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Abstract. Background: To explore the feasibility and accuracy of liver iron deposition based on
dual-energy CT in thalassemia patients.

Materials and methods: 105 thalassemia patients were examined with dual-energy CT and MR
liver scanning. Dual-energy CT was performed to measure CT values on 80kVp, 140kVp, and
virtual iron content (VIC) imaging; AH was figured out by the difference in CT values between
80kVp and 140kVp. Using the liver iron concentration (LIC) obtained by FerriScan as a gold
standard, the correlation between CT measurements and LIC was evaluated. Receiver operating
characteristic (ROC) analysis was used to evaluate the diagnostic performance for dual-energy
CT in liver iron quantification and stratification.

Results: The correlation analysis between CT measurements and LIC showed that 80kVp, 140kVp,
VIC, and AH all had a high positive correlation with LIC (P<0.001). The correlation analysis
among different degree groups of VIC, AH, and LIC showed that the normal, moderate, and severe
groups of VIC and AH had moderate or high positive correlations with that of LIC (P<0.01), but
the mild group had no correlation (P>0.05). ROC analysis revealed that the corresponding optimal
cutoff value of VIC was -2.8, 6.3,11.9 HU (corresponds to 3.2,7.0,15.0 mg/g dry weight) respectively,
while the AH were 5.1, 8.4, 17.8HU, respectively. The area under the receiver operating
characteristic curves (AUCs) for both VIC and AH increased with LIC thresholds.

Conclusion: Dual-energy CT can accurately quantify and stratify liver iron deposition,
contributing to predicting the status of liver iron deposition in thalassemia patients.
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Introduction. Thalassemia is a group of inherited blood  or more globin chains; it is the most common monogenic
disorders characterized by a decrease or absence of one  disease in the world."? According to the severity of the
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disease, thalassemia is classified into mild, moderate,
and severe thalassemia. Mild thalassemia usually does
not require treatment, but moderate and severe
thalassemia require regular blood transfusion and iron
chelation therapy.! The compensatory enhancement of
bone marrow hematopoietic function and intestinal iron
absorption in thalassemia patients are significantly
increased. Furthermore, blood transfusion further
increases the iron deposition in the liver, heart, and
endocrine organs, ultimately resulting in organ
dysfunction.?”

The liver is the main storage site of iron during
iron overload, accounting for about 70% of the total body
iron.” Studies have shown that hepatic iron overload is an
independent factor causing liver damage, which
progresses to hepatocyte degeneration, cirrhosis, and
hepatocellular cancer.*® Patients with elevated liver iron
content (LIC) are at high risk of early death.'? So,
treating thalassemia requires a combination with iron
chelation therapy.” The lower, upper, and intensive LIC
thresholds in clinical iron chelation therapy were 3.2, 7.0,
and 15.0 mg iron per gram of dry tissue, respectively.>*?
Therefore, the accurate quantitation of liver iron content
is significant for evaluating the severity of the disease
and formulating the iron chelation therapy plan.'°

Percutaneous liver biopsy (PLB) is the gold reference
standard for determining liver iron concentration.'”
However, it is invasive and has high sampling variability,
making it unsuitable for repeated use.'!° Non-invasive
methods, such as magnetic resonance imaging (MRI)
and dual-energy computed tomography (CT), are
available.®!? FerriScan (Resonance Health & Resonance
Health Analysis Services, Claremont, Australia) is a
commercially available MR imaging-based R2 technique
that accurately and effectively quantifies LIC. FerriScan
was approved by the US Food and Drug
Administration.'?!* However, this technology also has
many limiting problems:!> MRI data of patients need to
be sent to FerriScan for off-site post-processing and
analysis. Sending patient data to another location
requires approval from the relevant center, and the time
cost required will prolong the time to obtain LIC results.
Additional analysis costs will also increase the cost of
LIC monitoring. This has resulted in liver iron
quantification using FerriScan technology being limited
to a few large medical centers. More importantly, this
technology can quantify the upper limit of LIC is 43mg/g
dry weight.

With the development of new techniques in CT, dual-
energy CT has made great progress in quantifying liver
iron content. CT is helpful for quantifying liver iron
overload and may solve the problem that MRI cannot
measure extremely severe liver iron overload. Dual-
energy CT differential method (AH method) and the
three-material ~ decomposition algorithm (overlay
method) are the two main measurement methods in dual-

energy CT.'®!7 A previously performed phantom study
by Fischer et al. showed that three material
decomposition algorithms could specifically reflect the
liver iron content and obtained iron-specific algorithm-
based virtual iron content (VIC) images with dual-energy
analysis.'® Some previous studies also showed that dual-
energy CT could accurately quantify clinically important
hepatic iron accumulation.!” However, according to the
commonly used classification system of liver iron
accumulation, there are few studies on the classification
of liver iron accumulation by dual-energy analysis.
Further research and confirmation are needed on
quantifying and stratifying liver iron deposition by Dual-
energy CT.

Thus, the purpose of our study was to adopt dual-
energy CT for evaluating the liver iron content in
thalassemia patients and compare it with MRI, explore
the quantification and stratification of Iliver iron
deposition based on dual-energy CT, and find a non-
invasive and simple method for liver iron quantification.

Materials and Methods.

Number of Patients. This retrospective study was
approved by the institutional review board (2022-E364-
01). Informed consent was obtained from all patients.
One hundred-five thalassemia patients were included
from August 2013 to April 2015. Inclusion criteria:
patients with a genetic diagnosis of moderate thalassemia
or severe thalassemia, transfusion-dependent; age > 5
years; a history of transfusion with at least 10 units of red
blood cells (1 unit = 200mL red blood cells) before the
examination; have received irregular or regular iron
chelation therapy or requiring iron chelation therapy.
Exclusion criteria: patients who could not sign informed
consent or refused to perform CT or MR examination,
had claustrophobia syndrome, or were equipped with
pacemakers, ferromagnetic metal implants, or others if
were regarded unsafe for MRI examination.

CT Acquisition. All CT examinations were performed
using the same 128-slice dual-energy CT scanner
(Somatom Definition Flash, Siemens Healthcare,
Forchheim, Germany). The scan range was from the
diaphragm to the lower edge of the liver, including the
entire liver. The examination procedure used dual-
energy (DE, 80 and 140kVp) with a tin filter to improve
the separation of the two energy spectra. The CARE
Dose 4D technique was used to adjust tube currents
automatically. Other CT parameters were as follows: 64
x 0.6mm and 128 x 0.6mm detector collimation, 150
mAs/rotation, 400 mAs/rotation effective tube currents,
500ms gantry rotation time, 0.6 pitch, 512 X 512 matrix,
1.5 mm slice thickness, 1 mm increment.

CT data analysis. VIC imaging was performed at dual-
energy analysis using the three-material decomposition
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theory. The two groups of reconstructed images obtained
from DECT (DE, 80 and 140k Vp) scanning were sent to
the post-processing workstation (Single Dual Energy),
and the dual energy-virtual plain scanning function was
selected (Dual Energy- liver VNC). DECT images were
reconstructed using a reconstruction kernel of D30f with
a slice thickness of 1.5 mm and a slice spacing of 1 mm.
An iron-specific slope value of 1.9 was used in the
presetting of the liver VNC algorithm."” The CT values
of lipid and liver tissues were set as default. The pixel
component distribution map of the iron element was
extracted by automatic computer calculation and
displayed as orange and red superimposed images of
different proportions. The VIC images were obtained by
setting the ratio of overlay to 100%.

In VIC images regions with uniform density and
without intrahepatic blood vessels and bile ducts was
regarded as Region of Interests (ROI). Two and three
ROIs were randomly selected from the left and right
hepatic parenchyma separately, and the size of each was
about 3-4cm?; the average value of the five CT values
was VIC value.

MR Image Analysis. All MRI examinations were
performed according to the FerriScan's 1.5T MR
(Siemens Avanto 1.5T MR, Siemens Healthcare,
Forchheim, Germany) scanning standard.'” Liver iron
MR imaging data were uploaded to the FerriScan center,
and LIC value was obtained through FerriScan.

Statistical analysis. Statistical analysis was performed
using software SPSS 22.0 and MedCalc v15.8. The
Kolmogorov-Smirnov test was used to test the normal
distribution of the parameters. Spearman or Pearson
correlation analysis was used to investigate the
relationship between CT measurements and LIC.
FerriScan-LIC was set as a standard of reference for

Table 1. Relationship between CT measurements and LIC.

determining the liver iron deposition grade. The least
significant difference (LSD) test and homogeneity test
for variance were used to compare the differences
between any grades of VIC and AH. Receiver operating
characteristic (ROC) analysis was used to judge the
thresholds of VIC and AH corresponding to each LIC
grade. The threshold was derived from the Youden index,
which maximized the sum of sensitivity and specificity.
The area under the ROC curve (AUC) was calculated for
VIC and AH. Two paired ROC curves were compared
using the z-test. P<0.05 was considered a statistically
significant difference.

Results

Correlation analysis between CT measurements and LIC
in thalassemia patients. Of the 105 patients, the LIC
values measured by MR were higher than 43.0 mg Fe/g
dry weight in 3 patients, and no specific value was
reported. The correlation analysis between CT
measurements and LIC in 102 thalassemia patients
showed that 80kVp, 140k Vp, VIC, and AH all had a high
positive correlation with LIC (P<0.01), VIC and AH had
a much higher positive correlation with LIC, the
correlation coefficients were 0.883 and 0.907 (Table 1).
The linear regression equations between CT
measurements and LIC are shown in Table 2. The scatter
plots among VIC, AH, and LIC are shown in Figure 1.
The images of a patient with VIC, AH and LIC are shown
in Figure 2.

Correlation analysis among different VIC, AH, and LIC
degree groups in thalassemia patients. According to the
clinical iron chelation therapy, the thresholds of LIC
lower limit, upper limit, and more intensive therapy are
3.2, 7.0, and 15.0 mg Fe/g dry weight, respectively.’
Based on these thresholds and the common grading
system, the patients were divided in four groups: normal

Image Type Mean+SD* Range (HU) 1 (95%CI) P Value
80kVp 86.28+13.14 58.0-113.5 0.868(0.825-0.907) <0.001
140k Vp 73.93+6.91 55.4-89.4 0.719(0.643-0.795) <0.001
AH 12.34+7.10 0.9-28.9 0.907(0.873-0.938) <0.001
VIC 6.77+11.74 -13.3-335 0.883(0.842-0.915) <0.001
* SD = standard deviation.
Table 2. Linear regression equations between CT measurements and LIC.

Image Type Regression quation R? P Value
80kVp y=0.56x-37.47 0.754 <0.001
140kVp y=0.88x-54.3 0.517 <0.001

AH y=1.08x-2.68 0.823 <0.001
VIC y=0.63x+6.32 0.780 <0.001

Notes: x is the CT value of each measurement; y is LIC value; R?s the fit coefficient.
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Figure 1. Scatter plots (a,b) show correlations among CT measurements (VIC and AH) and MR-measured LIC (n = 102). Both showed positive

linear correlation with LIC (P <0.001).

Figure 2. Dual-energy CT images of a P-thalassemia patient whose LIC was 32.5 mg/g dry weight (a, dual-energy=80kVp; b, dual-

energy=140kVp; ¢, virtual iron content=61HU).

Table 3. Correlation among different degree groups of VIC, AH and LIC.

VIC AH
Grade
1 (95%CI) P Value 1 (95%CI) P Value
normal 0.745(0.591-0.911) 0.004 0.812(0.666-0.927) 0.001
mild 0.078(-0.215-0.356) 0.656 0.178 (-0.112-0.471) 0.307
moderate 0.664(0.375-0.851) <0.001 0.703(0.445-0.871) <0.001
severe 0.584(0.274-0.805) 0.003 0.622(0.326-0.848) 0.001

Table 4. Comparison between any two grade of VIC and AH.

Grade VIC AH
P Value P Value
normal and mild <0.001 <0.001
normal and moderate <0.001 <0.001
normal and severe <0.001 <0.001
mild and moderate <0.001 <0.001
mild and severe <0.001 <0.001
moderate and severe <0.001 <0.001

(n=13), mild (n=35), moderate (n=30) and severe (n=24)
iron overload groups. The correlation analysis among
different degree groups of VIC, AH, and LIC showed that

the normal, moderate, and severe groups of VIC and AH
had moderate or high positive correlations with that of
LIC (P<0.01), but the mild group had no correlation
(P>0.05) (Table 3). After LSD test and homogeneity test
for variance in the four groups of VIC and AH, results
showed that the differences between any two groups had
statistical significance (P<0.01) (Table 4).

Diagnostic performance of grading based on LIC levels
in thalassemia patients. The LIC obtained from
FerriScan was set as a reference standard for determining
the liver iron deposition grading. For discriminating
clinically significant LIC thresholds (3.2, 7.0, 15.0 mg
Fe/g dry weight), ROC analysis revealed that the
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Table 5. Comparison of LIC grading performance between methods of VIC and AH using FerriScan-LIC as a reference (n=102).

LIC VIC AH z statistic P Value
threshold i i
(mg Fe/g dry corf’tteli?(?ri Sensitivity Specificity AUC Corﬁ:;?;i Sensitivity Specificity AUC
weight) (HU) (95%CI) (95%CI) (95%CI) (HU) (95%CI) (95%CI) (95%CI)
88.76 92.31 0.944 96.63 84.62 0.965
32 28 (80.30-94.50)  (64.00-99.80) (0.880-0.980) 31 (90.50-99.30) (54.60-98.10) (0.909-0.992) 1304 0.192
83.33 93.75 0.956 100 81.25 0.972
! 6.3 (70.70-92.10)  (82.80-98.70) (0.897-0.987) 8.4 (93.4-100.00) (67.40-91.10) (0.919-0.995) 1.937 0.053
15 11.9 95.83 87.18 0.967 178 95.83 97.44 0.979 1,501 0133

(78.90-99.90)  (77.70-93.70) (0.911-0.992)

(78.90-99.90) (91.00-99.70) (0.930-0.997)

corresponding optimal cutoff value of VIC were -2.8, 6.3,
11.9 HU, respectively, while the AH were 5.1, 8.4,
17.8HU, respectively (Table 5).

The AUC values of VIC and AH both increased with
the increase of LIC thresholds. The AUC values were all
above 0.940. It suggested that VIC and AH have high
diagnostic performance for liver iron deposition grading.

At thresholds of 3.2 and 7.0 mg Fe/g dry weight, VIC
showed sensitivities of 88.76% and 83.33%, respectively,
which were relatively lower than those of AH (96.63%
and 100%). However, the specificities of VIC (92.31%
and 93.75%) were higher than those of AH (84.62% and
81.25%). At the threshold of 15 mg Fe/g dry weight, VIC
and AH both showed sensitivities of 95.83%, and the
specificity of AH (97.44%) was higher than that of VIC
(87.18%). The comparative analysis between the AUCs
of VIC and AH showed no significant difference in all
thresholds. These results indicated that VIC and AH have
the same diagnostic performance for the clinical
significance of liver iron deposition grading. Both can
accurately quantify and grade liver iron concentration.

Discussion. An accurate assessment of the degree of
hepatic iron deposition is essential for the quantitative
classification of hepatic iron deposition and the
determination of the need for iron chelation therapy.!#!!
MR is a mature non-invasive detection technology, and
Ferriscan-LIC is also an internationally recognized gold
standard.!*!> However, when LIC>43mg/g dry weight,
MRI cannot quantify the LIC.??! In recent years, various
dual-energy CT techniques have been gradually
improved and applied in clinical practice. Dual-energy
CT differential method (AH method) and the three-
material decomposition algorithm (overlay method) are
two primary methods of determining liver iron content.
AH is the difference between two CT values at high and
low voltages in the region of interest, which reflects the
mixed information of multiple substances, including all
information about liver parenchyma, fat, iron, etc.2? This
method was first used in 1982 by Goldberg et al. who
carried out a study on an animal model with
hemochromatosis using 120kVp and 80kVp, whose
results showed that the liver iron concentration predicted
by CT was highly correlated with the actual one.”
Hereafter, the dual-energy CT measurement method has

gradually attracted people's attention as a new non-
invasive method. Three-material decomposition
algorithm was used for calculating iron content by using
iron-specific slope value and estimating iron
concentration through formula conversion. An in vitro
study by Fischer et al. confirmed that the interference of
hepatic tissue and intrahepatic fat could be eliminated by
applying a three-material decomposition algorithm,
specifically reflecting liver iron content.'® This study
showed that VIC and AH had a significant positive
correlation with LIC which is similar with the findings
of Joe and colleagues.” In 2012 Joe et al performed a
quantitative study of hepatic iron on liver transplant
recipients and liver donors by using dual-energy CT, the
results indicated that AH was positively correlated with
hepatic iron deposition.”” However, its correlation
coefficient was lower than that of our study (0.430 Vs.
0.907). The reason could be that the clinical subjects of
the two studies were different. The subjects of our study
were mainly transfusion-dependent B-thalassemia major
patients (with irregular iron chelation treatment) with
liver iron overload caused by ineffective hematopoiesis
and long-term blood transfusion. In the study of Joe the
patients were liver transplant recipients and liver donors,
in these patients liver iron concentration was normal to
mild , instead the range of liver iron concentration in our
study was greater (from normal to severe).!” AH
probably reflects the mixed information of multiple
substances and the interference of fat may not be
completely eliminated. The above liver transplantation
study indicated that AH had a weak but statistically
significant negative correlation with fat deposition
degree. Probably, because of the disease characteristics
of the cases in our study, the amount of fat deposition in
the liver is lower than in the context of liver
transplantation. Therefore there may be less interference
of fat on AH and the correlation coefficient of AH
method was higher than that of the above study. The VIC
image is based on the three-material decomposition
algorithm, and the iron ratio slope value is used. In
Fischer experiment, an experiment on the interference of
fat factor on quantitative hepatic iron was designed.'® Fat
deposition in the liver of subjects was not analyzed in our
study, while the same iron-specific slope value as the
above experiment was used, so it could be ensured to
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eliminate the effect of fat on liver iron quantification. In
a recent study of LUO et al,* dual-energy CT and MR
relaxation techniques were used on patients with
suspected liver iron overload, the results indicated that
VIC and AH had highly positive linear correlation with
LIC.** Its correlation coefficient was compared with the
result of our study, indicating that VIC and AH could be
used for quantitative liver iron deposition, however, the
effect of fat on liver iron quantification, especially the
respective quantification of combined deposition of iron
and fat, is worthy of further clinical study and discussion.

For CT quantitative analysis of liver iron content,
quantification and grading also shall be carried out
accordance with clinical liver iron grading diagnosis
system. The results related to VIC, AH and LIC of liver
iron deposition grading in our study showed that VIC and
AH were positively correlated with LIC of normal,
moderate and severe group, and were not correlated with
that of mild group, while VIC and AH of different
degrees groups had statistically significant between-
group difference, indicating that the degree of hepatic
iron on CT could be graded according to LIC thresholds.
However, VIC and AH were not correlated with LIC of
mild group, which could be due to the difference in
examination technology. Iron deposition in the liver
during MRI scanning results in inhomogeneities of the
magnetic field, which accelerate signal dephasing in
MRI sequences, thereby increasing the R2 value.? This
indicates that MR-related techniques are more sensitive
in quantifying non-heavy iron overload. While the
detection of iron by dual-energy CT is realized
depending on X-ray attenuation absorption of substance,
the degree of X-ray attenuation is closely related to
substance content. In mild liver iron deposition, the
attenuation of hepatic CT value is not changed obviously,
which result in decreased sensibility of dual-energy CT.
When the liver iron content is further increased, the
sensibility of dual-energy CT is also improved further.?*
Therefore, CT measurements is less correlated with LIC
in mild group. In addition, 7.0 mg Fe/g of liver iron
concentration is a clinically significant threshold and
also the target value for monitoring the efficacy of iron
chelation therapy.'>?® In our study, VIC and AH were
above this threshold and had a high positive correlation
with LIC. Therefore, quantifying and grading liver iron
concentration by dual-energy CT have a certain clinical
application value. However, the application of dual-
energy CT in quantitative analysis of mild liver iron
deposition needs further study. In fact, the assessment
and follow-up of iron are done with MRI, such as T2*
technology.!>*® However, using the MRI T2* technique
is greatly limited in quantifying the LIC in patients with
heavy hepatic iron overload, especially with the use of
the 3T MRI.? Dual-energy CT could be a second line
examination in patients that are unable to undergo MRI,
especially in heavy hepatic iron overload and older

patients when radiation dose is less an issue.

In paired ROC analysis, both VIC and AH have high
diagnostic performance for liver iron deposition grading,
the diagnostic performance of which increased with the
increase of LIC thresholds. However, the specificity of
VIC in mild and moderate groups is higher than that of
AH, and the specificity of AH is higher than that of VIC
in the severe group. The cause may be that in mild and
moderate iron deposition, the interference of the fat
factor is eliminated by VIC, and AH may be affected by
the intrahepatic fat. In the case of mild iron deposition,
the CT value of VIC is negative, which may be related to
the iron-specific slope value. This slope is based on a
phantom study and could not be optimal for the clinical
study of patients. Similarly, the clinical study of iodine
quantitation also reports some negative values.*® Besides,
the emergence of negative CT value could also be
affected by imaging motion or hardening artifact, which
results in a decrease in the sensitivity of VIC. In the case
of severe iron deposition, hepatic iron is relatively high,
the attenuation of CT value is changed, the sensitivity of
VIC is improved, and the specificity is decreased. In
severe iron deposition, the difference in CT values of fat
and hepatic tissues at two voltages is negligible, which
makes the specificity of AH much higher. In our study,
there is no statistically significant difference between
AUC values of VIC and AH in all ranges of LIC (P>0.05),
indicating that the diagnostic performance of VIC and
AH is not different for clinically significant liver iron
deposition grading, both can achieve precise
quantification and grading of liver iron concentration.
The interference of the fat factor is eliminated by VIC,
which is more likely to be the new indicator for the
efficacy assessment of iron chelation therapy.

There are some limitations in our study. First,
FerriScan-LIC rather than LIC obtained through liver
biopsy is selected as the reference. The T2* technique
can also be used to evaluate liver iron overload.*! The
technique is easy to perform and does not require off-site
evaluation since many softwares allow the evaluation of
T2* of the organs of the upper abdomen and the heart.
However, since few of the patients in this study were
willing to perform multiple radiology examinations
simultaneously, none had an MRI T2* scan. The direct
correlation between VIC and LIC obtained from DE CT
and MRI T2* could be evaluated in a future study.
Second, although clinically potential liver iron
deposition cases were included, according to deposition
grading thresholds, their sample size was relatively
small; therefore, measurement errors may exist.

Conclusions. VIC and AH have a significant positive
correlation with FerriScan-LIC. In addition, accurate
quantification and grading of liver iron deposition by
dual-energy CT with reference to LIC threshold is good
for dynamic and non-invasive observation of liver iron
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deposition in thalassemia patients, and provides a
diagnostic basis for evaluation of the efficacy of iron
chelation therapy. However, further clinical studies with
larger sample size are needed to confirm the value of
dual-energy CT to quantitative liver iron.
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