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Background: The quantification of liver iron concentration (LIC) is important for the monitoring of the
body iron level in patients with iron overload. Conventionally, LIC is quantified through R2 or R2* mapping
using MRI. In this paper, we demonstrate an alternative approach for LIC quantification through measuring
the apparent susceptibility of hepatic vessels using quantitative susceptibility mapping (QSM).

Methods: QSM was performed in the liver region with the iterative susceptibility weighted imaging
and mapping (ISWIM) algorithm, using the geometry of the vessels extracted from magnitude images as
constraints. The susceptibilities of liver tissue were estimated from the apparent susceptibility of the hepatic
veins and then converted to LIC. The accuracy of the proposed method was first validated using simulations,
and then confirmed using iz vivo data collected on 8 healthy controls and 11 patients at 3'T. The effects
of data acquisition parameters were studied using simulations, and the LICs estimated using QSM were
compared with those estimated using R2* mapping.

Results: Simulation results showed that the use of a 3D data acquisition protocol with higher image
resolution led to improved accuracy in LIC quantification using QSM. Both simulations and in vivo data
results demonstrated that the LICs estimated using the proposed QSM method agreed well with those
estimated using R2* mapping. With the shortest echo time being 2.5ms in the multi-echo gradient echo
sequence, simulations results showed that LIC up to 12.45 mg iron/g dry tissue can be quantified using the
proposed QSM method. For the iz vivo data, the highest LIC measured was 11.32 mg iron/g dry tissue.
Conclusions: The proposed method offers a reliable and flexible way to quantify LIC and has the potential
to extend the range of LIC that can be accurately measured using R2* and QSM.
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Introduction

Iron is a necessary component of human physiology.
However, excessive iron accumulation may lead to damage
due to the formation of toxic free radicals (1-3). Particularly,
iron overload in the liver may cause cirrhosis, tissue
damage or liver failure (4). Quantification of the liver iron
concentration (LIC) is indispensable in the monitoring
of chelation therapy for patients with iron overload
resulting from hereditary hemochromatosis or chronic
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blood transfusion (4,5). Conventionally, MRI based LIC
measurement is done by mapping the R2 or R2* relaxation
rates (6-8). However, the accuracy and precision of the R2
mapping based method is affected by the long scan time
and the non-linear relation between relaxation rate and
iron concentration, while the accuracy of the R2* mapping
based method is limited by the rapid signal decay for high
iron concentration (4,8). Furthermore, both R2 and R2* are
dependent on the main field strength (4,9).
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Quantitative susceptibility mapping (QSM) is a method
for extracting tissue susceptibility from the magnetic
field variation using data collected with a gradient-echo
sequence (10-13). It has great potential in improving both
the accuracy and precision in the quantification of iz vivo
iron content, as demonstrated in various studies focused
on the brain (14-18). However, there are a few technical
challenges in applying the conventional QSM algorithms
to the abdomen, including the difficulties in removing
the background field in the presence of multiple air-tissue
interfaces and solving the ill-posed inverse problem of QSM
(19,20). Several methods have been proposed to overcome
these obstacles, mainly by using a simplified model of the
relationship between the susceptibility distribution and
magnetic field variation (19,21,22). In a recent study, the
conventional 3D dipole kernel based QSM algorithm
was adapted for quantifying LIC, using the abdominal fat
as the reference for estimating the susceptibility of liver
tissue (20). Both phase unwrapping and background field
removal was performed in the whole abdominal region and
the robustness could be compromised by the noisy regions
outside the liver. Furthermore, 3D full coverage of the
liver was required by that method, which was achieved by
lowering the imaging resolution. As a result, even though
the susceptibility measured using QSM correlated linearly
with that measured using superconducting quantum
interference device (SQUID), the former was found to be
severely under-estimated (23).

In fact, QSM only provides a relative estimation of
susceptibility, since the field variation of a vessel is dependent
on the difference between susceptibilities inside and outside
that vessel (24). Hence, we hypothesize that the liver
vessels can be used as in vivo probes for estimating LIC.
This idea was used in an earlier study, but in that study the
susceptibility was calculated using a simplified model, instead
of using the 3D dipole kernel (21). In this paper, we present
a QSM based LIC quantification method, by measuring
the apparent susceptibilities of the hepatic vessels. This
method has the potential to improve the accuracy of LIC
quantification.

Methods

In QSM, the susceptibility map Ay(7) is calculated from
the field variation map based on the following equation

(10,11,25):

FT[AB,(F)] = BFT[G(7)]-FT[ 87 ()] [1]
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where FT represents the Fourier transform, AB (7) the
local field variation, G(7) the point-dipole response,
and “-” the point-wise multiplication. Specifically,
FT[G(7)] =G(l€)=1/3—k§ /k*, assuming that the main field
is in the z direction. Due to the zeros in G(I;) along the
magic angles, extracting Ay (7) from AB,(7) is an ill-posed
inverse problem. This can be solved efficiently by using
the geometry constrained iterative susceptibility weighted
imaging and mapping (iISWIM) algorithm (26). The only
a priori information required by this algorithm is the vessel
geometry which be extracted from the magnitude images.
For a vessel in the liver, Ax(F) (referred to as the apparent
susceptibility in this paper) actually reflects the difference
between the susceptibilities inside and outside that vessel (24):

AZ(F) = Xbiood (;)_Zliver (’7) [2]

With Zj., (7) obtained from Eq. [2], LIC can be estimated
using the linear relationship between iron concentration
and the susceptibility. Particularly, in this paper, the LIC
was calculated as:

LIC(c)=4.1-0.92(c per ppm)- x,,.. (ppm) [3]

where the unit of LIC is mg iron/g dry tissue, 4.1 is the
conversion factor from (g wet tissue) to (g dry tissue) (27), and
0.92 is the conversion factor between susceptibility and iron
determined using ferritin phantoms in an earlier study (16).

Simulations

To validate the proposed algorithm, a 3D numerical liver
model (Figure 1) was built using one dataset collected
on a healthy volunteer. First, the geometry of the liver
was extracted from the magnitude images with voxel size
1.125x1.125x3 mm’ and then interpolated to 0.5625 mm
isotropic resolution. The susceptibility of the vessels was set
to 0.45 ppm, corresponding to the susceptibility of venous
blood with 70% oxygen saturation and Het 0.44 (10),
while the susceptibility of the liver tissue surrounding the
vessels was varied from 0 to 5 ppm, with a step size 0.1
ppm. The susceptibility of the air in both the lung and
the regions outside the body was set to 9.4 ppm, and the
susceptibility in the abdominal regions outside the liver
was set to 0. Next, the phase images were created using the
fast forward field calculation (25,28). For generating the
magnitude images, the R2* of the veins was set to 40 5™ (29),
while the R2* of the liver tissue was calculated using the
relationship between R2* and iron concentration reported
in earlier studies which employed truncation based fitting
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Figure 1 3D numerical liver model. (A) The input susceptibility map. In this case, the susceptibility of the liver was 0.9 ppm, while the

susceptibility of the veins was 0.45 ppm. (B) Simulated magnitude image. The SNR was set to 20:1 in the abdominal regions outside the

liver. (C) Simulated phase image.

for reducing the background noise (9,30):

LIC(c)=0.032(c per s )R2; ;; (s ) 0.14(c) [4]
R2 (s7)=2R2;, (s7")-11(s") 5]
From Egs. [3-5],

R2,, (s7)=236(s"'per ppm) z,,., (ppm)-2(s") [6]

"To evaluate the influence of resolution and the differences
between 3D and 2D acquisition, lower resolution magnitude
and phase images were created by collapsing the high-
resolution complex data. Specifically, two resolutions were
simulated: (I) 3D data acquisition with 1.125 mm isotropic
resolution with TE =2.5 ms; (II) 2D data acquisition with
in-plane resolution =1.125 mm, slice thickness =2.8125 mm,
spacing between slices =3.375 mm, and TEs ranged from
2.5 to 15 ms with an echo spacing 2.5 ms. The gap in the
2D data was created by averaging 5 in every 6 slices of the
original complex data with 0.5625 mm slice thickness. For
each LIC, the simulation was performed 10 times with
Gaussian noise added to real and imaginary channels of the
complex data in each echo, and the signal-to-noise ratio
(SNR) in the abdominal tissue regions on the magnitude
images was set to 20:1. Susceptibility maps and R2* maps
were generated, and the accuracy of estimating iron
concentration was evaluated, as described later in the Data
Processing section.

In vivo data acquisition

Eight healthy controls and 11 patients (11 females and
8 males, age ranged from 8 to 60 years, mean = standard
deviation: 3715 years) were included in this study, with
all the patients being treated with blood transfusion. This
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study was approved by the local Institutional Review Board
and informed consents were obtained from all the subjects.
In vivo data were collected on a 3T scanner (Trio, Siemens
Healthcare, Erlangen, Germany), using both 2D and 3D
gradient-echo sequences with breath holding. For the 2D
multi-echo sequence, water/fat in-phase echo times were
used. Specifically, TE ranged from 2.5 to 15 ms with echo
spacing 2.5 ms, TR =154 ms, flip angle =20°, BW/pixel =
465 Hz/pixel, voxel size = 1.48x1.48x3 mm’, spacing between
slices =3.6 mm, matrix size =192x256x15. For the 3D double-
echo sequence, TEs =5 and 10 ms, 3D full flow compensation
was used for the first echo only. TR =15 ms, FA =15°,
BW/pixel =427 Hz/pixel, voxel size = 1.67x1.67x2 mm’,
matrix size =192x144x16. For 12 subjects, including 8
healthy controls and 4 patients, both 2D and 3D data were
acquired, in order to evaluate the effects of data acquisition
on LIC quantification. For the other 7 patients, only 2D
multi-echo data were acquired.

Data processing

The data processing steps for the iz vivo data are illustrated
in Figure 2. For the 3D double-echo data, only the
phase images in the first echo were unwrapped for QSM
reconstruction, using Laplacian phase unwrapping (10).
For the 2D multi-echo data, the echoes with SNR >3:1
were used in the data processing. When only the first
echo or the first two echoes had sufficiently high SNR,
QSM reconstruction was done using the first echo’s phase
images with Laplacian phase unwrapping. When more
than two echoes were available, a temporal domain phase
unwrapping algorithm was used (31), due to the presence of
cusp artifacts (phase singularities) in the phase images. First,
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Figure 2 Illustration of the data processing steps.

the inter-echo phase difference images (4¢) were calculated
for every two neighboring echoes using complex division.
Then a 3D phase unwrapping algorithm (32) was used to
unwrap A¢. The linear phase components in 4¢ due to the
bipolar readout was estimated through 3D linear fitting and
was removed from both the original phase images and 4¢,
to provide the same baseline for phase images at different
echoes. Next, the phase images from all the later echoes
were unwrapped using both the phase images in the first
echo and the unwrapped 4¢. Finally, the field variation map
was obtained using a least-squares fitting on a pixel-by-pixel
basis, weighted by the square of the magnitude at different
echoes. The background field induced by the air-tissue
interface was removed using the Sophisticated Harmonic
Artifact Reduction for Phase data (SHARP) algorithm (14)
with kernel radius 2 pixels and Fourier domain threshold
0.04. The susceptibility maps were generated using the
iSWIM algorithm (26,33) which consists of two steps:
reconstruction of an initial susceptibility map using
truncated k-space division (with k-space threshold 0.1)
and an iterative update of the k-space data in the cone-
of-singularities (where ‘G(’; )‘<0‘1). In the second step, the
geometry of the vessels, extracted from the magnitude
images in the longest echo included in the calculation,
was used to reduce the streaking artifacts surrounding the
vessels. R2* maps were generated on a pixel-by-pixel basis
by first fitting the magnitude images at multiple echoes
using the following model

min, , 3 ¥ [In(p,)~ R2*TE, ~In(mag,) | [7]

where p, represents the effective proton density, and mug, the
magnitude at TE,. For the 2D multi-echo data, N is the total

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

Processed
phase

Susceptibility
Map

Background
field removal

number of echoes with SNR >3:1. For the 3D double-echo
data, N=2. Then the R2* maps generated using the 2D multi-
echo data were refined through non-linear least squares
fitting using the Levenberg-Marquardt algorithm (34).

For the simulated 3D data, QSM was performed using
the phase images in the first echo with TE =2.5 ms (denoted
as 3D single-echo QSM); for the simulated 2D data, QSM
was performed in two ways: one using the phase images in
the shortest echo (denoted as 2D single-echo QSM), and
the other using the phase images in all the echoes with SNR
>3:1 (denoted as 2D multi-echo QSM). The R2* maps were
generated using the 2D multi-echo data only. The other
data processing steps were the same as those in the i vivo
data processing.

For both simulations and iz vive data, a section of the
hepatic vein was chosen such that it was visible on both 2D
multi-echo and 3D double-echo data, and the mean and
standard deviation of 4y of the vein were measured. The
R2* values were measured in regions within 3 to 5 pixels to
the edge of the selected vein. The susceptibility of the liver
tissue (Y.) was estimated using Eq. [2], assuming a constant
susceptibility of 0.45ppm for the veins, and was converted
to LIC using Eq. [3], while the R2* were converted to
LIC using Eqgs. [4] and [5]. The correlation between the
apparent susceptibility and the LIC estimated using R2*
were evaluated. For the simulations, the measurements
obtained in the 10 repetitions were averaged. For the in vivo
data, a Bland-Altman analysis was also performed to study
the agreement of QSM and R2* based LIC estimates (35).
The data reconstruction was performed using Matlab
(MathWorks, Natick, MA) on a laptop with i7 CPU and 16G
RAM. The QSM reconstruction speed was around 14 s/case
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Figure 3 Simulation results. (A) The measured apparent susceptibility of the veins vs. the input susceptibility of the liver tissue. (B) The

measured R2* values of the liver tissue vs. the input R2* values. (C) The LICs estimated using different approaches vs. the input LICs.

(D) The standard errors in LICs estimated using different approaches. The multi-echo QSM was performed using all the available echoes
with SNR >3:1, while the single-echo QSM was performed using only the shortest echo. The gray scale of the background in (A) to (D)

represents the number of echoes used in data processing, as indicated by the numbers above these figures.

for 3D in vivo data and 16 s/case for 2D in vivo data.

Results

In the simulations, the apparent susceptibility of the veins
(4y) decreased as the susceptibility of the liver tissue
increased (Figure 34). For both 2D and 3D data, under-
estimation of 4y was observed. Particularly, more severe
under-estimation was observed in the 2D data than in the
3D data. For the 2D data, 4y estimated using the first echo
has higher accuracy than that estimated using multiple
echoes. On the other hand, the measured R2* agreed well
with the expected R2* values (Figure 3B), when at least two
echoes with SNR >3:1 were available. This corresponds
to LIC <6.0 mg iron/g dry tissue in the simulated data.
This is also the upper limit for LIC quantification when
the TE of the first echo is 5 ms, as in the 3D double-

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

echo data in the iz vivo studies. For higher LIC, only the
first echo has sufficiently high SNR and R2* mapping was
not possible, but single-echo QSM can still be obtained.
When LIC >12.45 mg iron/g dry tissue ()...>3.3 ppm), the
SNR was not sufficient even in the shortest echo at 2.5 ms
(Figure 34,C). The LICs estimated using different methods
correlated with the expected LICs well, although different
levels of under-estimation were observed, especially for the
QSM based methods. Specifically, the linear relationships
were found to be:

(0.79+0.01)x LIC,,,,, +(0.37+0.04), for 2D single echo OSM
LiC - (0.66+0.02)x LIC,,,,, +(0.47£0.07), for 2D multiecho OSM
“1(0.86£0.01)x LIC,,,, +(0.22£0.02), for 3D single echo QSM
(0.99£0.00)x LIC,,,, +(0.04+0.02), for 2D multiecho R2*

(8]

As shown in Figure 3D, the uncertainties in the LICs
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Figure 4 Comparison between the susceptibility and R2* measured from the 2D multi-echo and 3D double-echo iz vive data. (A)

Correlations between the apparent susceptibilities of the hepatic vein measured in the 2D multi-echo data and the 3D double-echo data.

(B) Bland-Altman plot comparing the apparent susceptibilities measured in the 2D multi-echo data and the 3D double-echo data. (C)

Correlations between the R2* of liver tissue measured in the 2D multi-echo data and the 3D double-echo data. (D) Bland-Altman plot

comparing the R2* of liver tissue measured in the 2D multi-echo data and the 3D double-echo data. The dashed lines in the Bland-Altman

plots (B and D) indicate the 95% limits of agreement.

estimated using the 3D single echo QSM approach were
close to those obtained using the R2* mapping based
approach, for relatively low LICs. When only 3 or even 2
echoes were available, the uncertainties for the 2D multi-
echo QSM and the R2* mapping were much higher than
for the 3D single-echo QSM. Additionally, the 2D single-
echo QSM led to the highest uncertainties among all the
methods, for relatively low LICs; however, for high LICs,
the uncertainties associated with the 2D single-echo QSM
and 3D single-echo QSM were similar.

In the in vivo data, the apparent susceptibilities of the
hepatic veins measured from the 2D multi-echo data (4y,p)
correlated well with those measured from the 3D double-
echo data (4y;p) (1°=0.93), but the magnitude of Ay, were
under-estimated relative to that of Ay, (Figure 44,B). This
is consistent with the simulation results. On the other

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

hand, the R2* values of the liver tissue obtained from the
2D data agreed well with those obtained from the 3D data
(Figure 4C,D). For both 3D double-echo and 2D multi-echo
in vivo data, the apparent susceptibility of the hepatic vein
(4y) correlated well with the measured R2* values of the
liver tissue (Figure SA-C). Furthermore, the LICs estimated
using QSM agreed with those obtained using the R2*
mapping (Figure 5D-F). Again, under-estimations in LICs
were observed for the 2D multi-echo QSM (Figure SE). The
Bland-Altman plots (Figure 5G-I) demonstrates that the
best agreement on LIC estimation was achieved between
3D QSM and 2D R2* mapping. Slightly worse agreement
was obtained between 2D QSM and 2D R2* mapping
(Figure SH). When all subjects’ data were included, the
agreement between 2D QSM and 2D R2* mapping for LIC

estimation was even worse (Figure 5I). This is due to the
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Figure 5 (A) Correlation between R2* of the liver tissue and the apparent susceptibility of the hepatic vein in the 3D double-echo i vivo
data. (B,C) Correlation between R2* of the liver tissue and the apparent susceptibility of the hepatic vein in the 2D multi-echo in vivo data. (D)
Correlation between the LICs estimated using QSM with 3D double-echo data and those estimated using R2* mapping with 2D multi-echo
data. (E,F) Correlation between the LICs estimated using QSM with 2D multi-echo data and those estimated using R2* mapping with 2D
multi-echo data. (G-I) Bland-Altman plots comparing the LIC measured using QSM with 2D or 3D data and the LIC measured using R2*
mapping with 2D multi-echo data. The dashed lines indicate the 95% limits of agreement. The figures in the first two columns only include
the results for the subjects on which both 2D multi-echo and 3D double-echo data were acquired, while the figures in the last column

includes results for all the subjects.

wider range of LICs of the included subjects. This is also apparent susceptibilities of the vessels and the increased R2*
partly due to that R2* mapping was performed using two values (Figure 6). As shown a more extreme case in Figure 7,
echoes only in several patients’ data, which leads to larger the SNR was low even in the shortest echo (2.5 ms in
uncertainties in R2* quantification. the 2D data). In this case, R2* mapping was not possible.

Compared to the healthy control, the iron overload in Despite the low SNR of the QSM image, 4y, of the hepatic
the patient was reflected by both the reversed sign of the vein indicated by the red arrow can still be quantified.
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Figure 6 Comparison between the susceptibility maps (A to D) and R2* maps (E to H) in a healthy subject (A, B, E and F) and a patient (C,
D, G, and H). (A,B) Maximum intensity projections (MIPs) of the susceptibility maps generated using 2D multi-echo data and 3D double-
echo data of the healthy subject. (C,D) Minimum intensity projections (mIPs) of the susceptibility maps generated using 2D multi-echo data
and 3D double-echo data of the patient. Because of the negative apparent susceptibilities of the vessels in the patient data, minimum (instead
of maximum) intensity projections were used for better visualization of the hepatic vessels. (E,F) MIPs of the R2* maps generated using
2D multi-echo data and 3D double-echo data of the healthy subject. (G,H) MIPs of the R2* maps generated using 2D multi-echo data and
3D double-echo data of the patient. The ROIs used for measuring the apparent susceptibility of the hepatic veins and the R2* of the liver
tissue surrounding the hepatic veins were indicated by the red and green regions, respectively, in (A-D). The effective slice thicknesses of the

projection images generated using 2D and 3D data were 10.8 and 10 mm, respectively.

-0.5 ppm

-2.5 ppm

Figure 7 A case with severe liver iron overload. (A) Magnitude image at 2.5 ms; (B) phase image at 2.5 ms; (C) susceptibility map
reconstructed using the phase images at 2.5 ms. Data were collected using the 2D multi-echo sequence. While R2* mapping was not possible,

the apparent susceptibility of the vein indicated by the red arrow suggests that the LIC was approximately 11.32 mg iron/g dry tissue.

Specifically, 4y was measured as -2.03+0.08 ppm. iron/g dry tissue, using data collected at 2.5 ms.
Considering the under-estimation caused by the 2D single-
echo QSM, using Egs. [2], [3] and [8], this corresponds to

Di .
a LIC of 11.32 mg iron/g dry tissue. This is consistent with Iscussion

the observation in simulations that the upper limit of LIC The quantification of LIC using MRI based methods has
which can be reliable estimated using QSM is around 12 mg great potential, because of the non-invasiveness of these
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methods, the accessibility of MRI scanners, and the high
resolution and local distribution of iron concentration these
methods can provide. Conventionally, LIC is measured
using either R2 or R2* mapping based methods. It has
been shown that R2* has superior sensitivity to changes
in cerebral iron content than R2 (36), and QSM has even
better sensitivity than R2* (10,37,38). The great potential
of QSM has already been demonstrated in a recent study,
in which the conventional QSM algorithms were adapted
for liver iron quantification. In that study, background field
removal and the reconstruction of susceptibility map were
performed in the whole abdominal region. Although strong
correlation between the susceptibility of the liver and LIC
was obtained, still the susceptibility was significantly under-
estimated. This is largely due to partial volume effects
caused by the low imaging resolution (23).

In this paper, we present an alternative QSM approach
which provides more flexibility for liver imaging. Instead
of quantifying the susceptibility of the liver tissue directly,
the apparent susceptibility of the vessels in the liver
was estimated. This makes it possible to estimate the
susceptibility of the liver tissue without full coverage of the
liver, and higher accuracy in susceptibility quantification
can be achieved with higher imaging resolution. By
restricting the QSM reconstruction to the liver region,
many sources of potential artifacts in QSM are eliminated,
such as the various air-tissue interfaces outside the liver and
the requirement of water-fat separation to certain extent.
Consequently, the data processing is significantly simplified,
which leads to improved robustness. Additionally, the
geometries of the vessels can be easily extracted from the
magnitude images, due to both the time-of-flight effect
and the relatively short T2* of the liver tissue. Using
the geometries as constraints, the iSWIM algorithm can
effectively reduce the streaking artifacts surrounding the
vessels and improve the quantification accuracy. This
method can be used on data with either single or multiple
echoes. Furthermore, we demonstrated that even for data
collected with 2D sequences, reasonable estimation of
the apparent susceptibility of the vessels can be obtained.
The under-estimation associated with 2D data was studied
by simulations. Hence, the flexibility of the proposed
method makes it a promising tool for both prospective and
retrospective studies.

In addition, the accuracies of liver QSM using data
acquired with 2D multi-echo and 3D double-echo sequences
were evaluated. For QSM, the 3D double-echo sequence
is preferred because of its ability to achieve higher imaging
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resolution and the better preserving of phase information.
This is critical because the accuracy of QSM relies on the
quality of phase. On the other hand, 2D sequences may lead
to reduced reliability of phase information, especially when
there is gap between two neighboring slices. The simulation
results showed that the LICs estimated using the 2D data
correlated well with the expected LICs, and the significant
under-estimation can be considered as a systematic error.
Although flow compensation was not applied for the 2D
data acquisition, it is unlikely that this under-estimation was
caused by flow induced effects, considering the relatively
slow flow velocity in the hepatic vessels and the short echo
time. Instead, this is more due to the lower resolution, the
gap between slices and the partial volume effects. Moreover,
we found that there could be more under-estimation in the
measured susceptibilities, when the field variation map was
extracted from multiple echoes in the 2D data instead of
from the shortest echo. Being affected by partial volume
effects, the relationship between phase and TE may not
be linear and this could in turn caused error in estimating
the field variation map from the multi-echo data, especially
for structures with relatively small size, such as the vessels.
Hence, it will be better to use the shortest echo than using
all the echoes in data with low resolution.

Compared to the R2* mapping based method, the main
advantage of QSM based method for quantifying iron
concentration is related to the improved accuracy and
sensitivity. As a fundamental property of tissues, magnetic
susceptibility is more directly related to iron concentration
than R2* (20). Particularly, while both R2 and R2* are
dependent on main field strength, magnetic susceptibility is
not dependent on imaging parameters and this may provide
better reproducibility in LIC quantification (4,9,10). The
advantage of QSM over R2* mapping is also attributed
to the fact that QSM can be performed using single-echo
data, while R2* mapping requires at least two echoes with
sufficiently high SNR. Thus, QSM based method may help
to extend the range of LIC that can be reliably determined.
Based on the simulation results, the highest LIC that can be
estimated is around 12 mg iron/g dry tissue (corresponding
to liver tissue susceptibility around 3 ppm and R2* around
780 s7'), with TE of the shortest echo being 2.5 ms. When
the TE of the shortest echo is 5 ms, the highest LIC that
can be estimated is around 6 mg iron/g dry tissue. To
cover the full range of LIC in patients with severe hepatic
iron overload (can be up to around 40 mg iron/g dry
tissue in thalassemia patients), a much shorter echo time
is needed (39). For severe iron overload, there will not
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be sufficient SNR for regions outside the vessels even in
the shortest echo. However, there will be sufficiently high
SNR inside the vessels, because of their relatively longer
T2*. It might be possible to use the phase inside the vessels
only to estimate its susceptibility, if the air-tissue interface
induced background phase components could be removed.
Another way to handle these high LICs is to preserve the
phase surrounding the whole liver and reconstruct the
susceptibility map of the liver as a single object (40,41).
Meanwhile, for the subjects involved in this paper, the LICs
estimated using the proposed QSM based approach agreed
well with those estimated using the R2* based approach,
despite the fact that the conversion factors, used to convert
susceptibility and R2* to iron concentration, were obtained
in independent studies (8,9,16).

There are several limitations in this study. First, the
imaging parameters were optimized for QSM only, and the
R2* mapping used in this study was mainly for validation
purpose. For R2* mapping based LIC quantification, usually
a much shorter TE for the first echo together with short
echo spacing is required. This is again achieved mainly by
reducing the imaging resolution which may lead to reduced
reliability due to partial volume effects. Second, the effects
of water-fat chemical shift were not considered, since we
used multiple water-fat in-phase echo times. Although this
has simplified the data processing, there may be remnant
chemical-shift induced phase components which may reduce
the accuracy in the susceptibility quantification. As shown
by Hernando et 4., the presence of fat may cause bias in R2*
estimation, even for water-fat in-phase echo spacing (42).
This may partly explain the discrepancies between the
LICs estimated from R2* and from QSM. Third, only
the LICs of the liver tissues near the hepatic veins were
estimated. For the liver tissue far away from the hepatic
veins, the estimation of the LIC may not be reliable. It has
been shown that the reliability of LIC quantification can
be affected by the variation in the biological distribution of
the iron content, especially for subjects with high LIC (43).
Nonetheless, it is possible to select other vessels in the liver
to estimate the LIC of the liver tissue close to that selected
vessel. Fourth, it was assumed that the changes in oxygen
saturation of the hepatic veins were negligible from healthy
controls to patients. This assumption can be validated
by the correlation between the apparent susceptibility
of the hepatic veins and the LIC estimated from R2*
mapping. However, assuming a 5% variation in the venous
susceptibility in the patients, a variation of 0.08 mg/g
dry tissue can be expected for LIC. This variation is at the

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

same level of the uncertainties of LIC quantification, as
demonstrated in simulation results. Finally, the proposed
method was tested on a limited number of healthy controls
and patients. Nonetheless, the in vivo data results agreed
well with the simulation results, and we have evaluated
the systematic under-estimations due to both the data
acquisition and the QSM reconstruction.

In conclusion, LIC can be estimated by measuring
the apparent susceptibility of the vessels in the liver. The
accuracy of this QSM method was demonstrated using both
simulations and iz vive data. This method offers a flexible
way to measure LIC using data acquired with different
protocols and has the potential to extend the range of LIC
that can be reliably measured using MRI.
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