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Abstract
Purpose—To investigate the use of a complex multi-gradient echo (mGRE) acquisition and an
autoregressive moving average (ARMA) model for simultaneous susceptibility and R2*
measurements for the assessment of liver iron content (LIC) in patients with iron overload.

Materials and Methods—Fifty MR exams with magnitude and phase mGRE images are
processed using the ARMA model which provides fat-separated field maps, R2* maps, and T1-W
imaging. The LIC is calculated by measuring the susceptibility between the liver and the right
transverse abdominal muscle from the field maps. The relationship between LIC derived from
susceptibility measurements and LIC from R2* measurements is determined using linear least
squares regression analysis.

Results—LIC measured from R2* is highly correlated to the LIC from the susceptibility method
(mg/g dry = 8.99 ± 0.15 × (mg Fe/ml of wet liver) −2.38 ± 0.29, R2=0.94). The field
inhomogeneity in the liver is correlated with R2* (R2=0.85).

Conclusion—By using the ARMA model on complex mGRE images, both susceptibility and
R2*-based LIC measurements can be made simultaneously. The susceptibility measurement can
be used to help verify R2* measurements in the assessment of iron overload.
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Introduction
Patients with hematologic disorders such as β-thalassemia major and sickle cell disease
often require chronic blood transfusions for disease management. Although this reduces the
primary disease burden, a common side effect is the accumulation of iron in many organs
including the liver (1-5). Excessive iron accumulation also occurs in disorders such as
hereditary hemochromatosis (6). It is imperative to monitor the amount of iron in the liver
because significant conditions such as liver cirrhosis and hepatocellular carcinoma can
develop as a result of iron overload due to increased oxidative stress and generation of free
radicals (7).
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Hepatic iron overload has traditionally been monitored by measuring the liver iron content
(LIC) by needle biopsy. However, the procedure is invasive and painful with a risk of
complications such as infection and bleeding (8). This has led to the development of
noninvasive methods that can be performed at a greater frequency than liver biopsy
procedures. One noninvasive method is to measure the apparent spin–spin relaxation rate
(R2*) of liver tissue with multi-gradient echo (mGRE) magnetic resonance imaging (1,9-17).
Iron compounds increase the macroscopic susceptibility, thereby increasing the R2* value in
tissue, where it is present in excess. This method has been calibrated with liver biopsies,
making it a useful indirect method to quantify LIC (10,11).

A less common method to measure LIC is susceptometry (18-20). This method, typically
performed by a superconducting quantum interference device (SQUID), has also been
calibrated with biopsy, but the cost of the equipment has limited its clinical use. Some
studies have also used MR to measure the susceptibility via field mapping as an additional
acquisition to the mGRE acquisition (21-23). LIC values may be more accurately estimated
by susceptometry methods than by R2* methods, as the former is a direct measure of
susceptibility due to iron content (21). However, the absolute phase for MR susceptometry
methods is difficult to obtain because of factors such as flow, motion, and phase variations
(22).

In this work, we investigated an autoregressive moving average (ARMA) model (24-26) of a
mGRE MR acquisition, which is a method that can map the R2*, in addition to the magnetic
field, by using magnitude and phase data from a single mGRE acquisition for the purpose of
LIC quantification. We used this model in forty-five patients and five volunteers to make
susceptibility measurements at the interface of the liver and the surrounding non-fatty tissue,
and convert these measurements to LIC using Curie's law (27). Susceptibility measurements
were correlated to the iron concentrations derived from R2* values in the liver as previously
described (11). By using the ARMA model on the same mGRE acquisition, R2* and
susceptibility measurements can be made simultaneously – thereby providing an additional
measurement to aid in the quantitative assessment of iron overload. This additional
susceptibility measurement can reduce measurement error by assuring that patients with
liver R2* values within the mild to severe iron overload range indeed have a correct
assessment of elevated LIC – particularly at mild levels (0.5 – 2.0 mg/g wet liver weight)
where decisions on initiation or cessation of therapy, such as chelation, are typically made.
This new method can allow differentiation from other hepatic disease processes, such as
fibrolamellar lesions, fatty infiltration, primary liver malignancies, metastases, and tissue
necrosis, all of which can increase R2* values in the liver in the absence of elevated LIC,
potentially confounding liver iron quantification (28).

Materials and Methods
Simultaneous R2* and Field Mapping with an Autoregressive Moving Average (ARMA)
Model

The mGRE signal consisting of N chemical shifts, x(TE), can be modeled discretely as a
function of the echo-time (TE) as

[1]

where Ck is the complex amplitude, fk is the proton resonant frequency (PRF) and R2,k* is
the apparent spin-spin relaxation rate of each chemical shift and w(TE) is white noise with
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zero mean. Using the z-transform, equation [1] can be described as a multi-peak
autoregressive moving average (ARMA) process as

[2]

where z is a complex number (24-26). Equation [2] can be expanded to several poles to
measure chemical shifts as seen in previous studies, which is very useful when lipids are
present (29).

To calculate the coefficients αk and βk, a set of over-determined equations need to be solved.
We used an approach based on Prony's method (25) and the iterative Steiglitz-McBride
(SM) algorithm (30), as done in an ARMA-based approach for MR temperature imaging
(31). Both algorithms are used in applications such as digital filter design and
communications (25). The advantages of using these algorithms are that they require
minimal interaction by the user (32), exhibit relatively fast processing times (31), and
perform robustly in the presence of noise (30,33).

After calculating the coefficients αk and βk, the poles can be calculated as roots of the
denominator in equation [2]. If ρk denotes a pole for a chemical shift such as water or lipid,
then the PRF (in ppm) can be expressed as

[3]

where γ is the gyromagnetic ratio and B0 is the applied magnetic flux density. In addition,
the R2* value for each chemical shift can be expressed as

[4]

Finally, the complex amplitude can be computed separately by using the Cauchy's Residue
Theorem where

[5]

and

[6]

Susceptometry from ARMA-Calculated Field Maps
Ignoring effects from field inhomogeneity, which in the liver of a healthy subject is on the
order of 0.1-0.2 ppm/cm (34), the susceptibility Δχ is calculated from the field map by
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[7]

where Δf is the mean change in the field between two regions, θ is the angle between the
field measurement and the static field (θ was set to 90° in this work since all images were
acquired in the transverse plane), and Shf is the orientation-independent shift term set to
−0.133 from results of previous studies (21,35,36). Also note that the change in phase, Δϕ,
can be used with an image at TE where

[8]

Derived from Curie's law, the susceptibility of η iron atoms at temperature T (in Kelvin),
inside the volume V with the magnetic moment pμB is

[9]

where μ0 is the magnetic permeability in a vacuum and k is the Boltzmann constant.
Knowing the atomic weight of iron, equation [8] can be used to measure the iron
concentration [Fe] by

[10]

where p=4 Bohr magneton for iron in human liver at T=310 K (19). So at body temperature,

[11]

Therefore, by using equations [7] and [11], the field map can be used to estimate the
concentration of iron in milligram per milliliter of wet weight liver (27).

MR Imaging and Analysis
Forty-five MR exams (22 male/23 female, mean age = 15.3 years, range = 3 – 42 years) with
magnitude and phase mGRE images were retrospectively analyzed under an Institutional
Review Board-approved protocol. These patients all have histories of receiving blood
transfusions as part of their therapy. Twenty-three were diagnosed with sickle cell disease
and ten were diagnosed with β-thalassemia major. The twelve others were diagnosed with
conditions that required multiple blood transfusions and/or bone marrow transplantation
including acute lymphoblastic leukemia (n=3), hemoglobin H disease (n=2), congenital
dyserythropoietic anemia (n=2), acute myeloid leukemia (n=1), small cell carcinoma
(n=1),hypogammaglobulinemia (n=1), aplastic anemia (n=1) and β-thalassemia intermedia
(n=1). Five volunteers (2 male/3 female, mean age = 45.6 yrs, range: 20 – 58 yrs) with no
history of blood transfusions, or hereditary hemochromatosis also underwent scans.
Informed consent was obtained for all exams. All subjects were scanned on 1.5T whole
body scanners (Siemens, Malvern, PA) with a phased-array body coil. A single breath-hold
technique was used to obtain mGRE axial images with a repetition time of 200 ms. Echo

Taylor et al. Page 4

J Magn Reson Imaging. Author manuscript; available in PMC 2013 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



times ranged from 0.9 ms to 28.5 ms at increments of 1.1 to 1.4 ms (echo train length=20).
Other imaging parameters were as follows: flip angle 25°, slice thickness 10 mm, in-plane
resolution 3.125 mm2, matrix size 128 × (96–128) and field of view 380 mm × (285 mm–
380 mm). Total acquisition time for the 20 slices ranged from 18 to 25 sec.

To compare T2* values between the ARMA technique and a typical non-linear least squares
(NLS) technique, in each patient an ROI was placed in the liver, which did not include the
hepatic vessels. The T2* was calculated with the ARMA method and a NLS technique as
previously described by Hankins et al (11). The root mean squared difference was calculated
between each method.

PRF maps were also generated by using the ARMA model. For LIC measurements by
susceptometry, two ROIs were drawn from the field map: one in the right lateral side of the
liver and the other in the adjacent right transverse abdominal muscle. The mean and standard
deviation (SD) of the PRF values in the ROIs were recorded. The susceptibility values
obtained between these ROIs were used to calculate the iron concentration in milligram per
gram of wet weight liver. These concentrations were correlated to LIC in milligram Fe per
gram of dry weight liver by using the mean R2* from the ROI in the liver (11). A regression
line was calculated between the iron concentration measurements from these two methods
by using linear least squares regression analysis. In one case, fibrosis was diagnosed by a
clinically-indicated liver biopsy two weeks after MR scanning. This case was excluded from
the regression analysis because of the known variability in iron measurements from fibrotic
liver tissue (15) and because R2* effects occur due to fibrosis with or without the presence
of iron (10,37).

In the forty-nine cases with no documented evidence of pathologies that can be present
without excessive LIC like fibrosis or cirrhosis, an ROI was drawn around the periphery of
the entire liver in one axial slice. Vessels within the liver parenchyma were excluded from
the ROI as previously described (38). The field inhomogeneity was calculated by the
standard deviation of the PRF measurements in the liver. This was correlated to the whole-
liver R2* value by using linear least squares regression analysis.

Results
In all patients, the root mean squared difference between the ARMA-calculated T2* fit and
NLS fit in ROIs in the liver was 0.08 ms (p=0.27). For example, in the patient in figure 1,
the difference in the T2* maps between ARMA and NLS was less than 0.3 ms within the
liver parenchyma, excluding vessels. While at the same time, there was high contrast in the
liver on the ARMA-calculated field map when compared to the adjacent soft tissue to
indicate the presence of iron in the liver.

On the field maps generated by the ARMA model, the magnetic susceptibility difference
between the liver and the adjacent abdominal muscle tissue increased with increasing R2*
(decreasing T2*; see figure 2). Figures 2a and 2c demonstrate that in the volunteers, there
was little contrast (∼0.1 ppm) between the adjacent tissue parenchyma and the liver in the
field maps. However, the distinction of the field map between the liver and adjacent soft
tissue was clear in images of iron-overloaded patients with low T2*. Figures 2b and 2d show
an example from a patient with a whole-liver R2* that corresponded to an iron concentration
of 16.5 ± 2.2 mg Fe/g dry liver (11). The susceptibility was 3.20 × 10-6 ± 0.43 × 10-6

between the right lateral side of the liver and the adjacent transverse abdominal muscle, and
this value was approximately 27.8 times of that of the field map of the volunteer in figure 2a
(1.15 × 10-7 ± 0.05 × 10-7).
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Figure 3 shows a plot of the iron concentration from the ROI-based R2* method and the
susceptibility method. Even at very high R2* values (> 500 Hz), the dry liver iron
concentration from the R2* method was highly correlated to the wet liver weight from the
susceptibility method (R2=0.94, p<0.0001). The slope of the regression line was 8.99 ± 0.15
mg Fe/g dry liver per mg Fe/ml of wet liver, with an intercept of −2.38 ± 0.29 mg Fe/g dry
liver. Among the patient subjects, the difference in the PRF between the two ROIs ranged
from 0.09 to 3.69 ppm (Δχ=1.61 × 10-7 to 6.68 × 10-6) with a mean of 1.33 ppm
(Δχ=2.40×10-6). The range in the volunteers was 0.06 to 0.27 ppm (Δχ=1.15 × 10-7 to 4.79 ×
10-7) with a mean of 0.17 ppm (Δχ=3.10 × 10-7).

Throughout the entire liver, the variation of PRF values was associated with the whole-liver
mean R2* value. Figure 4 is a plot of the standard deviation of the PRF values in the liver to
the whole-liver R2*. The slope was 0.0012 ± 0.0005 ppm/Hz with an intercept of 0.15 ±
0.26 ppm (R2=0.85, p<0.0001). There was a wider distribution of PRF values in the cases
with high whole-liver R2* values (> 500 Hz), demonstrating a larger field gradient
throughout the liver as LIC increases.

The case that was excluded from the study due to biopsy-confirmed fibrosis is shown in
figure 5. The T2* values ranged from approximately 2.8 ms to 31.9 ms at certain areas near
the portal vein. Qualitatively, the field map was relatively homogenous with no obvious shift
in the field at the liver. An ROI was taken in a low T2* area and LIC measurements were
measured with the susceptibility and T2* methods. Using the T2*, the LIC was
approximated at 3.56 ± 0.43 mg Fe/g dry liver. Using the susceptibility method described
above, the susceptibility-based LIC was 0.29 ± 0.08 mg Fe/g wet liver, which demonstrates
that very little iron is present. By converting the dry liver LIC to wet liver LIC, the 95%
confidence interval of the T2* measurement was 0.58 to 0.75 mg Fe/g wet liver weight. This
means that the susceptibility method is measuring a lower LIC when compared
quantitatively to the T2*(R2*) calibration method. The biopsy confirmed only trace amounts
of iron.

Discussion
We used an ARMA model to calculate the susceptibility induced from LIC in patients with
iron overload by using phase and magnitude data from standard mGRE acquisitions, which
are being more frequently used for R2*-based iron concentration measurements. By
incorporating the infrequently-used phase imaging from the acquisition, field maps and R2*
maps can be generated by using the ARMA model without requiring additional imaging
time. A complementary field map with shifts in the PRF in the liver in addition to high R2*
measurements should increase the confidence when excessive amounts of iron are present in
the liver. In practice, one can use the T2* (R2*) map to quantify LIC from a validated
calibration curve using the same acquisition parameters as done in the calibration (10,11).
Then, one can measure the susceptibility between the liver and transverse abdominal muscle
using the field map to help verify if there is indeed increased susceptibility due to excess
iron.

As shown in figure 5, T2* can decrease due to a variety of causes– thus possibly
overestimating the amount of iron present. In this particular case, a biopsy showed evidence
of fibrosis with only trace amounts of iron. While large variations in T2* can point to focal
diseases like fibrosis, the field map can possibly aid in determining if iron is also a
contributing factor in the T2* change. The advantage of the field map in these cases is that
conditions like fibrosis and steatosis have a lower susceptibility effect (on the order of one
magnitude) when compared to the presence of iron in the liver (39). This makes
susceptibility measurements from the field map highly specific to LIC. Therefore, we
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propose that a simple test to check that if the susceptibility-based LIC between the
transverse abdominal muscle and adjacent liver is below the 95% confidence interval on the
R2* vs susceptibility LIC calibration curve, then the change in R2* may not be entirely due
to iron content and the LIC results have to be reported with caution. Also, this test is just as
important in cases where LIC values follow the calibration since it should increase the
confidence that accurate LIC estimations are obtained. In the case in figure 5, the
susceptibility is below the 95% confidence interval given the R2* values measured thereby
showing that pathology other than iron may be causing the discrepancy between LIC and
R2*.

We calculated susceptibility-based measurements in milligram per gram of wet liver, as in
other susceptibility studies (18-20). The ratio between dry and wet liver (mg/g dry = 8.99 ±
0.15 × (mg Fe/ml of wet liver) −2.38 ± 0.29, ratio = 7.95) was higher than what has been
reported previously. Recently, there has been debate regarding this ratio, since the
commonly used ratio of 3.33 has not been thoroughly validated in the literature (40); some
studies have reported a ratio of at least 5.5 ± 1.0 (41-43). This value is also dependent on the
biopsy and the tissue-processing technique used (40). The ability to measure both
susceptibility and R2* simultaneously with and compared to biopsy measurements may help
determine whether this value is consistent and whether direct conversions from wet to dry
liver weights can be appropriately made. It is important to note that there can be a small
susceptibility difference between the liver and adjacent soft tissue. This may slightly
overestimate the wet liver LIC values and may explain the lower the value of the y-intercept
in the calibration in figure 3.

This concept of using susceptometry and R2* together is similar to the work of Wang et al
(21), which incorporated susceptibility and R2* for cardiac iron assessment. They also
validated the susceptometry technique across different platforms using a highly-controlled
phantom study. For susceptibility measurements, 3D gradient echo imaging was used in
addition to R2* mapping from a multi-gradient echo acquisition. This work differs in that the
field map is generated from the multi-gradient echo data used for R2* mapping and the
ARMA model – thereby decreasing the needed imaging time to make these measurements.

In areas of low SNR caused by high LIC, ARMA methods may give spurious results seen as
large variations in the PRF values both above and below the PRF on non-iron loaded tissue
(26). However, even at very high LIC concentrations (≥ 20 mg/g dry weight liver
determined by high R2* values), estimates in the liver provide consistently lower PRF
values (positive susceptibility) indicating the presence of iron, thereby supporting the
reliability of these measurements. However, measurements are less precise with higher LIC
estimates (Figs. 3 and 4). As shown in Cramer-Rao lower bound analysis (26), the lower the
T2* and SNR, the higher the uncertainty in the measurements.

On a note on the acquisition technique, mGRE acquisitions can run monopolar or bipolar
frequency encoding gradients. Bipolar gradients can be used to lower the TE values, which
can be advantageous especially in tissues with low T2*. However, phase images arising from
the negative and positive polarity gradients must be closely monitored. Timing errors
between positive and negative polarity gradients can manifest as N/2 ghosts, as these errors
cause phase shifts between the positive and negative gradients (31,44). This can be corrected
by measuring the offset between the odd and even echoes and then multiplying the phase
offset by either the odd or even echoes.

Very similar T2* values are measured with the ARMA and NLS techniques, thereby lending
validity to these measurements even in the presence of field inhomogenities directly
measured by the ARMA technique. Lipid content in the liver was not detected from this
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patient population comprising mainly of children with sickle cell disease, but the ARMA
technique can also take lipid into account to separately calculate water and lipid R2* values
(26,31) making the technique very useful for patients with steatosis. Recent work has been
reported on iterative water-lipid decomposition with R2* estimation in the presence of lipid
(9,13). ARMA differs from these iterative decomposition methods in R2* estimation by
calculating different R2* values for each chemical shift instead of calculating one R2* for
the voxel (9,13). Also in these studies, the signal model is constrained to assume certain
relative chemical shifts (i.e. the distance between water and lipid in a spectrum). We have
shown that the water chemical shift can change due to iron content and this may affect the
lipid chemical shift as well. Future work should investigate these susceptibility effects when
lipid is present at least at the mg/ml range of iron content as seen in patients with iron
overload to assure that the shifts due to high LIC do not adversely affect the fat fraction
estimation. At the μg/ml range, Yu et al. (13) and Lee et al. (12) showed that the fat-fraction
can be determined by similar multi-echo techniques. At these ranges, the susceptibility may
not be high enough to affect the chemical shift of water and lipid. For example, by using
equations [7] and [10], ten μg/ml of iron will change the field by only 0.008 ppm.

A limitation of this study is that biopsies were not performed and therefore we cannot make
direct correlation to iron concentrations. Also, without biopsies the accuracy of the
susceptibility measurements of LIC compared to R2*-LIC measurements cannot be
determined. However, when using R2* measurements as an indirect measurement of LIC
from a calibrated technique with identical acquisition parameters (11), the susceptibilities
measured from the field maps correlated highly with LIC – thereby indicating that our
susceptibility-based measurement for LIC is reliable.

In conclusion, using an autoregressive moving average model, complex mGRE data was
processed to create R2* and field maps – thereby providing two simultaneous measurements
for LIC. The LIC measurements from both susceptometry and the R2* method were strongly
associated (R2=0.94). The presence of iron, determined by whole-liver R2* measurements,
also increased the field inhomogeneity in the liver (R2=0.85). Given the strength of the
association between these two techniques, the use of the field map in addition to R2* can
provide an additional quantitative assessment of LIC to aid in the diagnosis of liver iron
overload and/or monitor treatment response.
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Figure 1.
ARMA and non-linear least squares (NLS) T2* maps. There is little difference in the values
particularly in the liver. Differences are mostly seen in the adipose tissue. The field map
indicates a shift in the PRF in the liver, which is indicative of iron overload.

Taylor et al. Page 12

J Magn Reson Imaging. Author manuscript; available in PMC 2013 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
ARMA field and R2* maps in a volunteer and patient. The top (panels (a) and (b)) and
bottom (panels (c) and (d)) images are the field maps and T2* maps, respectively. The left
images (panels (a) and (c)) are from a normal volunteer (R2*=35.9 ± 5.6 Hz). Note that it is
difficult to distinguish the liver and surrounding tissue in the field maps. The images on the
right (panels (b) and (d)) belong to a patient with a whole-liver R2* LIC estimated as 16.5 ±
2.2 mg Fe/g dry weight liver. The susceptibility was measured as 3.20×10-6 ± 0.43×10-6

between the right lateral side of the liver and the adjacent soft tissue. This susceptibility was
approximately 27.8 higher than that of the field map of the volunteer (1.15×10-7 ±
0.05×10-7). The red squares are the ROIs for susceptibility and R2* measurements.
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Figure 3.
Plot of the iron concentration from the ROI-based R2* method and susceptibility method.
The dry liver iron concentration from the R2* method was highly correlated to the wet-liver
weight from the susceptibility method (R2=0.94). The slope of the regression line was 8.99
± 0.15 mg Fe/g dry liver per mg Fe/ml of wet liver. The intercept was measured as -2.38±
0.29 mg Fe/g dry liver.
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Figure 4.
The variation of PRF values was correlated to the whole-liver mean R2* value. The slope
was 0.0012 ± 0.0005 ppm/Hz with an intercept of 0.15 ± 0.26 ppm (R2=0.85). This indicates
that an iron-overloaded liver will cause increased field inhomogeneity across the liver.
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Figure 5.
This case from a patient with multiple blood transfusions underscores how the field map can
provide complementary data to distinguish iron overload and other processes such as
fibrosis. A patient was scanned with the mGRE acquisition, which showed heterogeneity in
the liver on the T2* map. The T2* values as low as 3 ms could indicate increased LIC.
However, the field map showed a 0.24 ppm frequency shift corresponding to a normal LIC
of 0.29 mg Fe/g wet liver demonstrating that this may not be an iron-overload process. This
was confirmed by biopsy that showed fibrosis with minimal fat and only traces of iron.
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