Get Clarity On Generics =) messvs

WATCH VIDEO

AJNR

MR Quantitative Susceptibility I maging for
the Evaluation of Iron Loading in the Brains
of Patientswith 3-Thalassemia M ajor

D. Qiu, G.C.-F. Chan, J. Chu, Q. Chan, S.-Y. Ha, M.E.
Moseley and P.-L. Khong

Thisinformationiscurrent as AINRAmMJ Neuroradiol 2014, 35 (6) 1085-1090

of August 22, 2025.

doi: https://doi.org/10.3174/ajnr.A3849
http://www.ajnr.org/content/35/6/1085


http://www.ajnr.org/cgi/adclick/?ad=57975&adclick=true&url=https%3A%2F%2Fmrkt.us-marketing.fresenius-kabi.com%2Fajn1872x240_august2025
https://doi.org/10.3174/ajnr.A3849
http://www.ajnr.org/content/35/6/1085

ORIGINAL RESEARCH
BRAIN

MR Quantitative Susceptibility Imaging for the Evaluation of
Iron Loading in the Brains of Patients with 3-Thalassemia Major
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ABSTRACT

BACKGROUND AND PURPOSE: Patients with B-thalassemia require blood transfusion to prolong their survival, which could cause iron
overload in multiple organs, including the heart, liver, and brain. In this study, we aimed to quantify iron loading in the brains of patients
with B-thalassemia major through the use of MR quantitative susceptibility imaging.

MATERIALS AND METHODS: Thirty-one patients with thalassemia with a mean (*+ standard deviation) age of 25.3 (=5.9) years and 33
age-matched healthy volunteers were recruited and underwent MR imaging at 3T. Quantitative susceptibility images were reconstructed
from a 3D gradient-echo sequence. Susceptibility values were measured in the caudate nucleus, putamen, globus pallidus, red nucleus,
substantia nigra, dentate nucleus, and choroid plexus. General linear model analyses were performed to compare susceptibility values of
different ROIs between the patients with thalassemia and healthy volunteers.

RESULTS: Of the 31 patients, 27 (87.1%) had abnormal iron deposition in one of the ROIs examined. Significant positive age effect on
susceptibility value was found in the putamen, dentate nucleus, substantia nigra, and red nucleus (P = .002, P = .017, P = .044,and P = .04,
respectively) in the control subjects. Compared with healthy control subjects, patients with thalassemia showed significantly lower
susceptibility value in the globus pallidus (P < .001) and substantia nigra (P = .003) and significantly higher susceptibility value in the red
nucleus (P = .021) and choroid plexus (P < .001).

CONCLUSIONS: A wide range of abnormal susceptibility values, indicating iron overloading or low iron content, was found in patients
with thalassemia. MR susceptibility imaging is a sensitive method for quantifying iron concentration in the brain and can be used as a
potentially valuable tool for brain iron assessment.

ABBREVIATIONS: QSM = quantitative susceptibility mapping; GP = globus pallidus; DN = dentate nucleus; SN = substantia nigra; CP = choroid plexus; DFO =

deferoxamine; L1 = deferiprone

Beta—thalassemia major is a disease caused by genetic defects
that lead to reduced production of hemoglobin. The patients
require blood transfusion to prolong their survival, which could
cause iron overload in multiple organs, including the heart, liver,
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and brain." Tron chelation therapy is administrated to clear the
excess iron. Whereas iron overload in the heart and liver may
cause death, alterations of iron content in the brain may contrib-
ute to cognitive impairment, as observed in some patients with
thalassemia,” which has not been found to correlate with age and
blood ferritin levels. Accurate assessment of iron content in the
brains of patients with thalassemia could provide valuable infor-
mation for individualized patient treatment. Conventionally, MR
relaxometry on the basis of methods that use T2 and T2* mapping
has been used to quantify iron in the brain.* Recently, the appli-
cation of measuring brain iron by use of phase value of MR im-
aging with SWI>® and quantitative susceptibility mapping
(QSM)”'* has been evaluated for the quantification of iron con-
tent in patients with Parkinson disease.'” QSM is an MR imaging
technique that measures the magnetic susceptibility of tissues,
such as blood or iron content, through mathematically modeling
their induced effects on the phase of signal. Although the deriva-

tion of a magnetic susceptibility image from the phase informa-
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tion obtained from MR imaging is an ill-posed problem, tech-
niques have been established to overcome this by imposing
smoothness or sparseness constraints on the susceptibility

9-11

images.” ' QSM has been successfully applied in multiple sclero-
sis, Parkinson disease, and so forth. A recent study'* has also
established positive correlation between magnetic susceptibility
values measured by use of QSM and iron content measured by
x-ray fluorescence imaging and inductively coupled plasma mass
spectrometry. In the present study, we quantified the brain iron
content in a cohort of patients with B-thalassemia major and
compared this with healthy age-matched subjects. We hypothe-
size that there are significant differences in iron loading between
patients with thalassemia and healthy control subjects as mea-
sured by QSM.

MATERIALS AND METHODS

Subjects

Thirty-one (14 male) patients with 3-thalassemia major were re-
cruited for the study and 33 (17 male) age-matched healthy vol-
unteers were recruited from the local community. The mean *
standard deviation (SD) age of the patient group was 25.3 * 5.9
years (range, 15.2—-34.3 years); the mean = SD age of the control
group was 26.1 = 4.1 years (range 19.9—-34.9 years). The study was
approved by the institutional review board, and written informed
consent was obtained from the subjects and/or their parent as
appropriate. Among the 31 patients, 7 had hepatitis C, 16 had
hypogonadism, and 7 had diabetes. The mean = SD number of
years of transfusion for the patients was 24.6 = 5.9 years, and
average hemoglobin level of the patients before transfusion was
96.3 * 6.1 g/L.

Chelation Therapy

The patients received iron chelation therapy for an average of
20.9 = 5.2 years. All 31 patients began their chelation therapy with
deferoxamine (DFO). Of these 31 patients, 8 continued to receive
DFO up to the dates of their MR imaging (DFO group), 6 changed
treatment to deferiprone (L1; L1 group), 12 received additional
treatment with L1, that is, combined DFO and L1 treatment
(L1+DFO group), and 5 changed treatment to deferasirox (Ex-
jade group). The mean * SD treatment durations for the DFO,
L1, L1+DFO, and Exjade groups with their current chelation
agents at the time of MR imaging were 16.2 + 8.2,4.6 = 2.3,2.8 =
1.3, and 1.6 = 1.4 years, respectively.

Blood Ferritin Level

Blood ferritin level was taken regularly every 2 months. The last
reading before the MR imaging, the first reading after the MR
imaging, and 1-year average were obtained for correlation with
MR findings in patients with thalassemia. The mean = SD ferritin
levels before and after MR imaging and the 1-year average were
4687.2 * 2715.8 (range, 1119-111,062) wmol/mL, 4910.3 *
2853.9 (range, 1166—14,200) umol/mL, and 4868.5 * 2575.8
(range, 1295-11,059) umol/mL, respectively.

Image Acquisition
The MR imaging scan was performed with the use of an Achieva
3T scanner (Philips, Best, the Netherlands), and the protocol in-
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cluded a 3D gradient-echo sequence for susceptibility imaging
(FOV = 230 mm, matrix = 256 X 256, section thickness = 2 mm,
TR/TE = 16/23 ms). A T1-weighted image was acquired with the
use of either MPRAGE (FOV = 250 mm, matrix = 252 X 240,
section thickness = 1 mm) or 2D inversion recovery turbo spin-
echo sequence (IR = 800 ms, TR/TE = 2000/20 ms, FOV = 230
mm, matrix = 296 X 252, section thickness/gap = 4 /1 mm) for
anatomic identification and image normalization.

Image Processing

Image processing was performed by use of Matlab (MathWorks,
Natick, Massachusetts). The phase images were first unwrapped
by use of PRELUDE (part of FSL [http://www.fmrib.ox.ac.uk/
fsl]) and the background field was removed by means of the
spherical mean filtering technique.'® The background-removed
phase image was then subject to an L1-norm constrained iterative
reconstruction algorithm'® to calculate the magnetic susceptibil-
ity image from phase image. In the Fourier space, the relationship
between magnetic field f(l;) (Fourier transformation of f{(7)) and
susceptibility distribution X(Tc) (Fourier transformation of x(7)) is
point-wise multiplication with a kernel C(k):

1) f(k) = x(k) - C(k)

- R
2) C(k) = <§ - |7<|2>’

The relative magnetic field map f(7) can be calculated from the

processed phase map ¢(7) as:

3) f7) = — Tg(;

where TE is the echo time of the image and B is the main mag-
netic field of the scanner. Reconstruction of magnetic susceptibil-
ity distribution x(7) from the magnetic field map f(7) is an ill-
posed deconvolution problem because the convolution kernel
C(k) is zero at the cone surface Ik’ =3 - ki. One approach to
solving this problem is to condition the problem by imposing
sparsity constraints on the susceptibility map and recast the prob-
lem as the following optimization problem:

4)  x(7) = arg ming(IA - X(7) — f(F)l, + p- IW-X(F)I,)

where A = ifft- C(k) - fft is the forward transformation from sus-
ceptibility map to field map according to Equations 1 and 2, f(7) is
the relative field map calculated from the processed phase map
according to Equation 3, W is a sparse transformation, that is,
wavelet transformation, and p is a tuneable parameter that con-
trols the balance between the data consistency and solution spar-
sity in the transformed domain given by W. This algorithm is
similar to the method previously proposed, except that wavelet
transformation was used in this study instead of total variation as
regularization term'® because wavelet transformation can pro-
vide a better sparsity of the images."” An optimal p was deter-
mined by a previously described method,'® in which the normal-
ized mean square error of the reconstructed susceptibility map
was plotted against different p values, and the optimal p was cho-
sen to be a turning point of the curve.

We adopted a semi-automatic approach for the analysis of
susceptibility value of multiple brain regions. With the use of



FIG 1. Left to right: Magnitude image, filtered phase image, and susceptibility image for (A) a
healthy volunteer and (B) patient with thalassemia. For the patient with thalassemia, overloading
of iron content in the choroid plexus can be observed as low signal intensity on the magnitude
image and filtered phase image and high signal intensity in the susceptibility image (arrows).

SPM8 (Wellcome Department of Imaging Neuroscience, Lon-
don, UK), the susceptibility image from every subject was nor-
malized to Montreal Neurological Institute space by use of the
respective magnitude image and the TIWT as medium. ROIs were
then manually outlined on the group mean image of the normal-
ized susceptibility maps and included bilateral caudate nucleus,
putamen, globus pallidus (GP), red nucleus, substantia nigra
(SN), dentate nucleus (DN) and the choroid plexus (CP). The
generated ROIs were then copied to each subject for measurement
of susceptibility values and the mean susceptibility value was cal-
culated as the mean value of all non-negative voxels within an ROI
as defined above. We excluded voxels with negative susceptibility
value to avoid the boundary effects and the inclusion of neighbor-
ing white matter voxels. The susceptibility values of left and right
ROIs were then averaged for each anatomic region for further
statistical analysis.

Statistical Analysis
Statistical analysis was performed with the use of SPSS (IBM, Ar-
monk, New York). The Mann-Whitney U test was performed to
determine differences in age between patients and control sub-
jects. A x test was performed to determine difference in sex ratio
between patients and control subjects. First, to evaluate the de-
pendence of susceptibility values on age and sex among healthy
control subjects, linear regression was performed by use of sex as
a factor and age as a covariate. Second, general linear model anal-
ysis was performed to determine susceptibility value difference
for different ROIs between patients and control subjects, control-
ling for the effect of age.

To further characterize the iron loading status of each patient,
each ROI from each patient was classified according to the regres-
sion analysis result from the healthy control subjects. The ex-

pected normal susceptibility value
(SV.) for each ROI of each individual
was calculated by use of SV =a + b X
age + ¢ X sex, in which the coefficients
a, b, and c were determined from regres-
sion analysis from the healthy subjects.
The age- and sex-corrected susceptibil-
ity value (cSV) was then calculated as
cSV = SV — SV_,. The susceptibility
value was defined to be low susceptibil-
ity value if ¢SV < —3*SD, in which SD
indicates standard deviation of the re-
siduals from the regression analysis
from the healthy control subjects, and
this suggests iron “underloading”; con-
versely, the susceptibility value was de-
fined to be high susceptibility value if
¢SV >3%*SD, and this suggests iron over-
loading. On the basis of the ¢SV of the
ROIs, the patients were then categorized
as iron overloaded if at least 1 of the
ROIs had high susceptibility value while
no ROI had low susceptibility value;
iron underloaded if at least 1 of the ROIs
had low susceptibility value while none
had high susceptibility value; “mixed”
findings if low susceptibility value was found in 1 ROI and high
susceptibility value was found in another ROI; and normal if no
ROT had low susceptibility value or high susceptibility value.

Pearson correlation was performed between susceptibility val-
ues of each ROI with blood ferritin levels taken within 2 months
before and after the MR image as well as its average over 1 year.
General linear model analysis was performed to compare suscep-
tibility value of each ROI between patients receiving different
types of chelation therapy after controlling for the effect of age. A
value of P < .05 was considered statistically significant.

RESULTS

Qualitative Observations

Qualitatively, QSM was able to show regions of high iron deposi-
tion at the expected locations in the brain. Subcortical structures
including putamen, GP, SN, and red nucleus can be nicely de-
picted in QSM images (Fig 1A). In some patients, a high amount
of iron deposition was shown as high signal intensity in suscepti-
bility imaging in regions including the CP (Fig 1B). Figure 2 shows
the placement of ROIs on the mean susceptibility image.

Relationship between Susceptibility Value and Age and
Sex among Control Subjects

Table 1 shows the result of linear regression of the susceptibility
value on the control group with age and sex as independent vari-
ables. A significant positive effect of age on susceptibility value
was found in the putamen, DN, SN, and red nucleus, suggesting
higher level of iron concentration with increasing age in these
regions (P = .002, .017, .044, and .014, respectively). In the DN,
significantly higher susceptibility value was found in the women
as compared with men after controlling for the effect of age (P =
.018). In other regions except for the SN, the susceptibility value
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FIG 2. Mean susceptibility map on (A) axial, (B) coronal, and (C) sagittal plane and (D-G) place-
ment of ROIs on the mean susceptibility map, including the caudate nucleus (CN), putamen (PT),
globus pallidus (GP), red nucleus (RN), substantia nigra (SN), dentate nucleus (DN) and choroid

plexus (CP).

Table 1: Results of linear regression of the susceptibility value on the control group with

age and sex as independent variables

cutoff points. Out of the 31 patients, 27
(87.1%) had abnormal iron deposition
in at least 1 of the ROIs. Six had low sus-
ceptibility value in at least 1 of the ROIs
and normal susceptibility value in other
ROIs. Thirteen of the patients had high
susceptibility values in at least 1 of the
ROIs and normal susceptibility value in
other ROIs, 12 of which involved the CP.
Eight of the patients had mixed abnor-
mal susceptibility value, with atleast 1 of
the ROIs having higher susceptibility
value and at least 1 other ROI having
lower susceptibility values.

Table 3 shows the number of pa-
tients with thalassemia with iron over-
loading or underloading in each ROI.
The largest number of patients was
found to have abnormal susceptibility
value in the CP (n = 20), followed by
the GP (n = 12). As a control analysis,
the same analysis was performed on
healthy volunteers, and the results

Intercept /102 Age /107 Sex /1073 P Value PValue  showed that all ROIs had normal sus-
ROI PRI PRI PRI of Age of Sex ceptibility value.
PT 0.45 0.51 115 .002 346
GP 7.22 0.18 8.26 729 .057 . are
an 155 018 030 338 pos Correlation betwe.er.r Plood Ferritin
DN 160 110 8.68 017 oig  Level and Susceptibility Value
SN 435 122 —349 044 455 There was no significant correlation be-
RN 126 172 1.07 014 841 tween measures of ferritin level and sus-
CP 3.83 —0.341 9.75 763 284

ceptibility value of the ROIs.

Note:—Significant positive age effect on susceptibility value was found in PT, DN, SN, and RN, suggesting higher level

of iron concentration with increasing age. In the DN, significantly higher susceptibility value was found in women
compared with men after controlling for the effect of age. In other regions except for the SN, the susceptibility value
was also higher in women, though these differences were not statistically significant. These findings suggest that in the
majority of brain regions, iron concentration increases with age and is higher among women.

SD indicates standard deviation; PT, putamen; GP, globus pallidus; CN, caudate nucleus; DN, dentate nucleus; SN,

substantia nigra; RN, red nucleus; CP, choroid plexus.

was also higher in women, though these differences were not sta-
tistically significant. These findings suggest that in most of the
brain regions, iron concentration increases with age and is higher
among women.

Iron Deposition in Patients with Thalassemia

Table 2 shows mean and SDs of susceptibility values of different
ROIs between healthy control subjects and patients with thalasse-
mia, as well as the P value for group effect by use of the general
linear model after controlling for the effect of age. Significantly
lower susceptibility value was found in patients with thalassemia
compared with healthy control subjects in the GP (P < .001) and
the SN (P = .003); significantly higher susceptibility value was
found in patients with thalassemia in the red nucleus (P = .021)
and the CP (P < .001).

Classification of Patients

On the basis of the results from the linear regression analysis on
healthy control subjects, we established a normal range of the
susceptibility value by use of 3 times the SD of the residues as
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Susceptibility Value and Chelation
Agents
Table 4 shows means and SDs of sus-

ceptibility values in the brain regions
among patients receiving different
chelation agents. No significant differ-
ences between patients receiving different chelation agents
were found.

DISCUSSION

In this study, we applied QSM in studying brain iron loading in a
group of patients with thalassemia and age-matched control sub-
jects. The prevalence of “abnormal” iron concentration was
87.1% in our patient cohort, and we found large variations of iron
concentration among the patients. Approximately two-thirds of
the patients had high susceptibility value in the CP (20/31), sug-
gesting overloaded iron content in this region, whereas reduced or
“underloaded” iron concentration was found in the GP in ap-
proximately one-third of the patients (11/31).

Among the control subjects, higher susceptibility value was
found with increasing age in multiple brain regions, which is con-
sistent with the literature.'® The landmark work of Hallgren and
Sourander,*® whose data still provide the largest quantitative sur-
vey of brain iron content with age, indicates that iron typically
increases rapidly from birth until approximately 20 years of age



Table 2: Mean (standard deviation) of susceptibility values of different ROIs between healthy control subjects and patients with
thalassemia and P values for group effect with the use of the general linear model after controlling for effects of age and sex

PT GP CN DN SN RN CcpP
Control subjects (10~ 2 ppm) 1.82(0.40) 8.23(1.24) 2.04 (0.41) 4.94(1.19) 7.42(1.35) 5.75 (1.63) 3.00(0.63)
Patients (10~ 2 ppm) 191(0.63) 6.58(2.23) 2.04(0.62) 455(1.81) 6.33(137) 6.67(2.52) 7.17 (4.55)
P value 248 <.001 .842 246 .003 .021 <.001

Note:—Significantly lower susceptibility value was found in patients with thalassemia compared with healthy control subjects in GP and SN; significantly higher susceptibility

value was found in patients with thalassemia in RN and CP.

PT indicates putamen; GP, globus pallidus; CN, caudate nucleus; DN, dentate nucleus; SN, substantia nigra; RN, red nucleus; CP, choroid plexus.

Table 3: Number of patients with thalassemia with iron overloading or underloading in

subjects.”” Because of disruption of sex

each ROI hormone production,*® patients with

PT GP CN DN RN cp B-thalassemia have delayed maturation,

lonjoverioad ! 0 2 ! 3 20 which may contribute to the observed
Iron underload 0 n 0 2 0 0

lower iron content in the GP and the DN

Note:—PT indicates putamen; GP, globus pallidus; CN, caudate nucleus; DN, dentate nucleus; SN, substantia nigra; RN,

red nucleus; CP, choroid plexus.

Table 4: Susceptibility values among patients receiving different chelation agents

among patients with B-thalassemia.
Moreover, patients with S-thalassemia
are prone to chronic systemic illnesses,

Mean (SD) /1072 ppm

including hypogonadism, hepatitis C,

DFO L1 DFO+L1 Exjade PValue  diabetes, and so forth. All these may be
PT 1.82 (0.69) 2.09 (0.50) 1.81(0.59) 2.07 (0.85) 201 contributory to the effects on the brain
GP 7.64(2.07) 6.69 (3.50) 5.62(1.73) 7.06 (1.06) 296 and cognition. Thus, the exact physio-
CN 2.37(0.60) 166 (0.49) 1.98(0.54) 2.09 (0.80) 232 logic mechanism underlvine the abnor-
DN 4.95(153) 3.50 (1.57) 4.44(2.08) (1.55) 064 g LS underiying © :
SN 6.87(1.77) 5.89 (161) 6.28(115) 6.08 (0.86) 573 mal iron distribution in patients with
RN 6.01(3.23) 7.26 (1.85) 6.86 (1.90) 6.55(3.68) 801 thalassemia is complex and remains to
cp 7.38(4.28) 7.03 (3.63) 7.47 (6.09) 6.24(1.75) 955 be fully elucidated.

Note:—No significant difference was found in susceptibility values between patients receiving different chelation

agents.

DFO indicates deferoxamine; L1, deferiprone; SD, standard deviation; PT, putamen; CN, caudate nucleus; RN, red

nucleus.

for nearly all brain regions. After this age, brain iron increases less
rapidly and in some regions approaches a distinct plateau in mid-
dle age.

Iron overload in B-thalassemia occurs through multiple path-
ways, including extensive destruction of senescent native and
transfused red blood cells, increased intestinal iron absorption
caused by tissue hypoxia, apoptosis of defective erythroid precur-
sors, and peripheral hemolysis.>! Whether abnormal systemic
iron level directly leads to changes in the brain iron level is un-
clear. Tt is expected that the brain’s iron levels would be well reg-
ulated and maintained according to its own mechanism and met-
abolic needs, and the existence of the blood-brain barrier would
further reduce the influence of blood iron levels on brain iron
level. Nonetheless, it is conceivable that blood iron levels may
have some degree of modulation effect on the brain iron levels. It
is interesting to note that mixed levels of abnormal brain iron
content were observed among the patients with thalassemia in the
present study, with some regions having excessive iron concen-
tration such as the CP and less so, the red nucleus, and some
regions having low iron concentration such as the GP and less so,
the SN and DN. Also, the dynamic interactions between the ef-
fects of regular blood transfusion and iron chelation therapy may
contribute to the regional variations in brain iron level among the
different regions. It has been shown that the CP, which forms the
blood-CSF barrier, is an important interface for brain iron ho-
meostasis and has abundant proteins related to iron transporta-
tion,** which may contribute to the excessive iron content in this
region among patients with thalassemia. It is noteworthy thatiron
content in brain regions increases with age among healthy

Although the effects of iron overload
on heart and liver dysfunction have been
extensively studied because of their early
impact on survival, the effect of altera-
tion of iron content in the central nervous system remains unclear
and the literature to date is limited. It has been found that patients
with thalassemia have neuropsychological impairment in the do-
mains of abstract reasoning, attention, and memory.2 Hemo-
siderosis, toxicity from chelating agents, and chronic hypoxia
have been postulated to be the contributory factors of these cog-
nitive dysfunctions. In our current study, we found that most
patients had either higher or lower levels of iron in at least 1 region
evaluated, but with variations across regions and subjects. Previ-
ous study with the use of T2 mapping showed higher brain iron
loading in patients with B-thalassemia.>> Although the exact
cause of the abnormal brain iron level is still unclear, the presence
of these brain iron level abnormalities as shown in the current
study may have implications in cognitive functioning. High brain
iron level is associated with high oxidative stress, and this has been
implicated in many neurologic diseases including Parkinson dis-
ease, Alzheimer disease, multiple sclerosis, and so forth.* On the
other hand, low iron content has been shown to adversely affect
the dopaminergic-opiate system and the cholinergic system®® and
thus may also affect cognition. In addition, factors associated with
chronic illness leading to regular school absence, physical and
social restrictions, abnormal mental state, rather than the disease
per se, could also play a potential role in the development of
cognitive dysfunction in patients with thalassemia.>”

It would have been interesting to evaluate the effect of the
various chelation agents on iron deposition. Although our pre-
liminary results showed no significant differences, this retrospec-
tive study was limited by the confounding variable of different
treatment times and the small sample size. However, it is interest-
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ing to note that patients treated with L1 had the lowest iron loads
in the DN, and the ANOVA analysis approached statistical signif-
icance. L1, which crosses the blood-brain barrier, has been found
useful in lowering iron levels in the DN of patients with Friedreich
ataxia.”’

Other limitations of the current study are that we did not ac-
quire quantitative liver or cardiac iron measures or neuropsycho-
logical assessments. Future controlled studies with a larger cohort
including these measures are warranted. Finally, although suscep-
tibility values obtained in our study are generally lower than what
was reported previously,?® this is possibly caused by the combina-
tion of differences in subject cohort, ROI placements, and the
selection of regularization parameters in the dipole deconvolu-
tion. However, because the parameters used were the same be-
tween patients and control subjects, the susceptibility values ob-
tained are directly comparable.

Conclusions

We have shown that quantitative susceptibility mapping is sensi-
tive to iron deposition in the brain. The nature of abnormal iron
content varies across different anatomic regions in patients with
thalassemia. QSM is potentially a valuable tool for iron assess-
ment, both on an individual basis for which treatment may be
tailored and for use in clinical trials.
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