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Abstract
An MRI cardiac magnetic susceptometry (MRI-CS) technique for assessing cardiac tissue iron
concentration based on phase mapping was developed. Normal control subjects (n=9) and
thalassemia patients (n = 13) receiving long-term blood transfusion therapy underwent MRI-CS and
MRI measurements of the cardiac relaxation rate R2*. Using MRI-CS, subepicardium and
subendocardium iron concentrations were quantified exploiting the hemosiderin/ferritin iron specific
magnetic susceptibility. The average of subepicardium and subendocardium iron concentrations and
R2* of the septum were found to be strongly correlated (r=0.96, p<0.0001), and linear regression
analysis yielded CIC (μg Fe/g wet tissue) = (6.4 ± 0.4) · R2* septum (s-1) - (120 ± 40). The results
demonstrated that septal R2* indeed measures cardiac iron level.
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1. Introduction
Iron overload in the heart, mostly in the left ventricle (LV) wall, is the leading cause of death
for thalassemia patients receiving chronic transfusions (1,2). In iron overload, 70-90% of the
total body iron burden is concentrated in the liver (3). Therefore, the measurement of the liver
iron concentration has become a standard for tracking the severity of iron overload and response
to chelation therapy (4). However, even well-chelated thalassemia patients with low liver iron
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concentrations may unexpectedly develop iron-induced heart failure. In recent years, it has
become clear that the previously accepted assumption of a positive correlation between liver
iron concentration and cardiac iron concentration (CIC) is not reliable in well-chelated patients
(5). Regular iron measurements in the heart helps physicians design and manage chelation
treatment programs to either prevent the development of cardiac problems or more effectively
treat patients with cardiac failure. However, direct measurement of cardiac iron levels by
subendocardial biopsy is not practical, and the size of the specimen is usually too small for
reliable quantification. Therefore, there is a need for developing non-invasive techniques for
reliable and frequent assessment of cardiac iron overload (6). Methods for quantitative iron
assessment, especially MRI-R2*, have been used to assess the cardiac iron level (5). The septal
R2* (= 1/T2*) in the short axis view of a mid-papillary heart slice is used for artifact-free
cardiac iron measurements (7). This technique has been widely used in cross-sectional studies
(8-10) and in trials comparing the efficiency of cardiac iron removal and the successive
improvement of cardiac function between different chelators and treatment regimens (11).
However, an important difficulty that we face is that there is no actual measure of iron
concentration of the tissue for direct validation. It is well known that R2* is sensitive to
shimming and susceptibility artifacts. Furthermore, R2* may also depend on details of the iron-
hydroxide cluster (hemosiderin) distribution on a microscopic scale; therefore, this poses
challenges for accurately diagnosing mild cardiac iron overload. Based on cross-sectional
studies of T2* and cardiac function measured as left ventricular ejection fraction (LVEF) in
transfused patients with thalassemia, a risk threshold of T2* < 20 ms (R2* > 50 s-1) for
developing cardiomyopathy (5) has been suggested for data obtained on 1.5 T MRI scanners.
It has been controversial whether the R2* method reliably reflects the tissue iron level near
this threshold (12). On the other hand, magnetic susceptibility of the tissue has been known to
be proportional to tissue iron under iron overload conditions (13). Biosusceptometry of the
liver has been exploited to measure the liver iron concentration by systems using low-TC super
conducting quantum interference devices (SQUID) (14,15). A recent study of iron overload in
a gerbil model demonstrated strong correlation between cardiac tissue magnetic susceptibility
and iron concentration, confirming that the hemosiderin/ferritin iron specific magnetic volume
susceptibility of ξ = 1.6·10-9 SI-units·(gwet tissue / μg Fe) is also valid for heart tissue (16).
Consequently, MRI cardio-susceptometry (MRI-CS) was developed as an alternative non-
invasive technique for a more direct assessment of cardiac iron (17). This MRI technique
exploits the phase of the magnetic resonance signal, which directly reflects the microscopic
local magnetic field that the spins in the tissues encounter, allowing quantification of the
magnetic susceptibility of tissues. The objective of this work is to demonstrate the feasibility
of performing magnetic susceptometry measurements of the heart in vivo with MRI in a group
of normal control subjects and chronically transfused patients with thalassemia in comparison
to measurements by cardiac MRI-R2*.

2. Materials and Method
This study was conducted jointly at Texas Children's Hospital (TCH) affiliated with Baylor
College of Medicine (BCM) in Houston, Texas, and Children's Hospital & Research Center
Oakland (CHRCO) in Oakland, California. The study designs adhered to HIPAA regulations.
Institutional Review Boards of BCM and CHRCO approved the study. The scanners at the two
sites had the same technical performance (Intera 1.5T whole body scanner, Philips Inc.,
Netherlands). Initially, both sites used Release 11.1 software, later, the scanner at Oakland was
upgraded to Achieva 2.1 software. The upgrade did not affect the MRI protocols for this study
and did not change the results from phantom measurements.
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2.1. Assessment of Cardiac Iron by MRI-CS
Theory of Cardio-Susceptometry—MRI methods based on magnetic susceptibility
effects have been applied to the brain (18,19), liver (20) and extremities (21) although these
methods are not applicable to the heart in vivo. Here we employ a novel MRI method based
on boundary conditions of Maxwell's equations (22). The technique measures the magnetic
susceptibility difference across the boundary of two uniform compartments by analyzing: (a)
the phase of the MRI signal near the interface and (b) the orientation of the interface. The key
problem is to find a suitable reference tissue with a constant magnetic susceptibility in contact
with the heart. In all cases, the blood inside the left ventricle can be used as reference for the
subendocardial portion of the left ventricular (LV) wall (subendocardium). For our patients,
the intercostal muscle could be used as a reference for the subepicardial portion of the LV wall
(subepicardium) (23). With this approach, a 3D phase map from gradient echo imaging is
analyzed to extract the susceptibility difference. The phase difference across the interface of
the myocardium and the reference tissue is given by (22):

[1]

Here Δχ is the difference in magnetic susceptibility between the myocardium and the reference
tissue, TE is the echo time, f0 is the transmitter frequency, θn is the angle between the main
magnetic field of the MRI scanner B0 and the direction perpendicular to the interface, and
Shf is the orientation-independent shift term, which is set to -0.133 based on a previous animal
model study (16).

MRI Data Acquisition—The magnetic resonance imaging cardiac susceptometry (MRI-CS)
technique was developed on a Philips Intera 1.5T whole body clinical scanner. The cardiac
susceptometry data acquisition used a 3D-TFE dual echo technique with ECG triggering and
navigator respiratory gating and tracking. Although it is standard practice to position the
navigator beam on the right side of the body on the liver-lung interface, the signal from the
liver is often too weak to be used for gating for patients with iron overload. Therefore, a
navigator beam with a length of 60 mm was positioned over the dome of the left hemi-
diaphragm. An acceptance window of 3 to 6 mm for the diaphragm position was pre-determined
during a 30-seconds data collection. Only the image data within this window were accepted.
In addition, the center frequency of the RF excitation was adjusted in real time to track the
location of the imaging volume (real time tracking) to minimize the effect of respiratory
induced motion. The data acquisition efficiency was 40 to 50%, and the total data acquisition
time was approximately 7 to 10 min. The images were acquired in the transverse orientation
during diastole to minimize the effects of cardiac motion and blood flow inside the LV. The
parameters for data acquisitions were: TFE factor = 16 for TFE readout, flip angle = 20°, TR/
TE1/TE2 = 9.8/4.7/7.1 ms, slice thickness = 1.6 – 2.5mm, FOV = 300 – 350 mm, sampling
matrix size 400 × 400, number of slices 15 – 20, NSA = 1, water-fat shift = 0.3 pixel. The MRI
signal was received using a synergy cardiac coil (TCH) or a synergy body coil (CHRCO). The
signal from one array element was analyzed. In most cases the images with TE of 4.7 ms were
adequate for data analysis. The second TE data set (7.1 ms) was helpful for distinguishing
muscle and fat in some cases.

Image Data Analysis—From the phase map of the first echo, the magnetic susceptibility of
the subepicardium was estimated by using the intercostal muscle as a reference, while the oxy-
blood inside the LV was used as a reference for estimating the magnetic susceptibility of the
subendocardium. Data analysis was performed using internally developed software written in
IDL 5.6 (Research Systems Inc., Boulder, CO).
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For subepicardial susceptibility, an area of contact between the apex and chest wall was first
identified. This area of contact was selected such that: it is isolated from costal bones with an
area of 1 cm2 or greater, and the direction of the magnetic field of the MRI scanner is nearly
within the interfacial plane. Then the data analysis proceeded in several steps (see Figure 1).
First, the 3D image was rotated around the z-axis. followed by manual tracing of the regions
of the cardiac tissue and reference, as well as the area of interface. Thereafter, polynomial least
squares fits were performed for the interface surface, the phase distribution of the tissue and
the reference volume. Finally, phase values and Δφ with the resulting magnetic subepicardial
susceptibility Δχ (equation [1]) were calculated for each surface point and the mean and the
standard error of Δχ could be obtained. The subendocardial susceptibility was quantified in a
similar fashion using the signal of blood inside LV as the reference.

Conversion of the Magnetic Susceptibility to Cardiac Iron Concentration—In
control subjects, we assumed a negligible gradient of iron distribution within the cardiac tissue.
We also assumed an average iron concentration in the control heart of CICo = 47 μg Fe/g wet
tissue (24). In a previous gerbil cardiac iron overload model (16) a specific magnetic volume
susceptibility for cardiac iron of ξ = 1.6·10-9 SI-units·(gwet tissue / μg Fe) was reported, which
agreed with the value found for iron overloaded liver tissue(13). Based on these data, the
subendocardial iron concentration CICendo was given by:

[2]

The value of Δχcontrol_endo was the mean value of Δχendo measured from control subjects in
this study. In a similarly fashion, the subepicardial iron concentration CICepi was given by:

[3]

Here, the value of Δχcontrol_epi was the mean Δχepi value measured from control subjects in
this study. The quantity CICavg = (CICendo + CICepi)/2 was calculated as an average cardiac
tissue iron concentration.

2.2 Assessment of Cardiac Iron by MRI-R2*
The measurement of R2* in a mid-papillary short axis slice of the interventricular septum is
the current method of choice for cardiac iron assessment. However, MRI-CS can only be
performed in close contact with a reference tissue of known magnetic susceptibility and
preferably for interface orientations with θn near 0° or 90°. Presently for subepicardium, this
can only be realized at the apical cardiac wall. Thus, for comparison, septal and apical cardiac
R2* measurements were performed in a single short axis slice through septum and in a single
transverse slice through apex, respectively. Multiple gradient echo images (TE = 2.0, 2.5, 3.0,
4.0, 6.0, 9.0, 12.0, 15.0, 18.0 ms) were acquired one for each breath-hold using an ECG
triggered 2D turbo field echo technique. Other parameters were: FOV = 380×285 mm2, slice
thickness 10 mm, sampling matrix = 256× 96, sampling bandwidth = 254 Hz/pixel, TR = 21
ms, flip angle= 20°, TFE factor = 5. The reconstructed image matrix size was 512×384.

R2* was quantified from manually drawn ROI at the left ventricular (LV) wall. Because data
sets were acquired with multiple breath holds, the ROI had to be separately delineated on
images with different TEs avoiding partial volume effects from the ROI boundary. The mean
value of R2* and its standard error were determined. All data analyses were conducted using
internally developed software written in IDL.
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2.3 Control Subjects and Patients
Nine normal control subjects (5 female, 4 male, age range 21 to 36 years) were studied. From
the control subjects, R2* at the septum and at the apex near the chest wall, and data for MRI
cardio-susceptometry were acquired.

Thirteen β-thalassemia major patients (6 female, 7 male, age range 6 to 40 years) were studied.
All patients were receiving regular blood transfusion therapy and chelation treatment with
deferoxamine alone or in combination with deferiprone. The serum ferritin levels ranged from
792 to 6363 μg/l, with a mean value of 2880 μg/l. R2* was derived from measurements of
septal short axis images (in all 13 patients) and apical images near the chest wall (in 10 of the
13 patients). MRI-CS was completed in all 13 patients.

2.4 Statistical methods
Parametrical statistical methods were applied (arithmetic mean, standard deviation, Pearson's
correlation coefficient). For prediction, linear regression analysis was performed with non-zero
intercept to calculate standard prediction error and coefficient of determination.

3. Results
3.1 Validation of MRI-CS by phantoms

Phantom studies were conducted to ensure that susceptibility measurements from Houston and
Oakland MRI sites were consistent. A set of CuSO4 solutions in 60 ml clear cylindrical
polystyrene jars (Fisher Scientific, USA) with concentrations from 100 to 400 mM were
measured with this technique at both TCH and CHRCO. The jars had a diameter of 5 cm and
a flat bottom with a thickness of 1.5 mm. The containers were submerged in distilled water,
and the axis of the bottle was perpendicular to the magnetic field Bo. The phase difference
across the flat container bottom was measured for quantification of the magnetic susceptibility
(in Eq. [1], Shf = 0.074 according to Wang et. al. (22)). The linear regression resulted in a
magnetic mass susceptibility of 18.0 · 10-6/mol for CuSO4 in aqueous solution, agreeing well
with the value of 17.5 · 10-6/mol established previously (22). Excellent agreement between the
two scanners was demonstrated (Figure 2).

3.2 Quantification of cardiac iron concentration in patients and controls
The magnetic susceptibility was measured for subepicardium and subendocardium from all
patients and control subjects. Figure 3A and Figure 3B shows the amplitude and phase images
acquired with the 3D turbo gradient echo imaging from one patient. It can be seen that the LV
wall has a decreased signal amplitude compared with the intercostal muscle, owing to an
increase in R2*. On the other hand, the signal phase of the LV wall is increased relative to the
intercostal muscle, due to an increase of the magnetic susceptibility in the cardiac tissue. The
phase profile along an oblique line segment (y′ direction) in Figure 3A and 3B is shown in
Figure 3C from the left ventricular oxygenated blood to the intercostal muscle. The phase
difference between the LV wall and blood depends on Δχendo. The phase difference between
LV wall and chest muscle depends on Δχepi. There was no need to perform any phase
unwrapping procedure in the data analysis owing to the short TE in the data acquisition.

For patients, the subendocardial magnetic susceptibility Δχendo ranged from −0.25·10-6 to 1.28
·10-6 SI-units, with a standard error ranging from 0.03·10-6 to 0.22 ·10-6 for individual patients.
Subepicardial magnetic susceptibility Δχepi ranged from −0.13·10-6 to 2.41·10-6 SI-units, with
a standard error of the mean ranging from 0.03·10-6 to 0.21·10-6. Higher susceptibility values
were associated with larger error bars.
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For control subjects, the subendocardial magnetic susceptibility Δχendo ranged from
−0.27·10-6 to 0.04 ·10-6 SI-units and the subepicardial magnetic susceptibility Δχepi ranged
from -0.05·10-6 to 0.34·10-6 SI-units. Thus, mean volume susceptibilities (± SD) of Δχendo =
(-0.06 ± 0.10)·10-6 and Δχepi = (0.13 ± 0.12)·10-6 SI-units were obtained.

With these data, the iron concentrations in the subepicardial and subendocardial region of the
LV wall could be calculated according to Eqs. [2,3] in patients.

3.3 Correlation of cardiac iron concentration by MRI-CS with cardiac R2*
From control subjects, expected R2* values were obtained for the septum (29.2 ± 4.3 s-1) and
for the apex of the anterior cardiac wall (32.2 ± 6.9 s-1). The R2* values from the two regions
were moderately correlated (r = 0.72, p <0.02). For patients, R2* values of the septum ranged
from 21.2 to 194.6 s-1 with a mean value of 92.2 s-1. R2* values of the apex ranged from 15.1
to 227.3 s-1 with a mean value of 118.9 s-1. R2* values in these two regions were strongly
correlated in patients (r = 0.94, p < 0.001). Combining control subjects and patients, the
regression analysis in Figure 4 yielded R2*apex = (1.17 ± 0.08) · R2*septum + (0.6 ± 6.9) s-1

with a coefficient of determination r2 = 0.93 (p < 0.001).

The correlation between apical R2*apex and CICavg is shown in Figure 5A. For control subjects
and patients, correlation coefficients of r = - 0.80 (p < 0.01) and r = 0.91 (p=0.001) were found,
respectively. The negative slope in the linear relationship for controls was unexpected (dashed
line in Figure 5A). Predicting cardiac iron from R2*apex by combining controls and patients
resulted in a linear regression of CICavg (μg Fe/gwet tissue) = (5.2 ± 0.5) · R2* apex (s-1) - (100
± 50) (solid line in Figure 5A) with a coefficient of determination r2 = 0.87 and a standard error
of 140 μg Fe/g wet tissue.

The correlation between septal R2*septum and CICavg is shown in Figure 5B. For control
subjects only, no significant correlation was found (dashed line in Figure 5B: r = -0.45, p =
0.22), again, with a negative slope of the linear relationship. For patients, the correlation was
highly significant with a coefficient of r = 0.95 (p < 0.001). For prediction of CICavg from
R2*septum by combining controls and patients, the linear regression resulted in CICavg (μg
Fe/g wet tissue) = (6.4 ± 0.4) · R2* septum (s-1) - (120 ± 40) (solid line in Figure 5B) with r2 =
0.92 and a standard error of 110 μg Fe/g wet tissue.

4. Discussion
The presence of ferritin and/or hemosiderin tissue iron changes the magnetic susceptibility of
the tissue. In addition, iron is inhomogeneously distributed as iron hydroxide clusters, causing
microscopic variations of local magnetic fields within a MR image voxel. The change in
average magnetic susceptibility is macroscopic, causing changes in the phase of the MR signal
in gradient echo images. Our susceptometry technique exploits these phase changes to quantify
the tissue susceptibility. On the other hand, the microscopic spatial variation of the magnetic
susceptibility within image voxels causes proton spins to dephase and contributes to changes
in R2*. Therefore, MRI susceptometry measures the macroscopic change of magnetic
susceptibility, and MRI-R2* mainly reflects the microscopic spatial variation of magnetic
susceptibility. The two measurements are correlated, and both approaches can be used for tissue
iron quantification. However, R2* is also sensitive to susceptibility artifacts related to
macroscopic B0 field gradient. These artifacts may arise due to the air space in the lung, and
may be more significant with normal or mildly elevated iron. Consequently, MRI-R2* may
not be reliable for detecting or quantifying mild iron overload. In contrast, the MRI
susceptometry method presented here aims to quantify the field difference across the interface
between the cardiac muscle and a reference tissue, and is not sensitive to the field disturbances
from sources away from the interface.
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For the quantification of the magnetic susceptibility of the cardiac tissue, it is critical that the
susceptibility of the reference tissue remains constant and independent of the disease condition.
It has been shown that iron does not accumulate in intercostal muscle in thalassemia patients
with iron overload (23), and therefore, can be used as reference for measuring the magnetic
susceptibility of subepicardium. Furthermore, the susceptibility of the oxygenated blood in the
LV also stays in a narrow range. It is possible that some patients may have decreased hematocrit
(Hct) levels. Based on Weisskoff et al.(25), and assuming hemoglobin to be responsible for
the deviation of the susceptibility of blood from water, we can calculate a susceptibility change
of 0.075·10-6 (SI-unit) if Hct changes from 50% to 30%. Based on Eq. [2], this will introduce
an error of 47 μg Fe/g wet tissue in the measured CICendo value, and an error of 24 μg Fe/g
wet tissue in the CICavg value. The size of this error is acceptable for practical purposes, but
could also be corrected using Hct values in patients.

In general, MRI measurements are sensitive to flow. Especially in the phase measurements
used in the present study, motions of the heart and blood flow in the ventricle are of concern.
Data acquisition was carried out in end-diastole and flow compensation was employed in the
TFE pulse sequence, thus minimizing phase errors due to the flow in all three spatial directions,
as has been demonstrated in a previous study (20) using similar sequence parameters.
Furthermore, phase maps from control subjects confirmed that there were no phase artifacts in
both the myocardium and the blood in the left ventricle. Nonetheless, our calibration procedure
(Equations [2] and [3]) using data from the control subjects would have largely removed the
effects from potential small phase errors in the patient studies.

Based on the good agreement between R2* at the septum and apex (Figure 4), we studied the
correlation between apical cardiac iron measured by MRI-CS and by MRI-R2* at both apex
and septum. A highly significant relationship between R2* from both cardiac tissue areas and
the MRI-CS measurements was observed. The relationship between CIC and R2* was found
to be very similar to that of Ghugre et al. (26) from an autopsy study of one newly deceased
patient. Although, that study was restricted to a range of 180 < R2* < 290 s-1, their regression
coefficient of 5.6 s · μg Fe/g wet tissue was in close agreement with ours (6.4 and 5.2 s · μg
Fe/g wet tissue for septum and apex, respectively). The only other human autopsy study (27)
measured T2* and iron concentration in heart samples of two transfused patients with
sideroblastic anemia and thalassemia major. From the mean T2* value of 5.2 and 45 ms for
these two hearts, we can predict CIC to be 900 and 16 μg Fe/gwet tissue based on our calibration
for the apex region, which agree well with chemically measured mean iron concentration of
952 and 47 μg Fe/gwet tissue for these two cases. In addition, the initial skepticism of one of the
authors (RF) about directly linking MRI-R2* measurements to cardiac iron no longer has any
justification because of these results (12).

In control subjects, we unexpectedly observed that R2* at the apex is negatively correlated
with CICavg calculated from the susceptibility measurement (Figure 5A). We hypothesize that
the negative correlation may be related to the magnetic susceptibility Δχendo of the cardiac
muscle being negative relative to the left ventricle blood reference of control subjects. A non-
zero Δχendo will contribute to R2* through a macroscopic magnetic field gradient. R2* depends
only on the absolute value of the field gradient independent of its direction. Thus, both
Δχendo > 0 and Δχendo < 0 would cause the R2* to increase relative to the situation where
Δχendo = 0. Because control subjects have on average negative Δχendo values, a decrease in
Δχendo might cause the absolute value |Δχendo| and R2* to increase.

Phase maps revealed a non-uniform distribution of the magnetic susceptibility in the iron-
loaded myocardium. This is consistent with a large range of R2* in a single autopsy heart.
(26) In 8 of 9 patients with septum R2* greater or equal to 50 s-1, the subepicardial iron level
was higher than that in the subendocardium. This is consistent with previous autopsy heart
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studies (26,28-30). In the oldest patient (40 y), the reverse was found. However, we do not
know if these observations will have any clinical implications. We also noticed that the
thickness of the LV wall is exaggerated on the gradient echo amplitude images under iron
overload conditions relative to that revealed on the phase image. This can be seen on Figure
3A and 3B by comparing the amplitude and phase images. We hypothesize that the large signal
phase gradient at the interface between the LV wall and the surroundings caused drastic signal
amplitude decrease at the interface areas, making the LV wall to appear thicker, while the phase
map may underestimate the cardiac wall thickness due to partial volume effects. We expect
that this phenomenon would affect R2* quantification. Our measurement was performed in
multiple breathhold mode for different TE's with known image registration problems.
Consequently, we were not able to study this question in detail based on our data. However,
slightly larger R2* values were obtained if the ROIs were well-confined in the center of the
ventricular wall in contrast to delineating the ROIs by the visualized LV wall boundary on the
images (Appendix A).

Currently, the MRI-CS method is affected by four limitations. First, this method relies on close
contact between the left-ventricular cardiac wall and the intercostal muscle. This requirement
is fulfilled in most young patients, similar to the age group of this study. However, in older
subjects, a thicker lipid layer (> 2 mm) may compromise the accuracy of the technique. Second,
we are currently measuring the magnetic susceptibility of the apex instead of also measuring
the septum region. The phase at the septum region is measured less reliably with our technique
due to residual motion artifacts despite the use of navigator echoes and the weaker signal at
the septum due to the use of surface array coil. The phase contrast between the blood in the
LV and septum decreases due to a combination of these two factors. To appreciate this point,
notice that although the SNR of the phase map is still robust at the septum, the relative
contribution to the signal from motion related ghosting is larger at the septum than at the apical
region near the chest wall. Third, the use of respiratory gating with the navigator echo may
confine this method to specialized centers equipped with this capability. Using a breathhold
technique instead would also avoid the risk of movement artifacts. Further technical
developments will be needed to address these issues. Finally, the parameters used in the
susceptibility quantification were derived from a gerbil model study, not from the human heart.
In the gerbil study, a specific magnetic hemosiderin/ferritin iron susceptibility of ξ =
1.6·10-9 SI-units·(gwet tissue / μg Fe) was found within a standard error of 10 % (ref. 16) in
agreement with former liver susceptometry studies. Any deviation from this value for human
heart tissue would be proportionally reflected in the CIC quantification (Eqs. [2] and [3]). In
addition, we assumed Shf = -0.133 in Eq. [1] based on the gerbil study. Presently we do not
have data for Shf of the human heart. This quantity is linked to the properties of ferritin, which
is a highly conserved protein through evolution. In our measurement condition, cosθn is close
to zero in Eq. [1] and the measured susceptibility difference scales with (1+Shf). In general,
we expect |Shf| to be much smaller than 1, and the errors associated with Shf will not be large.
For example, if the true value is different by 0.05 (Shf = -0.183 or -0.083), the resulting
susceptibility difference will be off by 6%.

More patient studies will be needed, especially for patients with R2* between 50 and 100 s-1

(T2* from 10 to 20 ms), where deviations of 50 % were found between R2* and MRI-CS. In
this range, the R2* method has not been firmly established due to difficulties related to
susceptibility artifacts and calibration shortcomings. Additionally, analyzing signal decay
curves with superimposed background signal offset is problematic in this range. It is critical
to determine if the MRI-R2* method is providing accurate iron measurements in this
intermediate region of iron overload in the heart in order to more effectively manage patient
treatment, especially, in studies monitoring chelation effects in the heart (31). In particular, it
will be helpful to accurately measure abnormal cardiac iron accumulation in order to effectively
adjust chelation treatment at an early stage of cardiac iron loading.
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In summary, we have demonstrated that the magnetic susceptibility of the cardiac tissue can
be quantified in vivo with magnetic resonance imaging for a non-invasive, direct quantification
of the absolute iron concentration in the heart. In vivo comparison of cardiac R2* relaxation
rates with iron concentrations calculated from magnetic susceptibilities may also replace the
more difficult and ethically problematic approach of calibrating R2* in iron overloaded autopsy
hearts. MRI cardio-susceptometry not only provides an alternative and independent approach
to R2* measurements, but also confirms results achieved with MRI-R2* even for non-standard
tissue regions.
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Appendix A
We compared R2* values with different ROI placements at the septum in patients in order to
test to what degree the results may be different due to different signal decay rate at the center
versus the edge of the LV wall. First, a large ROI was drawn on each gradient echo image with
the boundary along the edge of the septum as visualized on the MR image. Second, a small
ROI was obtained by eroding the large ROI with a 5 by 5 pixel kernel. Typically, the small
ROI covered half of the width of the LV wall as visualized on the MR images. The average
signal intensity within each ROI was calculated and used for determine the R2* value. Using
linear regression analysis, we found that the R2* obtained with the large ROIs was well
correlated with that from the small ROIs by R2*Small = 2.8 + 1.07 · R2*Large (r = 0.99, p<0.001).

The R2* values reported in section 3.3 were obtained from ROIs between the two extreme
cases considered in this appendix.
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Figure 1.
Block diagram outlining the procedure for the quantification of magnetic susceptibility
difference between the cardiac tissue and the reference.
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Figure 2.
Results of the phantom validation studies at the two participating sites. Error bars are smaller
than the symbol. The magnetic susceptibility χ of CuSO4 solution with concentrations of 100,
200, 300 and 400 mM was measured relative to distilled water with a regression coefficient of
0.98 (p < 0.0017) and a coefficient of determination R2 = 0.9967.
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Figure 3.
Transverse amplitude image (A), phase image (B) and phase profile (C) in a patient with iron
overload. (A): the LV cardiac wall has decreased signal intensity compared with the intercostal
muscle on the amplitude image, owing to an increase in R2*. (B): the signal phase of the LV
cardiac wall is increased relative to the intercostal muscle, due to an increase of the magnetic
susceptibility in the cardiac tissue. The x′ and y′ axes are the same as that referred to in Figure
1. (C): the phase profile along the white bar in y′ direction of the amplitude/phase image with
the magnetic field Bo perpendicular to the image plane.
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Figure 4.
Correlation between septal and apical R2* of left ventricular cardiac wall. The solid line is the
result of linear regression when all patients and control subjects are combined (r = 0.96, p <
0.001).
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Figure 5.
Correlation between R2* and the averaged subendocardial and subepicardial iron
concentration (CICavg) from the anterior apical left ventricular cardiac wall. (A) Correlation
between apical R2*apex and CICavg for patients and controls (solid line: r = 0.93, p < 0.001)
and, separately, for control subjects (dotted line: r = -0.80, p < 0.01). (B) Septal R2*septum
correlated with CICavg in patients and controls (solid line: r = 0.96, p < 0.001), but not
significantly for control subjects only (dotted line: r = -0.45, p = 0.22)
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