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Technical Note

Measurement of Brain Iron Distribution in
Hallevorden-Spatz Syndrome

Jerzy Szumowski, PhD,'* Erhan Bas, MD,? Kirsten Gaarder, MD,? Erwin Schwarz, Deniz

Erdogmus, PhD,? and Susan Hayflick, MD*

Purpose: To investigate spatial distribution of iron accu-
mulation in the globus pallidus (GP) in patients with Hal-
levorden-Spatz syndrome (HSS) using phase imaging. We
compared sensitivity of a phase imaging technique to
relaxation rate measurement methods (R1,R2,R2*%) for
iron quantification.

Materials and Methods: R1, R2, and R2* were measured
in GP structure of the brain of eight pantothenate kinase-
associated neurodegeneration (PKAN) patients and a
healthy volunteer using a 3T magnetic resonance imaging
(MRI) scanner. The phase of gradient-echo images was
preprocessed to eliminate phase 2w wrapping and filtered
to remove phase background variations. Phase gap across
GP structure was used as a metric for iron effects
quantification.

Results: Among the relaxation rates the most sensitive to
iron accumulation was the R2* rate. The R1 and R2 rates
demonstrated only small variations in this group of sub-
jects. Up to an order of magnitude phase gap changes
were measured between one PKAN patient and an age-
matched healthy volunteer. Assuming that phase gap dif-
ferences scale linearly with iron concentration we esti-
mate that up to 2 mg Fe/g ww accumulates in GP of these
patients.

Conclusion: Our results demonstrate significantly higher
sensitivity of the phase measurements for quantitative
assessment of iron concentration compared to the relaxa-
tion rate measurements. Phase measurements could
potentially be used for monitoring a progression and a
response to therapy in PKAN.
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DEPOSITION OF IRON in the brain is thought to play
a role in the pathophysiology of the normal aging pro-
cess and neurodegenerative diseases (1-6). Whereas
iron is required for normal neuronal metabolism, ex-
cessive levels can contribute to the formation of free
radicals, leading to lipid peroxidation and neurotoxic-
ity (4,7). Hallevorden-Spatz syndrome (HSS), also
known as pantothenate kinase-associated neurode-
generation (PKAN), is an autosomal recessive disorder
characterized by basal ganglia degeneration with ex-
cessive iron accumulation and pigmentary retinopa-
thy. The disorder is caused by mutations in PANK2,
one of four human pantothenate kinase genes to
encode this key regulatory enzyme in the biosynthesis
of coenzyme A (CoA) (8). The link between deficiency
of pantothenate kinase 2 and the cardinal feature, ex-
cessive iron deposition in the basal ganglia, remains
unclear. There is, however, a correlation between
brain iron deposition and disease severity (9). Thus, a
better understanding of the iron accumulation and
spatial distribution in PKAN will improve monitoring
of disease progression and may generate new ideas
for therapeutics.

Magnetic resonance imaging (MRI) is a noninvasive
technique with the potential to provide qualitative and
quantitative assessment of iron distribution and con-
centration in vivo (3,5,7,10). The standard MRI stud-
ies of PKAN patients have usually demonstrated bilat-
eral central areas of hyperintensity within a region of
surrounding hypointensity in the medial globus pal-
lidus (GP) on T2-weighted (T2w) and T2*-weighted
(T2*w) images, a pattern known as the “eye-of-the-
tiger” (EoT) sign (9,11). The area of hypointensity his-
tologically corresponds to a zone of pathologically
increased iron deposits, whereas the area of high
signal intensity reflects loose tissue and gliosis (12)
(Fig. 1).

Iron deposition changes both signal magnitude and
phase of brain MR images (13). The methods for iron
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Figure 1. The standard MRI
studies of PKAN patients have
usually demonstrated bilat-
eral central areas of hyperin-
tensity within a region of
surrounding hypointensity in
the medial globus pallidus
(GP) on T2-weighted images
(T2w), a pattern known as the
“eye-of-the-tiger” (EoT) sign
(A). T1-weighted images (T1w)
usually demonstrates a slight
hyperintensity in the GP (B).

quantification based on signal magnitude changes
have been developed and include measurements of
T1, T2, T2, and T2* relaxation times (7,14-16). It has
been shown that these quantitative MRI techniques
based on magnitude changes of the MRI signal par-
tially correlate with iron content within a limited
range of iron concentration, as seen in an aging brain
(17,18). The qualitatively observable increases of iron
deposition have been described in various chronic
neurological diseases such as in multiple sclerosis,
Alzheimer’s disease, Parkinson’s disease, and PKAN;
however, no quantitative iron concentration estimates
have been reported based on MRI signal magnitude
measurements (1,15,19-21). Moreover, at present
there appears to be lack of consensus on the most de-
sirable MRI method based on signal magnitude for
accurately estimating iron content in the brain (2).

The phase of MRI can be an excellent source of con-
trast (13). In a review article by Haacke et al the
authors state that the phase of the MRI signal could
be the most accurate MRI means to map iron content,
while T1 and T2 relaxation times would play impor-
tant yet complementary roles (22,23). This has al-
ready been demonstrated for gray matter / white mat-
ter contrast, small veins in the brain, and more
recently in venous blood vessels in the peripheral vas-
culature (22,24). A new approach in MRI referred to
as susceptibility-weighted imaging (SWI) offers a
means to quantify iron content differences between
tissues in the brain based on local phase differences
to map the iron (24-26).

Despite great promise, the effects of iron accumula-
tion on the phase of MRI have only begun to be
explored. The main reason for slow adoption of phase-
based methods is the computation required to prop-
erly extract phase data from the source gradient-echo
images. Analysis of MR image phase variations may
be confounded by numerous background factors such
as global magnetic field inhomogeneities, nonuniform
radiofrequency (RF) penetration, magnetic field gra-
dients from air-tissue interfaces, eddy currents, etc.
These artifacts lead to phase rolling and phase 2w
wrapping and must be eliminated or at least mini-
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mized before true iron-related effects on phase can be
assessed (27).

The aim of this study was to investigate the pattern
of pathological iron accumulation within the globus
pallidus structure in a group of eight patients with
PKAN and a healthy volunteer using phase imaging.
To assess the relative potential of magnitude methods
to measure excessive iron concentration in PKAN dis-
ease we also performed quantitative measurements of
T1, T2, and T2* relaxation times in this group of
subjects.

We used phase gap changes across globus pallidus
as a metric for iron concentration assessment (23).
We demonstrate that the phase metrics exhibit a mul-
tifold increase in phase variations while magnitude
methods demonstrated much smaller differentiation
between healthy volunteers and PKAN patients.

MATERIALS AND METHODS

This study was reviewed and approved by the Oregon
Health & Science University Investigational Review
Board and all subjects signed an Informed Consent
Form.

Relaxation Time T1, T2, and T2* Measurements

Brain MR images were acquired on a 3T Philips MRI
scanner using a transmit/receive head coil. Eight
PKAN patients (five males and three females, ages 13
to 21, average 16) and one healthy volunteer (male,
age 17) were imaged. Following localizer images,
standard T1 and T2 scans in the axial plane with 256
x 192 resolution matrix, field of view (FOV) = 20 cm,
and slice thickness 4 mm were collected. For phase
imaging, gradient-echo images (GRE) with the same
geometrical parameters and a flip angle of 60° were
acquired. Example images are presented in Fig. 1
with the following sequence parameters: T1-weighted
scan: spin-echo sequence (SE) with TR/TE 550/8
msec. T2-weighted scan: turbo spin-echo sequence
(TSE) (TR/TE 6000/80 msec and echo train 11). T2*-
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weighted scan: GRE with double-echo acquisition
with TR = 1100 msec, TE1 = 5 msec, and TE2 = 25
msec. These images were saved in amplitude as well
as phase format for T2* calculations and for image
phase processing.

Relaxation parameters T1 and T2 were extracted
from the MIX sequence consisting of a multiecho
spin-echo sequence interleaved with a multiecho
inversion-recovery sequence. The sequence has been
described previously and is available as a product on
a Philips platform (28).

For relaxation times analysis from the MIX
sequence the GP was divided into two segments: an
“‘eye” and a “rim.” For calculation purposes the areas
of interest were manually traced on images and the
average relaxation time and standard deviation calcu-
lated over a selected segment. In addition to the GP,
relaxation times were calculated in frontal lobe gray
matter (GM) and in white matter (WM).

T2* times were calculated using a GRE double-echo
gradient echo sequence with the first echo time TE1 =
5 msec and the second echo-time TE2 = 25 msec. The
T2* values where calculated for each pixel using a
known formula for signal S dependence on TE time in
GRE sequence:

S(TE) = SO exp (—TE/T2x) 1]
From Eq. [1] the T2* relaxation time was calculated:
T2x = (TE2 —TE1)/In[S(TE1)/S (TE2)] 2]

The average relaxation time T2* and standard devia-
tion were calculated over the selected regions.

Phase Measurements

Our phase processing involved a two-step process.
First, gradient-echo phase data was preprocessed
using a region-growing phase unwrapping algorithm
(29,30). This step removed 2w phase wrapping in
images. In the second step the remaining variations of
the phase across an image were removed using a
Hann filter.
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Figure 2. Reconstructed T2
map (A) and T1 map (B)
images using a MIX sequence.
These images were subse-
quently used to calculate T2
and T1 relaxation times in the
GP region.

For the removal of the background phase variations
other groups have employed a highpass filter applied
to raw image data (24,25). This approach used in sus-
ceptibility imaging enhances visualization of veins in
the brain. The small veins are 1 mm or a fraction of a
mm in diameter and the highpass filtering works rea-
sonably well to eliminate phase variations without

Figure 3. Segmentation of the “Eye” of the eye-of-tiger and
the “Rim” in the left and right globus pallidus (A,B). Relaxa-
tion parameters T1, T2, T2* were calculated on a per-pixel
basis and and the average relaxation time and standard
deviation calculated over a selected segment. Data are sum-
marized in Table 1.
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Table 1

T1, T2, and T2* Relaxation Time Measurements in GP

Eye Rim
Subject T T2 T2* T T2 T2*

1 955 (45) 90 (12) 30 (6) 505 (62) 40 (13) 10 (4)
2 910 (52) 75 (14) 12 (7) 610 (75) 50 (17) 12 (6)
3 870 (44) 80 (10) No data 710 (69) 40 (15) No data
4 1005 (72) 70 (11) 22 (5) 655 (70) 50 (15) 8 (4)
5 1060 (59) 112 (19) 38 (8) 620 (70) 55 (19) 10 (6)
6 870 (47) 118 (12) 41 (12) 595 (66) 62 (21) 11 (4)
7 925 (63) 89 (16) 24 (8) 540 (63) 46 (17) 9 (5)
8 950 (59) 125 (11) 28 (8) 800 (92) 60 (25) 12 (5)
Healthy volunteer 825 (41) 101 (16) 32 (8) 825 (88) 101 (17) 32 (4)

Times are in msec units with standard deviation in parentheses.

undesirably altering the signal from the veins them-
selves. Unfortunately, the highpass filter is not an
optimal filtering method for larger structures such as
GP as its application significantly alters the native
phase evolution across the GP structure. These issues
have recently been revisited and a novel processing
algorithm proposed (31).

In the second step of phase filtering we used a
Hann window filter applied to the already unwrapped
phase datasets. We experimented with various sizes of
a window that included 16, 32, and 64 pixel size win-
dows. We found out that a window of a size of 32 pix-
els provided the most reliable phase smoothing for all
the subjects studied in this work.

Phase data processing was implemented in the Mat-
Lab (32) programming environment. 2D GRE images
axial images containing the GP structure were
acquired in six PKAN patients and one healthy volun-
teer. In addition, in two more PKAN patients (siblings)
the phase data were collected in a coronal plane con-
taining the GP structure. All brain image datasets
acquired in this study have been processed using the
two-step process described above.

RESULTS
Relaxation Time Measurements

Examples of reconstructed T2 and T1 relaxation time
maps from the MIX sequence image dataset are
shown in Fig. 2 and an example of GP segmentation
is shown in Fig. 3.

Averaged relaxation time T1, T2, and T2* measure-
ments in GP of an “eye” and a “rim” segments and in
GM and WM are summarized in Table 1. The relaxa-

Table 2

tion times were further converted to relaxation rates
R1, R2, and R2* (as reciprocals of corresponding
relaxation times) for comparison with phase gap
measurements Table 2.

Phase Measurements

An example of phase 27 unwrapping and background
phase flattening using a 32-pixel size Hann window
applied to GRE echo phase image (TE = 5 msec) is
presented in Fig. 4.

A typical phase profile across GP after phase proc-
essing pointing to a dipole source of phase variation
is shown in Fig. 5. We used phase gap measurements
corresponding to a minimum and maximum phase
(defined as a phase gap) as a metrics that, we believe,
reflects the level of iron concentration in GP (23,33).
The results of these measurements averaged for left
and right GP in PKAN patients and results of phase
profile measurements in a healthy volunteer are sum-
marized in Table 3. In addition, we converted phase
change measured in radians into a corresponding
change of magnetic field deviation expressed in hertz.

As can be seen from the results in the Table 1, R1
and R2 rates demonstrated only small variations in
this group of subjects. A higher sensitivity to iron
accumulation exhibit (not surprisingly) R2* parame-
ter, albeit, significantly less than phase gap measure-
ments. A ratio of R2* and a ratio of phase gaps
between the patients and a healthy volunteer were on
average 3.2:1 and 5.3:1, respectively (Table 2). In
addition, a striking, order of magnitude phase gap
changes were measured between one PKAN patient

PKAN Patients Averaged R2 and R2* Relaxation Rates and Averaged Phase Gap Changes Across GP and Corresponding Data for a

Healthy Volunteer

Phase gap [radians]

R2 [s7 '] R2* [s']
‘eye’ rim” ‘eye’ rim” GP
PKAN 11.2 (1) 20.3 (2) 41.5(9) 99.05 (21) 1.3 (0.2)
Volunteer 9.9 (1) 31.3 (6) 0.24 (0.1)
Ratios 3.2 5.3

A ratio of R2* in the rim and a ratio of phase gaps between the patients and a healthy volunteer were on average 3.2:1 and 5.3:1,

respectively.
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Figure 4. Processing of GRE image phase. Original GRE magnitude image (A) and corresponding phase image (B) acquired
in an axial plane that contains GP. Phase image after phase unwrapping (C) and phase background filtering (D). Phase pro-

files (E) and (F) are plotted for a line marked in (C) and (D), respectively. Note slow phase variations in (C,E) as compared to
a smooth phase background in (D,F).

and an age-matched healthy volunteer (Table 3; data diseases such as in multiple sclerosis, Alzheimer’s

in bold). disease, Parkinson’s disease, and PKAN. However, no
specific quantitative iron concentration estimates
DISCUSSION have been reported (1,15,19,20). Quantitative meth-

ods that have been promoted as measures of iron
Observable increases of iron deposition have been accumulation in the brain are based on relaxation
qualitatively described in various chronic neurological times T1, T2, T2* and T2’ or equivalent relaxation
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Figure 5. A typical processed phase (unwrapped and fil-
tered) of a GRE image (A) and a profile of phase changes (in
radians) across a GP region (black line in A) are shown in B.
Measured phase gaps are indicated by arrows in (B).

rates R1, R2, R2*, and R2’ measurements. It has been
shown that these, to a certain degree, are correlated
with tissue iron content in the elderly human subjects
and in animal models (34). Recent results in nine nor-
mal subjects demonstrate a linear relationship
between R2* measures and literature-derived iron
concentration in four iron-rich areas of the brain:
putamen, caudate nucleus, globus pallidus, and
thalamus (35).

Table 3
Results of Phase Difference (Gap) Measurements and Corresponding
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However, relaxation rates have not been shown to
have the same predictive value in diseases that are
known to be associated with iron accumulation. More-
over, at present there appears to be a lack of consen-
sus on the most desirable MRI method based on sig-
nal magnitude for accurately estimating iron content
in the diseased brain (2). This is further supported by
this study, which found relatively minor differentia-
tion between the subjects’ T1 and T2 relaxation times.

We have shown that R2* relaxation rates, especially
in the rim of GP, have a better potential to become
surrogate indices for iron measures in PKAN patients.
However, a new theory is needed to correlate actual
R2* values with phase changes and iron concentra-
tion. Currently accepted theory stipulates that the
spatial gradient of a local phase variation should cor-
relate with R2* values (36). The spatial variation of
the phase across GP in PKAN patients exhibits a typi-
cal dipolar pattern that can be appreciated in Fig. 6.
The current theory is clearly not valid in cases of ex-
cessive accumulation of paramagnetic iron in a rela-
tively small structure of the GP, which leads to a dipo-
lar pattern of phase distribution. In addition, such a
high concentration of iron makes T1 and T2 relaxa-
tions times together with a low spatial resolution H1
spectroscopy of limited use.

The most recent article describing relaxation and
susceptibility characteristics in Hallevorde-Spatz syn-
drome provided only qualitative assessment of GP
MRI features related to excessive iron accumulation
(37). No attempt has been made to actually quantify
iron stores. However, the ability to transition from a
qualitative description of radiological features charac-
teristic of PKAN disease to quantitative assessment of
iron distribution and concentration would be
extremely helpful in characterizing progression of this
rare disease. Moreover, better relative quantification
of brain iron could provide an outcome measure for
clinical studies to evaluate experimental therapeutics
in PKAN.

This is, to the best of our knowledge, the first study
that utilizes image phase information to demonstrate
its dipolar spatial character and uses phase changes
across GP in an attempt to quantify iron stores in vivo
in PKAN patients. The effect of iron on the phase of
MRI is complex and leads to phase 2w wrapping;

Magnetic Field Deviation

Phase difference

Magnetic field deviation

Subject [radians] SD [radians] [Hz] SD [Hz]
1 0.91 0.17 29.0 5.4
2 1.71 0.35 54.4 11.1
3 2.32 0.51 73.8 16.2
4 1.42 0.31 45.2 9.9
5 1.06 0.25 33.7 8.0
6 0.81 0.19 25.8 6.0
7 0.85 0.15 271 4.8
8 0.92 0.21 29.3 6.7
Healthy volunteer 0.24 0.04 7.6 1.3

Note that in one PKAN patient the phase gap difference is nearly an order of magnitude larger than phase change in a healthy volunteer

(data in bold).
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Figure 6. Results of phase processing for Subject 3. Note
striking dipole pattern of phase distribution reflecting a
strong iron accumulation of iron in GP of this patient.

thus, the phase must be unwrapped before iron distri-
bution can be assessed. Furthermore, background
phase variations must be removed before quantitative
assessment of phase spatial distribution can be per-
formed. In this work we developed a two-step phase
processing approach to analyze image phase data that
were collected using gradient-echo GRE technique on
a high field strength 3T MRI scanner. It should be
noted, however, that while image phase processing is
necessary to unravel a true phase distribution over
GP structure, such processing may lead to phase
alteration, which could possibly affect the fidelity of
phase profile data used in this study. More research
is needed to develop robust phase processing algo-
rithms that would remove background phase changes
with a minimal distortion of a local phase. The met-
rics for the gap in phase across the GP have demon-
strated better potential to characterize spatial distri-
bution and quantitative iron accumulation then any
of the magnitude-based methods. A ratio of R2*
between the patients and a healthy volunteer and
ratio of phase gaps were on average 3.2:1 and 5.3:1,
respectively (Table 2). Moreover, up to an order of
magnitude phase gap change was measured between
one PKAN patient and an age-matched healthy volun-
teer (see Table 3). Assuming that phase gap differen-
ces scale linearly with iron concentration (33) and
taking into account published data for iron concentra-
tion in the GP of healthy volunteers (3), we estimate
that up to 2 mg Fe/g ww accumulates in the GP of
these patients.

Our pilot study has certain limitations, and to prove
that phase could indeed be a useful index of PKAN
progression a number of necessary developmental
steps are needed. Our current phase data are based
on a planar 2D GRE acquisition with a limited spatial
resolution. The slice thickness was 4 mm, which
could potentially affect the phase analysis. We plan to
continue this research with data acquisition using 3D
GRE sequence with an isotropic image voxel. T2*
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measurements could be improved as well by acquiring
a train of multiple-echo gradient-echo images with
very short echo times.

Our quantitative estimate of iron concentration in
GP of PKAN patients is based on a comparison of
phase changes across GP in a healthy volunteer. For
more accurate iron concentration quantification a the-
oretical model would have to be developed that corre-
lates the geometry of the GP structure, distribution of
iron among the “eye” and the “rim,” and phase varia-
tions across GP. Such models have been analytically
described for simple spherical or cylindrical geome-
tries of paramagnetic objects in a diamagnetic me-
dium. More theoretical work would need to be done
for the complex geometry of the GP before an accurate
quantification of iron spatial distribution and focal
concentration could be made. Work describing a
method that uses a first-order perturbation approach
to Maxwell’s magnetostatic equations, combined with
the Fourier transformation technique for calculating
magnetic field in the presence of an arbitrary distribu-
tion of bulk susceptibility, offers promise that such a
complex task could indeed be accomplished (38).

In conclusion, we believe that the strong differentia-
tion of phase metrics between PKAN patients and a
healthy subject indicates that phase could serve as a
useful index of PKAN disease progression. Further
work holds promise for developing a robust quantita-
tive assessment of iron accumulation in this rare dis-
ease. This, in turn, will improve our understanding of
how iron contributes to the disease process and may
lead to the development of new avenues of therapy.
Even more important, this potential outcomes mea-
sure, if validated, will finally open the door to experi-
mental drug testing in PKAN. The ability to quantify
and assess longitudinal changes in regional brain iron
could improve our understanding of the complexity of
the disease process. This would help to explicate
pathogenesis, track disease progression, and monitor
treatment effects.
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