48, National Institutes of Health USA), the fat fraction
(Fat-.) was quantitatively assessed as the percentage of the
volume of fat vacuoles over the total volume of hepatocytes.
Steatosis was graded using standard criteria: normal (<5%),
mild (5-33%), moderate (33-66%), and severe (>66%) (20).

For hepatic iron quantification, inductively-coupled
plasma spectroscopy (ICP; Hitachi, Ltd., Tokyo, Japan)
was used (22). Dried liver samples were ashed and dissolved
in hydrochloric acid. The spectrometer measured the
iron concentration as ferric ions in the solution. Finally,
the LIC (mg Fe/g dry weight liver tissue) was calculated.
Based on the optimal spectroscopic agreement from the
three samples, the average was used for analysis. The level
of iron was graded as: normal, <1.8 mg Fe/g (32 pmol/g);
mild overload, 1.8-3.2 mg Fe/g (32-57 pmol/g); moderate
overload, 3.2-7.0 mg Fe/g (57-126 pmol/g); severe
overload, 7.0-15 mg Fe/g (126-270 pmol/g); and massive
iron overload >15.0 mg Fe/g (270 pmol/g) (23).

Statistical analysis

All the statistical analyses were performed on SPSS software
(version 19.0; Chicago, IL, USA) or GraphPad Prism
(GraphPad v.5.01, San Diego, CA, USA). The Shapiro-
Wilk test tested all parameters to determine normality. The
variables are described as the mean = standard deviations.
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P<0.05 was considered to indicate a significant difference.
The inter-rater reliability between measurements from
two readers was tested by intraclass correlation coefficients
(ICCs). An ICC of 0.8-1.00 was considered to indicate
excellent agreement. DECT measurements were averaged
for further analyses if the excellent agreement was obtained.

The correlations between the DECT parameters in the
main group (Iron-¢y, Fat-¢p, and CT attenuation at 80 kVp,
Sn140 kVp, Mixed) and the reference values of LIC and
Fat-.; were statistically analyzed by Pearson correlation-
based Gaussian distribution of DECT parameters. The
linear regression equations for calculating the Iron-¢-
derived LIC (LIC-¢1) and Fat-o-derived fat (FF-c)
fractions were built using the main group data. Data from
the validation group were used to validate the accuracy of
the established equations. The Bland-Altman analysis was
used to determine agreements between the Iron-.-derived
LIC (LIC-¢p) and the ICP-derived LIC (LIC-¢p), as well as
the Fat-c-derived fat fraction (FF-¢r) and histological fat
fraction (Fat-,.p).

To assess the interference of fat on iron quantification,
the linear regression lines between Iron-¢r and LIC were
compared by analysis of covariance among the normal fat
content, mild, moderate, and severe steatosis groups (the
moderate and severe steatosis rabbits were combined into
one group because only one case of severe steatosis was
obtained). To determine the interference of iron on fat
quantification, the regression lines between Fat-¢r and Fat-,¢
were compared among the normal iron content and the
mild, moderate, severe, and massive iron overload groups.

Results
Hepatic iron and fat coexisting models

Among the 68 rabbits, 79% (38/48) in the main group and
80% (16/20) in the validation group survived and underwent
DECT scanning. Six rabbits died following iron injections
but before completing all of the iron injections. Eight
rabbits, comprising 1 rabbit at 5 weeks, 2 rabbits at 6 weeks,
and 5 rabbits at 7 weeks of high-fat/cholesterol diet, died
before any iron injection. Examples of iron accumulation
only, fat accumulation only, and iron/fat coexisting rabbits
are shown in Figure 3.

The fat fraction determined by histopathology (Fat-..)
of the 38 rabbits in the main group ranged from 0.5% to
68.3%. According to the fat fraction grading criterion,
there were 12 rabbits with normal fat liver levels, 12 with
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mild steatosis, 13 with moderate steatosis, and 1 with severe
steatosis, in which the average fat fraction was 3.0%=1.2%,
15.6%+5.4%, 43.8%+8.9% and 68.3%, respectively.

LIC determined by spectroscopy ranged from 0.25 to
27.9 mg/g (4.5-502.2 pmol/g). According to the liver iron
grading criterion, there were 7 rabbits with normal liver iron,
7 with mild iron overload, 8 with moderate iron overload, 9
with severe iron overload, and 7 with massive iron overload,
in which the average LIC was 0.96x0.52 mg Fe/g (17.28
+9.36 pmol/g), 2.31+0.47 Fe mg/g (41.58+8.46 pmol/g),
5.19+1.48 mg Fe/g (93.42+26.64 pmol/g), 9.40+1.30 mg Fe/g
(169.2£23.4 pmol/g), and 20.46+4.57 mg Fe/g (368.28
+82.26 pmol/g), respectively. The details of iron and fat
grading are listed in Tible 1.

DECT measurements of iron and fat decomposition

The ICCs between the two observers showed excellent
agreement for all DECT parameters: Iron-cr (0.993), Fat-cr
(0.985), 80 kVp (0.998), Sn140 kVp (0.994), and Mixed
(0.998). The mean value of the two observers was used for
further analysis. The CT measurements from all 38 main
group rabbits are listed in Tables 2 and 3.

Correlation between DECT measurements and iron/fat
reference

The Iron-¢r strongly and positively correlated with the LIC
(r=0.94, P<0.001), but there were no significant correlations
between Fat-or and LIC (r=-0.15, P=0.356). The linear
regression equation for LIC (mg Fe/g) calculated from
Iron-¢ was:

Y =0.3278X -1.522 (P <0.001) [1]

where X indicates the HU of Iron-¢y, and Y represents LIC-¢
in units of mg Fe/g (Figure 44). Hepatic CT attenuation
at 80 kVp, Sn140 kVp and Mixed also positively correlated
with the LIC (r=0.81, 0.51, 0.71, respectively; P<0.05).

The Fat-cr positively correlated with Fat-, (r=0.88,
P<0.001), but there were no significant correlations between
Iron-¢p and Fat- . (r=-0.22, P=0.176). The linear regression
equation for the fat fraction corrected from Fat-cr was:

Y =1.705X +13.65 (P < 0.001) [2]

where X indicates Fat-¢; (fat percentage measured on DECT
material maps), and Y represents FF-CT (fat percentage
corrected from pathological fat fraction) (Figure 4B).
Hepatic CT attenuation on 80 kVp, Sn140 kVp and Mixed
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Prussian blue staining

Figure 3 Rabbit model of iron deposition only (top row), fat deposition only (middle row), and both iron and fat deposition (bottom

row) with Mixed (80/Sn140 kVp images) (first column), iron/fat decomposition images (second column) and histopathological Prussian
blue staining at x200 (third column).The LIC from top to bottom rows was 10.28, 3.88, and 5.39 mg Fe/g (185.04, 69.84, 97.02 pmol/
), respectively. The fat fraction (Fat-ref) was 2.6%, 60.3% and 68.3%, respectively. The corresponding DECT measurements of Iron ¢r
were 30.54 HU, 2.85 HU, 16.05 HU, and Fatcr of 2.8%, 21.6%, 25.1%, respectively. DECT, dual-energy computed tomography; HU,

Hounsfield units; LIC, liver iron content.

Table 1 Different levels of coexisting hepatic iron and fat in a rabbit model (n=38)

Normal iron content Mild iron overload Moderate iron overload Severe iron overload Massive iron overload

Hepatic iron/fat grade

(n=7) (n=7) (n=8) (n=9) (n=7)
Normal fat content (n=12) 2 2 3 3 2
Mild steatosis (n=12) 2 3 1 4 2
Moderate & severe 3 2 4 2 3

steatosis' (n=14)

T, as there was only one rabbit with severe steatosis, the moderate and severe steatosis groups were combined.

negatively correlated with Fat-.¢ (r=—0.63, —-0.84, -0.72,
respectively; P<0.05).

Validation of the iron/fat regression equations

The accuracy of Eqgs. [1 and 2] for LIC and fat fraction
quantification was validated in a group of 16 rabbits loaded
with different iron/fat levels. The mean LIC- obtained
using equation 1 was 8.8+1.9 mg Fe/g (158.4+34.2 pmol/g)
dry tissue. The postmortem LIC-;;p measured with ICP
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was 9.3+2.1 mg Fe/g (167.4£37.8 pmol/g) dry tissue.
Bland-Altman analysis between LIC-¢r and LIC- ¢,
showed a mean difference of 0.95 mg Fe/g (17.1 pmol/g)
with a 95% confidence interval (CI, -4.4-5.3 mg Fe/g
(-=79.2-95.4 pmol/g). However, no significant difference was
found between LIC-¢r and LIC-p (P>0.05) (Figure 5A).
The mean FF(CT) obtained using equation 2 was
18.1%=4.1%. The histological fat fraction (Fat-.) was
19.5%%4.2%. Bland-Altman analysis between Fat Fraction
(CT) and histological fat fraction showed a mean difference
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Table 2 DECT measurements compared with iron/fat reference with different levels of hepatic iron content (n=38)

DECT measurements Normal iron content Mild iron overload Moderate iron overload Severe iron overload Massive iron overload

and references (n=7) (n=7) (n=8) (n=9) (n=7)
Iron-¢; (HU) 5.81+6.77 12.75+3.91 21.25+3.41 37.86+7.88 61.05+11.60
Fat-¢r (%) 8.1£14.6 5.2+11.1 5.8+13.1 3.6+6.9 4.0+£5.49
80 kVp (HU) 47.53+21.61 57.46+14.69 65.14+16.87 82.60+9.08 102.96+16.46
Sn140 kVp (HU) 43.91+£19.48 49.69+14.28 51.82+16.73 59.79+7.72 65.26+10.83
Mixed (HU) 45.47+20.48 53.32+14.44 58.26+16.73 70.95+8.01 83.86+13.53
LIC (mg/g)/(umol/g) 0.9620.52 2.31+0.47 5.19+1.48 9.40+1.30 20.46+4.57
(17.28+9.36) (41.58+8.46) (93.42+26.64) (169.2+23.4) (368.28+82.26)
Fat- . (%) 28.9+23.9 21.6+21.6 25.8+24.0 16.£12.8 22.1+18.8

DECT, dual-energy CT; HU, Hounsfield units; LIC, liver iron content.

Table 3 DECT measurements with iron/fat reference with different levels of hepatic fat (n=38)

DECT measurements and references

Normal fat content (n=12)

Mild steatosis (n=12)

Moderate & severe steatosis (n=14)

Iron-g; (HU) 29.28+24.41 31.03+17.25 24.59+20.74
Fat-g; (%) -6.145.5 5.9+5.4 14.5+6.1

80 kVp (HU) 86.68+19.71 73.30+19.71 57.18+24.68

Sn140 kVp (HU) 69.10+7.28 54.39+10.15 41.64+12.76

Mixed (HU) 77.64+12.87 63.59+14.73 49.18+18.57

LIC (mg/g)/(umol/g) 8.23+8.42 (148.14+151.56)  7.97+7.11 (143.46+127.98) 6.99+6.48 (125.82+116.64)
Fat- (%) 2.3+1.2 15.6+5.4 45.5+10.8

DECT, dual-energy CT; HU, Hounsfield Units; LIC, liver iron content.
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Figure 4 Scatter plots of DECT-based iron and fat measurement correlations with reference. (A) Iron_cr value highly correlates with LIC
(r=0.94, P<0.001). (B) Fat ¢y values highly correlate with Fat-ref (r=0.88, P<0.001). DECT, dual-energy CT; LIC, liver iron content. DECT,

dual-energy computed tomography; LIC, liver iron content.
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Figure 5 Bland-Altman plots showing agreement of DECT-derived iron/fat measurements with the references. The mean difference was
0.5 mg Fe/g (9 pmol/g) for iron (A) and 1.4% for fat fraction (B) but was not statistically significant (P>0.05). The solid line shows the mean
difference between the two methods, and the dashed lines indicate the upper and lower 95% bounds of agreement between them. DECT,

dual-energy computed tomography; ICP, inductively-coupled plasma spectroscopy; LIC, liver iron content; SD, standard error.
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Figure 6 Scatter plots of iron quantification linear regression lines at three different fatty liver levels (A) and fat quantification linear
regression lines at five hepatic iron levels (B). The slopes from the three fat levels in iron quantification show no significant difference. The

slope from massive iron overload in fat quantification was lower than the slopes from other iron levels, showing that fat was underestimated

at massive levels of iron [>15.0 mg Fe/g (270 pmol/g)]. LIC, liver iron content.

of 1.4% (95% CI, -18.9-21.6%). However, no significant
difference was found between the mean Fat Fraction (CT)
and a histological fat fraction (P>0.05) (Figure 5B).

Effect of fat on iron quantification and iron on fat
quantification

For iron quantification, the linear equations between
Iron-¢r (X) and LIC (Y) at three levels of Fat-.; were
built separately (Table S1). Iron-¢; and LIC were highly
positively correlated at each fatty level (Figure 64). Analysis
of covariance showed that slopes for normal (0.34), mild
(0.38), and moderate and severe steatosis (0.29) had no
significant difference (F=1.933, P=0.161), indicating that fat

had no significant influence on iron measurements.
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For fat quantification, linear correlation equations between
Fat-¢r (X) and Fat-; (Y) at five different levels of LIC were
built separately (Table S2). Fat-¢r and Fat- . were highly
positively correlated at each level of iron (Figure 6B). The
covariance analysis showed that slopes for normal iron content
and mild, moderate, severe iron overload had no significant
differences (F=0.178, P=0.910). However, the massive iron
overload group had a larger slope than the normal iron
content group (F=5.502, P=0.041), indicating that massive iron
deposition leads to underestimating Fat-c.

Discussion

The competing effects of increased CT attenuation from
iron and decreased CT attenuation from fat normally make
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iron/fat quantification by CT unreliable when both are
present. The present data from 68 rabbits on high-fat diets
with iron injections to simulate various combinations of
iron overload and fatty liver demonstrate that the DECT
iron/fat decomposition accurately measured liver iron and
fat content compared with spectroscopy histopathology.
Both Iron-¢r and Fat-¢; obtained by DECT iron/
fat decomposition highly correlated with the reference
standards, when both were present, the relationship
breaking down only in the setting of massive iron overload.
Iron-¢; measured hepatic iron accurately even with
moderate steatosis and in the single rabbit that survived
severe steatosis. Fat-cr accurately measured fat fraction at
normal to severe iron overload levels. With massive iron
overload, fat was underestimated by Fat-cr.

Conventional CT assesses hepatic iron overload or fat
accumulation by showing increased or decreased hepatic
CT attenuation. Our study showed that CT values at
80 kVp, Sn140 kVp and Mixed positively correlated with
LIC and negatively with Fat-., as expected. However, CT
attenuation measurements are not accurate when both fat
and iron are present. Compared with conventional CT, the
DECT-based iron/fat decomposition technique obtained
Iron-¢ and Fat-¢p values showing a strong correlation
with the corresponding references and the spectroscopic
and histopathologic findings. These advantages of material
decomposition are only possible with DECT. Using dual
X-ray tubes and detectors, DECT simultaneously acquires
data with two different tube voltages, allowing for material
separation with comparable atomic numbers according
to the differences in the photoelectric and Compton
effects of CT attenuation at different energies (24). For
iron quantification, rabbit and patient studies indicate an
iron-specific material decomposition algorithm based on
DECT can quantify hepatic iron (9,23). Using the same
iron-specific slope of 1.9 as in a previous study (23), the
correlation of Iron-¢p with LIC in our current study was
0.99, similar to both a prior patient study (23) (r=0.87) and a
prior rabbit model study (9) (r=0.98). For fat quantification,
our study showed the correlation of Fat-¢; with Fat-
was 0.88, which was consistent with a previous dual-source
DECT phantom study (r=0.79) (25), indicating the role
of material decomposition as a promising imaging index
for quantifying hepatic fat content. All previous studies
demonstrated the feasibility of DECT in separate iron
or fat quantification, but our data extend this accurate
characterization of hepatic fat and iron even when they are
coexisting.
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To evaluate the iron/fat interactions on quantification
by DECT, we created a rabbit model with a wide range
of simultaneous hepatic iron and fat contents, which was
challenging due to the iron and fatty/cholesterol diet
toxicity. Only one rabbit survived with severe steatosis plus
iron, so we had to group the moderate and severe steatosis
cases in our analysis. We found that Iron-¢ showed a high
correlation with LIC, even with the confounding effects
of moderate and severe steatosis (r=0.93). This result was
in agreement with Fisher’s phantom study, in which the
virtual iron content highly correlated with LIC even at a fat
fraction of 50% (r=0.96) (19). Comparing iron attenuation
values in fat-present and fat-absent groups of rats, Ma ez 4/.
concluded that the DECT virtual iron content correlated
with true iron content even in the presence of fat (26), but
they did not derive actual liver iron values. Our results agree
and further show that the DECT decomposition technique
eliminates fat interference with iron quantification over
a range of hepatic steatosis grades and provides accurate
measurements of hepatic iron in mg Fe/gram dry weight
liver. Another phantom study conducted on fast-kilovolt-
peak switching DECT suggested iron was overestimated
in the absence of fat and underestimated in the presence
of fat (27). The better discrimination between fat and
iron observed in our study might be explained by the
more accurate separation of low and high X-ray energy
levels with a dual-source than can be achieved with fast-
kilovolt switching DECT (21). Moreover, tin filtering was
used with dual-source DECT in our study, which helps
separate the low and high X-ray energy accurately. Another
difference was our use of a 3-material (iron, fat, soft tissue)
decomposition algorithm compared with the two-material
(iron and water) used in the prior study (21).

Fat-¢r positively correlated with the fat fraction even
up to severe iron overload (r=0.89), in agreement with
a previous phantom study (18). We observed a trend of
increasing linear regression slopes for the relationship
between Fat-cr and Fat-.; which became significantly
different with massive iron overload. This is consistent
with a phantom study carried out with fast-kilovolt-peak
switching DECT (15). This finding suggests that even
if 3-material decomposition is more accurate than two-
material decomposition reported in that phantom study,
the iron interference on fat measurement is hard to avoid
completely. Multi-material decomposition algorithms
separating three or more specific materials using only two
energy levels is challenging (21). More experiments and
data are needed to improve this aspect. Other substances
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in the liver with atomic numbers close to the iron (e.g.,
copper, with similar amounts of coexisting iron and copper)
may influence the decomposition.

The study had several limitations. First, because the
different levels of coexisting fat and iron content iz vivo
were difficult to control, and especially because of the
high toxicity of severe steatosis and iron overload, our
study had only one rabbit survive with severe fatty liver
combined with iron deposition. Further studies may be
needed to explore the influence of severe fatty liver on iron
quantification. Second, although DECT’ accuracy for
simultaneous fat and iron quantification was high in this
rabbit model, patterns of iron and fat deposition in humans
may differ. Third, our study only investigated whether
liver iron and fat quantification interfered with each other,
and other materials such as copper were not included.
Moreover, to minimize the image noise, a relatively high
radiation dose close to that used for humans was used
for the rabbits. An automated dose reduction technique
(CareDose4D, Siemens Medical Solutions) could minimize
radiation exposure in a future human study. Finally, negative
CT fat fractions were measured in several normal rabbits,
which might due to CT attenuation being insensitive to low
levels of fat decomposition. Improved software for directly
measuring mild liver fat decomposition is needed.

Conclusions

DECT-based iron/fat decomposition accurately measured
coexisting hepatic iron and fat concentrations over a broad
range in a rabbit model. However, hepatic fat quantitation
was underestimated with massive iron overload. Further
confirmatory studies in humans are warranted. DECT
might be a feasible alternative method for measuring
hepatic iron and fat, especially in patients with MRI
contraindications or severe iron accumulation.
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Supplementary

Table S1 Correlation between Iron-¢(X) and LIC(Y) at different hepatic fat levels

Fat grade Correlation coefficient (r) P value Linear equation P value F value
Normal fat content (n=12) 0.99 <0.001 Y =0.34*X - 1.738 <0.001 354.4
Mild steatosis (n=12) 0.92 <0.001 Y = 0.38*X - 3.859 <0.001 58.49
Moderate & severe steatosis (n=14) 0.93 <0.001 Y =0.29"°X - 0.1291 <0.001 72.92

Table S2 Correlation between Fat-CT (X) and Fat-ref (Y) at different hepatic iron levels

Iron grade Correlation coefficient(r) P value Linear equations P value F value
Normal iron content (n=7) 0.92 0.003 Y =1.51"X+ 16.61 0.003 27.38
Mild iron overload (n=7) 0.95 0.001 Y =1.85"X+11.97 0.001 45.78
Moderate iron overload (n=8) 0. 89 0.003 Y =1.64"X + 16.28 0.003 23.68
Severe iron overload (n=9) 0. 89 0.001 Y =1.65"X + 10.16 0.001 27.21
Massive iron overload (n=7) 0.76 0.046 Y =2.62°X + 11.75 0.046 7.001
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