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Abstract

Purpose—The purpose of this work was to develop and demonstrate feasibility and initial
clinical validation of quantitative susceptibility mapping (QSM) in the abdomen as an imaging

biomarker of hepatic iron overload.

Theory—In general, QSM is faced with the challenges of background field removal and dipole
inversion. Respiratory motion, the presence of fat, and severe iron overload further complicate
QSM in the abdomen. We propose a technique for QSM in the abdomen that addresses these
challenges.

Methods—Data were acquired from 10 subjects without hepatic iron overload and 33 subjects
with known or suspected iron overload. The proposed technique was used to estimate the
susceptibility map in the abdomen, from which hepatic iron overload was measured. As a
reference, spin-echo data were acquired for R2-based LIC estimation. Liver R2* was measured for

correlation with liver susceptibility estimates.

Results—Correlation between susceptibility and R2-based LIC estimation was RZ = 0.76 at 1.5T
and R2 = 0.83 at 3T. Further, high correlation between liver susceptibility and liver R2* (R2 =
0.94 at 1.5T; R = 0.93 at 3T) was observed.

Conclusion—We have developed and demonstrated initial validation of QSM in the abdomen as
an imaging biomarker of hepatic iron overload.
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INTRODUCTION

Excessive accumulation of iron in the body can occur in people with hereditary
hemochromatosis or in those who require repeated intravenous blood transfusions (i.e.
transfusional hemosiderosis) (1,2). Excess iron in the body is toxic and can cause multiple
health complications including liver and heart damage, pancreatic dysfunction, and growth
failure. The body has very limited capability to remove excess iron (3), and therefore
treatment is often required to reduce total body iron content. Oral chelation agents are
commonly prescribed for treatment, but they are expensive (>$40,000/year) and have side
effects (4,5). The ability to accurately and longitudinally assess body iron content is critical
for treatment monitoring, to avoid over- or under-treatment while ensuring that safe iron
levels are maintained, and to minimize side effects.

Serum markers (e.g. ferritin concentration) are commonly used to assess body iron content.
Ferritin is a relatively simple and inexpensive biomarker of body iron content. However,
ferritin is well known to be confounded by a number of factors (e.g. inflammation) and often
does not accurately reflect total body iron content (6).

Liver iron concentration (LIC) is a reliable indicator of total body iron content (7).
Therefore, measurement of LIC may serve as a surrogate for the measurement of body iron
content. To this end, liver biopsy samples have been used to measure LIC. While liver
biopsy enables accurate iron quantification, it is invasive, expensive, and suffers from high
sampling variability (8). Further, biopsy cannot be performed in patients with
thrombocytopenia or bleeding diatheses due to the risk of uncontrolled bleeding.
Alternatively, biomagnetic liver susceptometry (BLS) using a superconducting quantum
interference device (SQUID) is well validated for the measurement of LIC (9-11). BLS
measures magnetic susceptibility, which is a fundamental property of all materials including
tissue. Since iron is the only non-trace element in the liver that significantly alters
susceptibility, the iron concentration can be determined by measuring the magnetic
susceptibility of tissue. While BLS has been validated for measurement of LIC, its
complexity and very limited availability (only four devices worldwide) have prevented its
widespread use.

MRI is a widely available and safe technology with no ionizing radiation. MRI is very
sensitive to the paramagnetic effects of iron on tissue susceptibility. Current MR-based
methods for measuring LIC map the decay rate (e.g. R2 or R2¥) of the transverse signal
(12-14). These methods have demonstrated good correlation with LIC. However,
empirically derived calibrations have varied amongst different research groups, which may
reflect the uncertainty in the indirect relationship between the measured relaxation parameter
and LIC.

Susceptibility is a fundamental property of all materials, including liver tissue. MR-based
susceptibility mapping would thus enable a direct measure of iron concentration.
Quantitative susceptibility mapping (QSM) techniques have been developed for quantifying
iron deposits in the brain (15-17). However, these techniques have not been successfully
implemented in the abdomen. Application of QSM in the abdomen is faced with several
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additional technical challenges that are not problematic for QSM in the brain, including
respiratory motion, the presence of fat in the abdomen, as well as the rapid signal decay in
cases of severe hepatic iron overload. Previous works have approximated susceptibility
mapping in the abdomen by using boundary approaches (18-20). While these approaches
have demonstrated the potential for susceptibility mapping in the abdomen, they require
assumptions about the object geometry, they restrict that measurements be near the tissue
boundary (i.e. they do not provide susceptibility maps), and they do not account for
background field variations.

Therefore, the purpose of this work was to develop and demonstrate feasibility and initial
clinical validation of QSM in the abdomen as an imaging biomarker of hepatic iron
overload. The proposed QSM technique is tested at both 1.5T and 3T, in ten controls
without iron overload and in 33 subjects with known or suspected hepatic iron overload. We
compare the liver susceptibility measurements to LIC estimates using an FDA-approved R2-
based method known as Ferriscan (12). Further, we analyze the correlation between liver
susceptibility and liver R2* as well as the correlation and agreement between liver
susceptibility estimates at 1.5T and 3T.

THEORY

Background

The magnetic susceptibility distribution (%) can be decomposed into local (y ) and
background (yg) components, where x| represents the susceptibility distribution within a
spatial region of interest (ROI) (e.g. tissue) while g represents the susceptibility distribution
outside of the ROI (21). Therefore, each spatial location of the susceptibility distribution is a
component of either x| or xg, but not both.

The mathematical relationship between the susceptibility distribution and the resonance
frequency shift that is caused by B field inhomogeneity (i.e. B( field map) () can be
written as (22-24):

$(r)= 5= Bo(d(r)sx(r) +N () 1y

where y/27 is the gyromagnetic ratio (i.e. 42.58 MHz/T for 'H), Bg is the main magnetic

' . d(r)ZSCOSQ(G} -1 . .
field strength (in T), and A r|3 is the dipole response kernel (25), where 0 is
the angle with respect to the main magnetic field axis and r is the position vector, and *
denotes the linear convolution operation. The noise, N(r), is modeled as additive Gaussian
with unequal variance (26). Eq. 1 can be equivalently represented in the Fourier domain as

T s i 1 k% - =
-t.ﬁ(kJ:.;l,B“ (3 — |k~2> Y(k)+Nk |2

where the tilde (~) represents the Fourier domain representation of each variable, and k =
[k, ky, k,] denotes the Fourier-space coordinates.
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Like the susceptibility distribution, the By field map can be decomposed into local (v ) and
background (yg) components, where each component indicates the source of the field
inhomogeneity. For example, the local field represents the field inhomogeneity that is

caused by the local susceptibility distribution: %, (P)=é—'LBn(d(r)*XL (r)). Because d(r) is a
nonlocal function, the B field map value at any spatial location is composed of
contributions from both the local field and the background field.

General challenges for QSM

The objective of QSM is to estimate the local susceptibility distribution (| ) from the
measured By field map (). In general, QSM is faced with two challenges: 1) removal of the
background field from the By, field, to isolate the local field, and 2) inversion of the dipole
response kernel from the local field to recover the local susceptibility distribution.

Background field removal is most often performed using either the projection onto dipole
fields (PDF) method (21) or the sophisticated harmonic artifact reduction for phase data
(SHARP) method (17). SHARP exploits the observation that the background field (vp) is a
harmonic function within the ROI while the local field (| ) is assumed not to be harmonic
within the ROI (27). Using the mean value property of harmonic functions, the background
field can be removed by solving the following expression for ) :

WLp=W1Ly, 3

where L represents a discrete Laplace operator and W is a weighting mask that defines the
reliability of the estimate at each voxel. Because the matrix WL is singular, regularization
must be incorporated into the estimation to properly recover | . Recent works have
proposed using truncated singular value decomposition (17) or Tikhonov regularization (28).
The removal of the background field in the abdomen may be challenging due to the air in the
gut and lungs.

The dipole inversion step consists of solving the following expression for y :

v, =Dx, 4

where D represents the scale factor, yBy/2m, and the dipole response function, d(r), in matrix
form. Regularization is also required in this inversion since the dipole response function
contains values equal to or close to zero (in the Fourier domain) at and near the magic angle
of 54.74° (29), resulting in an ill-posed or severely ill-conditioned inverse problem. Many
regularization techniques for dipole inversion have been proposed; they are generally
classified as either a Fourier domain method (15,30,31), which modifies the Fourier
representation of the dipole kernel, or an image domain method (16,32), which imposes
spatial constraints on the estimated susceptibility map. Multiple angle methods also exist
(17,33), however the current work focuses on a single angle acquisition, which is more
practical in abdominal applications.
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Additional challenges for QSM in the abdomen

The application of QSM in the abdomen is further complicated by challenges that are not
present in brain QSM. These additional challenges include: 1) respiratory motion, 2) the
presence of fat, and 3) rapid signal decay from severe iron overload.

Respiratory motion during the acquisition corrupts the source images, which in turn, will
compromise the fidelity of the reconstructed B field map. If unaccounted for (either
prospectively or retrospectively), errors in the B field map will reduce the accuracy of the
estimated susceptibility map. Secondly, fat is present within the liver in up to 30% of the
general population (34) as well as throughout the abdomen in the forms of subcutaneous and
visceral adipose tissue. The presence of fat introduces an additional chemical species, which
confounds the estimate of the B field map. Fat is composed of multiple spectral peaks, each
of which precesses at a different frequency than water. The presence of these fat peaks must
be included in the reconstruction to ensure accurate estimation of the B field map. Finally,
subjects with severe hepatic iron overload may have iron concentrations in excess of 10 mg
Fe/g dry tissue, as compared to the smaller concentrations of iron in the brain (< 2 mg Fe/g
dry tissue) (35,36). These high liver iron concentrations result in a rapid decay of the
transverse signal in the liver as well as a highly non-uniform noise variance in the
reconstructed B field map.

Proposed technique for abdominal QSM

In this work, we propose a technique for abdominal QSM by developing both the data
acquisition and the image reconstruction in a way that addresses the challenges described
above.

The source images are acquired using an accelerated breath-held sequence that effectively
freezes respiratory motion throughout the data acquisition window. All images are acquired
in the same breath-hold and therefore are co-registered. In addition, the pulse sequence
acquires source images using a short first echo time (TE| = 1.2ms) and short echo spacing
(2ms at 1.5T; Ims at 3T) in order to capture the rapidly decaying signal in cases of severe
iron overload.

The By field map is estimated using a chemical shift encoded reconstruction (37,38). This
reconstruction models the water peak and the multiple peaks of the fat spectrum (39), which
were derived from a previous spectroscopic study (40). By including this spectral model in
the reconstruction, the B field map is inherently corrected for the presence of fat.
Combining Egs. 3 and 4, the local susceptibility distribution can be modeled directly to the
B field map as

WELy=WLDY, Is)

The matrix WLD is singular, and therefore x| cannot be estimated using a simple linear
least-squares approach. To overcome the ill-posed nature of this inverse problem, we
incorporate a regularization term that penalizes the edges in the estimated susceptibility
distribution that do not appear in the magnitude source images (16,32). This form of
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regularization exploits the observation that edges in the source images occur at the
boundaries of tissues with different susceptibility values. Thus, an edge that appears in the
estimated susceptibility map but not in the source images is treated as an artifact and
penalized accordingly.

Although the presence of fat poses a challenge in abdominal QSM, it also offers a unique
opportunity for further spatial regularization. Adipose tissue does not accumulate excess
iron in patients with iron overload (41). We exploit this fact by assuming that a contiguous
region of adipose tissue has a nearly uniform susceptibility. This “fat-constraint” further
penalizes variations in the estimated susceptibility map that occur in regions of adipose
tissue.

Using both the edge and fat constraints to regularize the inverse problem, Eq. 6 presents the
expression for estimating the local susceptibility distribution from the B field map.

min, WL = Dx,)[3+XWCGx, |5 16

In Eq. 6, C contains the penalty values for both the edge and fat constraints, and G denotes
the 3D finite-difference operator. The weighting term W accounts for the non-uniform noise
variance in the field map (26). To balance the two terms, this weighting is also included in
the regularization penalty. Finally, the scalar regularization parameter (1) determines the
tradeoff between data fidelity and regularization. An l,-regularization was used to maintain
linearity of the inverse problem. This convex minimization problem can be solved using a
variety of standard numerical techniques (42).

METHODS

Acquisition
Experiments were conducted after obtaining IRB approval and informed consent. Imaging
was performed on a clinical 1.5T scanner (HDxt, v16.0, GE Healthcare, Waukesha, WI)
using an 8-channel phased array body coil, and on a clinical 3T scanner (MR750 v22.0, GE
Healthcare, Waukesha, WI) using a 32-channel phased array body coil (Neocoil, Pewaukee,
WI), of which the upper 20 elements were used. Only the upper 20 elements of the 32-
channel body coil were used because the remaining 12 elements were inferior to the
abdomen, and do not improve SNR when the target imaging area is the abdomen. Data were
acquired from ten control subjects with no hepatic iron overload, and from 33 subjects with
known or suspected hepatic iron overload. Subjects with iron overload had either hereditary
hemochromatosis or hemosiderosis, resulting from a variety of transfusion-dependent
anemias, leukemia, or myelodysplastic syndrome. Each subject was scanned at both 1.5T
and 3T on the same day using a 3D six-echo gradient-echo chemical shift encoded sequence.
Full 3D coverage of the liver was achieved in one breath-hold of 19-22s. In addition, each
subject was scanned using a 2D multi-slice spin-echo sequence at 1.5T. The spin-echo data
were acquired in order to perform R2-based liver iron quantification (Ferriscan) (12). Table
1 lists the relevant parameters for each of the three acquisitions. We note that of the data
used in this current study, the data from nine control subjects and 18 subjects with known or
suspected hepatic iron overload were also used in a previous study that demonstrated the
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feasibility of quantifying liver iron from the B field map using a fat-referenced boundary
approach (20). That study did not perform background field removal or the full dipole
inversion. Further, the QSM reconstruction, data analysis, and statistical analysis steps
performed in this current study were performed independently of the previous study.

Reconstruction

Figure 1 shows the process of reconstructing the local susceptibility map from the multi-
echo gradient-echo data. A chemical shift encoded reconstruction (37,38) was used to
reconstruct the B field map as well as separated water and fat images and an R2* map from
the source images. An initial estimate of these parameters was achieved using a 2D graphcut
algorithm that was implemented slice-by-slice (38). This algorithm has been shown to be a
highly robust approach for the estimation of the water and fat images as well as the B field
and R2* maps. However the graphcut algorithm uses a regularization term, equal to 0.02 in
this work, which introduces bias (spatial smoothing) into the estimate of the B field map.
To remove this bias, the initial estimates from the graphcut algorithm were refined by using
a voxel-wise fit without any regularization (37). Unlike in (37), we did not low-pass filter
the B field map; therefore, the final estimate of the B field map was not smoothed. It is
important to note that the chemical shift encoding reconstruction estimates the B field map
directly from the source images; a separate phase unwrapping step is not required.

The noise standard deviation in the B field map is inversely proportional to the SNR of the
magnitude images (26). We used the root-sum-of-squares (RSS) of the source images as a
surrogate for the SNR. More specifically, the data weighting mask, W, was calculated as the

ET

RSS of the six echo time images (i.e. Zf_zl |5 , where |§] is the magnitude of the ith
source image), and then normalized so that the maximum value of W was equal to one.
Calculating W in this manner accounts for the non-uniform noise variance in the B field
map. Voxels with higher SNR (i.e. lower R2* decay) are given a stronger weighting than
those with lower SNR (i.e. higher R2* decay).

To generate the edge constraint, the edges were found by applying a threshold on the spatial
finite-difference of the magnitude source images. Edges that represented chemical shift
contrast were derived from a source image that was acquired when the water peak and the
methylene peak of fat were closest to opposed-phase. At 1.5T, the fourth echo image was
used (TE = 7.2ms) and at 3T, the first echo image (TE = 1.2ms) was used. The edges that
represented R2* contrast were derived from the RSS image. In both cases, the threshold was
chosen so that the largest 20% of the finite-differences were assumed to represent edges.
The fat weighting mask was generated using a threshold value of 0.8 on the fat fraction map,
which was calculated using the magnitude discrimination method (43). The composite
weighting mask, C, was calculated in the following manner. First, each edge in the chemical
shift contrast mask and the R2* contrast mask was copied to an intermediate composite
mask. Second, the intermediate composite mask and the fat mask were summed to produce
the composite mask. Figure 2 shows an example of the individual masks as well as the
composite mask.
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The joint background field removal and dipole inversion reconstruction (Eq. 6) was
implemented using a linear conjugate gradient method (44) in Matlab (The Mathworks Inc.,
Natick, MA) 64-bit Linux, 4 Octo Core AMD 6134, 128 GB RAM). The total reconstruction
time was approximately three hours per 3D dataset. The reconstruction has not yet been
optimized for reconstruction time.

A spherical kernel with a radius equal to 6mm was used for the Laplacian (L) (45). The
application of the dipole kernel, D, was performed efficiently by using a pointwise
multiplication in the Fourier domain rather than a convolution in the image domain. The
image domain data were zero-padded by a factor of 2 before Fourier transform to ensure
linear convolution (46). The regularization parameter was determined using an L-curve
analysis (47) on three of the datasets with varying degrees of hepatic iron overload. A value
of & = 2x10~! was chosen based on the L-curve analysis and by visual inspection of the
estimated susceptibility maps. Figure 3 shows an example of the estimated susceptibility
maps for one of the datasets reconstructed using many values of . The three datasets used
for the L-curve analysis were excluded from any further analysis.

Data Analysis

Because all QSM inversion algorithms provide estimates of relative (not absolute)
susceptibility values, the susceptibility of the liver was measured relative to the
susceptibility of the subcutaneous adipose tissue. The subcutaneous adipose tissue was used
as the reference to determine susceptibility in the liver because it is does not accumulate
excess iron (41). An ROI of radius ~2 cm was placed in a single slice in the right lobe of the
liver away from major vessels. Another ROI was placed in the same slice in the nearby
subcutaneous adipose tissue. The major radius of this ROI ranged from 1-2 cm and the
minor radius ranged from 0.5-1 cm, depending on the amount of adipose tissue for each
subject. The measurements were first performed in the dataset acquired at 1.5T, and then in
the 3T dataset using a visual alignment of the two datasets.

It is possible to convert the susceptibility difference (i.e. AY = Xiiver — Xadipose) tO an estimate
of LIC (in mg Fe/g dry tissue). However, the conversion factor from susceptibility to LIC
has not yet been fully characterized (11,35,48,49). To prevent the uncertainty in the
conversion from biasing our results, we have plotted the susceptibility difference against the
LIC estimate from Ferriscan (described later). Using previously proposed conversion
factors, we have also calculated susceptibility-based estimates of LIC to compare with the
Ferriscan-based LIC estimate.

The susceptibility-based LIC was calculated in the following way. A baseline susceptibility
difference was calculated as the average of the susceptibility differences from all of the
control subjects. A baseline iron concentration was also calculated as the average of the
Ferriscan-LIC estimates from all of the control subjects. For the subjects with known or
suspected hepatic iron overload, the susceptibility difference in excess of the baseline
difference was attributed to hepatic iron overload. This susceptibility “overload” (xor.) was
converted to overload iron concentration (LICqy ) using three different conversion factors.
First, we used a factor of 0.89 ppm/(mg/g wet), which was derived by Langkammer et al.
using inductively coupled plasma mass spectrometry in the post mortem brains of 13
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subjects (35). Next, we used a factor of 1.2 ppm/(mg/g wet), which was proposed by Ghugre
et al. using literature values derived from horse spleen and in humans (48). Lastly, we used a
factor of 1.6 ppm/(mg/g wet), which was used by Fischer et al. (11). To convert from wet
weight to dry weight so that the estimates would be consistent with Ferriscan, we used a
factor of 4.1, as measured by Zuyderhoudt et al. (49). The total LIC, expressed in mg Fe/g
dry tissue, was then calculated as the sum of the baseline iron concentration and the
overload iron concentration.

In addition, liver R2* was measured from the R2* map that was estimated by the chemical
shift encoded reconstruction (50). The liver R2* was measured in the same location as the
liver susceptibility, at both 1.5T and 3T.

Finally, the spin-echo acquisitions obtained at 1.5T were processed using Ferriscan, which is
an R2-based measurement of LIC using the calibration derived by St. Pierre et al. (12). The
acquired MR data were uploaded to Resonance Health (Claremont, Australia). The resulting
reports, which included an estimate of LIC in mg Fe/g dry tissue, were electronically
received within two business days.

Statistical Analysis

Linear regression analysis was performed to investigate the correlation between liver
susceptibility and the Ferriscan-based estimate of LIC. Using the three different conversion
factors mentioned earlier, the agreement between the susceptibility-based estimate of LIC
and Ferriscan-LIC was analyzed. Because the baseline iron concentration was calculated
from the control subjects, these comparisons were performed only in the subjects with
known or suspected iron overload.

In addition, for both 1.5T and 3T, linear regression was performed to analyze the correlation
between liver susceptibility and liver R2*. Finally, linear regression and Bland-Altman
analyses were performed to determine the agreement between estimates of liver
susceptibility at 1.5T and 3T. The comparison between liver susceptibility and liver R2* as
well as the comparison between 1.5T and 3T were performed in all subjects.

RESULTS

For three subjects, significant image artifacts prevented reliable measurements of
susceptibility. Severe respiratory motion was observed for one subject at 3T, a large water-
fat separation error (which affected the estimated B field map) occurred in another subject
at 1.5T, and severe parallel imaging artifact occurred for a third subject at 3T. In these three
cases, the data were excluded from all further analyses; the corresponding data acquired at
the other field strength were preserved. The QSM reconstruction was successful in the
remaining subjects. In a few of these remaining cases, minimal parallel imaging or water-fat
separation artifacts were observed. In these cases, the analyses were performed in regions
that avoided the image artifact.

Figure 4 shows the measured B field map and the corresponding susceptibility map at both
1.5T and 3T for three subjects with varying levels of liver iron. The susceptibility of the
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liver, measured relative to the subcutaneous adipose tissue, is also shown. As the hepatic
iron overload increases, the susceptibility in the liver increases (i.e. becomes more positive).
This is expected since iron is paramagnetic. For each subject, the susceptibility estimates of
the liver at 1.5T and 3T are in good agreement. Notice the variations of the B field maps in
regions of homogeneous tissue (e.g. subcutaneous adipose tissue), which result from the
nonlocal response of the dipole kernel. The variations are especially pronounced in the
subject with no liver iron overload, and result from air in the gut. In contrast, in the
estimated susceptibility map, uniformity of the subcutaneous adipose tissue is observed. The
average standard deviation, across subjects, of the susceptibility estimates in the
subcutaneous adipose tissue is 0.025 + 0.027 ppm.

Figure 5 shows the measured By field map and its decomposition into the local field and the
background field components. The local field was estimated by applying the forward dipole
transform to the estimated local susceptibility distribution (i.e. y;, = Dyy ). The background
field was then calculated as the difference between the measured By field and the estimated
local field (i.e. wg = ¢ — ). It is observed that the local field reflects information about the
local susceptibility distribution, such as the edges between fat and muscle (black arrows).
The background field reflects information about the background susceptibility sources,
although some trace of anatomical structure (e.g. muscle-liver interface in subject #2) can be
observed. It is interesting to note that components of the local field are observed in the
measured BO field. This observation suggests that the background field does not dominate
the local field, unlike in the brain where the background field is the major contribution to the
measured By, field.

Figure 6 plots the liver susceptibility versus the Ferriscan-LIC, at both 1.5T and 3T. The
baseline susceptibility difference and baseline iron concentration, measured from the control
subjects, was —0.31 ppm and 0.99 mg/g dry, respectively. The coefficient of determination
between liver susceptibility and Ferriscan-LIC was R = 0.76 at 1.5T and R? = 0.83 at 3T.
Also shown in Figure 5 is a table of the slope and y-intercept values using the three different
conversion factors. The datasets from the control subjects were not included in the linear
regression analyses since they were used for the baseline measurements.

Figure 7 shows the relationship between liver susceptibility and liver R2* at both 1.5T and
3T. Also shown are the linear regression and Bland-Altman plots that analyze the liver
susceptibility measurements at 1.5T and 3T. Correlation between liver susceptibility and
liver R2* was RZ = 0.94 at 1.5T and R? = 0.93 at 3T. Linear regression analysis of the liver
susceptibility measurements at 1.5T and 3T yielded a slope = 0.96, y-intercept = —0.05 ppm,
and R? = 0.96. Bland-Altman analysis showed a 95% confidence interval of [-0.29, 0.43]
ppm. The mean difference in susceptibility measurements at 1.5T versus 3T was equal to
0.07 ppm, which was statistically significant (p = 0.03).

DISCUSSION

In this work, we have developed and demonstrated initial clinical validation of a quantitative
susceptibility mapping technique in the abdomen as an imaging biomarker of hepatic iron
overload. Estimates of liver susceptibility demonstrated good correlation with liver iron
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concentration measured using Ferriscan (R = 0.76 at 1.5T; R% = 0.83 at 3T). Recent work
from Wood et al. (51) showed a similar goodness of fit (R2 = 0.75) between an R2* measure
of LIC and Ferriscan-LIC, while Chan et al. report R2 = 0.94 between liver R2* and
Ferriscan-LIC (52). The discordance between the goodness of fit observed by Chan et al.
and that observed in the current study are a source of concern if susceptibility-based
estimates of LIC are to be used in place of R2*-based estimates. This discordance will be
studied in future works.

The liver susceptibility measurements demonstrated high correlation with liver R2* (R% =
0.94 at 1.5T; R = 0.93 at 3T). This correlation is worth noting since these two parameters
were estimated independently of one another from the same gradient echo dataset. However,
their correlation is not unexpected, since R2*-based methods have demonstrated good
correlation with LIC (13,14). High correlation was also observed between liver
susceptibility measurements at 1.5T and 3T. The cause of the slight positive bias of 0.07
ppm at 1.5T requires further investigation.

The results from this work suggest that QSM may serve as an imaging biomarker of liver
iron concentration. An advantage to quantifying susceptibility is that it is a fundamental
property of materials (including iron and liver tissue), in contrast to empirical relaxation
parameters (e.g. R2 and R2*), which may be confounded by other factors. Although our
findings are preliminary, they demonstrate the promise for QSM to serve as an imaging
biomarker of hepatic iron overload.

The calculation of LIC from susceptibility relies on conversion factors that have not yet
been fully characterized. Therefore, we chose three conversion factors from the literature to
compare susceptibility-based LIC to Ferriscan-LIC. In all cases, linear regression yielded a
slope less than one (i.e. Ferriscan-LIC > susceptibility-based LIC). A similar trend was also
found by Wood et al. (51) when comparing Ferriscan and R2* (i.e. Ferriscan-LIC > R2*-
LIC). These discrepancies do not necessarily suggest a specific bias in any one of the
techniques, but may instead reflect the different response of the parameters (i.e. R2, R2*,
susceptibility) to the size and distribution of iron deposition (51). Further work is needed to
fully characterize the susceptibility of iron within the liver.

The current study did not compare the MR-based estimates of liver susceptibility to those
from BLS due to the unavailability of a SQUID susceptometer. We are aware of only four
such devices worldwide that are currently in use for BLS (10,53). Comparison with BLS is
needed in future studies and may provide definitive evidence about the accuracy of liver
susceptibility measurements using the proposed MR-based technique.

Quantifying liver iron was the focus of this work. However, because the full dipole
inversion was performed, a susceptibility map throughout the entire abdomen was estimated.
The susceptibility values in other organs within the abdomen, such as the pancreas, spleen,
and kidneys, could also be measured as potential imaging biomarkers of iron overload or
other organ-specific disease states. All of these organs can be affected by iron overload in a
variety of disease states.
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The QSM reconstruction was implemented using a joint background field removal and
dipole inversion formulation. This formulation permitted estimation of the local
susceptibility distribution directly from the By field map. A limitation of this joint approach
is that the individual performance of the two components (i.e. background field removal and
dipole inversion) cannot be evaluated in a straightforward manner. For example, a separate
analysis would be needed to determine the cause of the residual anatomical structure that is
observed in the background field of subject #2 (Fig. 5). However, the results in this work
have demonstrated good correlation of liver susceptibility estimates with both liver R2* and
Ferriscan-LIC.

In this work, an anatomically weighted 1,-penalty was applied to the susceptibility map to
regularize the inversion. The 1,-penalty has been shown to provide sufficient regularization
for applications in brain QSM (32). Further, unlike the 1;-penalty, the reconstruction
problem may still be formulated as a linear inversion and solved using linear conjugate
gradients. More recent work has explored the use of the 1{-penalty in brain QSM under the
compressed sensing framework (16,54), although no significant difference was found
between the two methods (36). A comparison between these two regularization penalties has
not yet been performed for liver QSM.

The data for this study were acquired using the six-echo chemical shift encoded acquisition
that is used at our institution for water-fat separation and quantification. As such, the
acquisition parameters were chosen to ensure reliable estimates of water and fat (55,56),
rather than with regard to the quality of the B, field map estimate. For QSM, however, the
B field map is the primary parameter of interest from the chemical shift encoded
reconstruction. Thus, it may be possible to optimize the acquisition parameters for the
estimate of the B field map, which in turn, may lead to more reliable estimates of the
susceptibility map. Determining the optimal acquisition parameters for B field map
estimation remains to be performed in the future.

In conclusion, we have successfully developed and demonstrated feasibility and initial
clinical validation of a new approach for abdominal QSM aimed at quantifying hepatic iron
overload. Liver susceptibility estimates demonstrated good correlation with both Ferriscan-
LIC and liver R2*. The proposed technique shows promise as an imaging biomarker of
hepatic iron overload that is based on a fundamental property of materials.
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Figure 1.
Processing pipeline to estimate the susceptibility maps in the abdomen. Complex source

images (magnitude shown) are acquired using a six-echo gradient-echo acquisition. A
chemical shift encoded reconstruction is used to estimate the B field map, as well as the
R2* map and the separated water and fat images (magnitude images shown). A fat mask is
derived from the separated water and fat images. The edge weighting and data weighting
masks are derived from the source images. The susceptibility map is then estimated using
the proposed background field removal and dipole inversion technique. Finally, the liver
iron concentration is calculated from the susceptibility map.
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Figure 2.
The edge weighting is calculated based on the tissue boundaries that reflect either chemical

shift contrast or R2* contrast. Because edge locations are not penalized in the susceptibility
map, they appear as dark regions (i.e. low value) in the weighting image. An edge that
appears in either the chemical shift contrast weighting or the R2* contrast weighting will
appear in the composite weighting. The arrows indicate edges that appear in either the
chemical shift or R2* contrast weighting, but not both. The fat constraint acts to further
suppress variations in the adipose tissue, which does not accumulate excess iron and is
assumed to have uniform susceptibility.
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The L-curve analysis demonstrates the tradeoff between data fidelity and regularization as a

function of the regularization parameter A. The regularization norm and the residual norm

were calculated using the entire imaging volume. A low A value results in artifacts from the

ill-posed nature of the inverse problem whereas a high A value causes over-regularization.

Using these results together with visual inspection of the estimated susceptibility maps, a

regularization parameter of . = 2x10~! was chosen for all reconstructions presented here.
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B field maps and the corresponding susceptibility maps at 1.5T and 3T for three subjects

with different levels of iron overload. The susceptibility value measured in the ROI is

relative to the subcutaneous adipose tissue. As expected, liver susceptibility increases with

increasing iron overload. Good agreement is seen between susceptibility measured at 1.5T

and 3T for each subject.
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Figure 5.
The measured By, field can be decomposed into the local field and background field

components. The black arrows highlight regions of fat-muscle interfaces, which are
correctly reflected in the local field but not the background field.
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Figure 6.
Liver susceptibility versus Ferriscan-based estimates of LIC at 1.5T (a) and 3T (b). The

coefficient of determination between susceptibility and Ferriscan-LIC was RZ = 0.76 at 1.5T
and R% = 0.83 at 3T. The table shows the slope and y-intercept values using three different
conversion factors from susceptibility to LIC (mg/g dry). The 95% confidence intervals are
shown in brackets. Note that the conversion factors shown in the table assume a wet weight
to dry weight conversion factor of 4.1. The datasets from the control subjects were not
included in the linear regression analyses since they were used for the baseline
measurements.
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Figure 7.
High correlation was observed between liver susceptibility and liver R2*, at both 1.5T (a)
and 3T (b). Agreement and correlation between susceptibility measurements at 1.5T and 3T
were characterized by the following parameters: slope = 0.96, y-intercept = —0.05 ppm, and
R2 =0.96 (c). Bland-Altman analysis of liver susceptibility measurements at 1.5T and 3T
indicated a 95% confidence interval equal to [-0.29, 0.43] ppm (d).
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