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BACKGROUND AND PURPOSE: MSA-P and IPD have similar clinical presentations that may complicate
accurate clinical diagnosis. Different iron-deposition patterns of those 2 diseases have been demon-
strated in histopathology. The aim was to demonstrate the different iron-deposition patterns of MSA-P
and IPD by using SWI phase images.

MATERIALS AND METHODS: Sixteen patients with IPD, 8 with MSA-P, and 44 age-matched healthy
controls underwent SWI of brain. The different phase shifts as well as the high iron percentage of the
area in several gray nuclei were statistically evaluated. The putamen was divided into 4 subregions for
further analysis.

RESULTS: Patients with MSA-P had significantly higher iron deposition in the putamen and PT
compared with those with IPD (P < .05). Moreover, ROC curves indicated slightly more sensitivity in
differentiating MSA-P from IPD, by means of the high-iron-deposition-percentage area than the
average phase shift (putamen: AUC = 0.88 versus 0.78; PT: AUC = 0.79 versus 0.62). Moreover, the
lower inner region of the putamen was the most valuable subregion in differentiating MSA-P from IPD
among the 4 subregions (AUC = 0.92 and 0.91 for high-iron-percentage area and average phase shift,
respectively).

CONCLUSIONS: Higher iron deposition in the putamen and PT may differentiate MSA-P from IPD, but
the lower inner region of the putamen may be better compared with the PT and other subregions of
the putamen. Moreover, the high iron percentage makes it possible to detect smaller increases in iron
content more confidently in comparison with average phase shift.

ABBREVIATIONS: AUC = area under the ROC curve; CN = caudate nucleus; GP = globus pallidus;
IPD = idiopathetic Parkinson diseases; MS = multiple sclerosis; MSA-P = multiple system atrophy
with predominant parkinsonism; PT = pulvinar thalamus; ROC = receiver operating characteristic
analysis; SN = substantia nigra; RN = red nucleus; TH = thalamus

ron plays an important role in brain function'; however,
brain iron deposition has been proposed to play an impor-
tant role in the pathophysiology of neurodegenerative disease.
It has been demonstrated that abnormal iron accumulation
occurs in the brains of patients with various neurodegenera-
tive diseases such as IPD, multiple system atrophy, Alzheimer
disease, and MS.>
Parkinsonism is a clinical syndrome characterized by trem-
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ors, muscle rigidity, and bradykinesia. While the most preva-
lent form of parkinsonism remains IPD, other secondary
causes exist, such as some metabolic diseases and side effects of
several medications and toxins. IPD is a chronic progressive
degenerative brain disorder for which no particular cause can
be determined. Patients with IPD and MSA-P may show sim-
ilar symptoms.®® Accurate diagnosis among the clinically
similar parkinsonian syndromes remains one of the most chal-
lenging situations in neurology. Therefore, early diagnosis and
discrimination of these diseases have important implications
with respect to management and prognosis.

MR imaging has been demonstrated to be an important
tool to quantify iron content in vivo. Many methods have been
used to detect iron accumulation in neurodegenerative diseas-
es.'”%! However, these methods may be insufficient for detect-
ing subtle changes in iron components associated with disease
progression and may not be sensitive enough to detect and
discriminate IPD from MSA-P.>*>** SWI is a new technique
that exploits the magnetic properties of iron content of tissues
by using magnitude and phase images with a 3D fully velocity-
compensated gradient-echo sequence. Compared with a stan-
dard T2* sequence, thin sections with 3D SWI are used to
avoid background field T2* signal intensity loss and magnetic



field variations. Moreover, phase images can enhance contrast to
local changes in magnetic susceptibility, therefore, yielding in-
creased sensitivity in detecting local changes in iron content.**>°
Nonheme iron, usually in the form of ferritin, is a highly para-
magnetic molecule, which causes a phase shift in the local field
correlated with the amount of iron deposition.*>?’

We believe that SWI would be a very sensitive imaging se-
quence, better elaborating putative iron distribution or extent in
the deep gray nuclei of patients with MSA-P and IPD. In this
study, we aimed to demonstrate the different iron-deposition
patterns of MSA-P and IPD by using SWI phase images.

Materials and Methods

Subjects

This was a prospective study approved by the ethics committee of
Tongji Medical College of Huazhong University of Science and Tech-
nology. Written informed consent was obtained from all the partici-
pants. Fifty-four age-matched healthy volunteers ranging from 45 to
80 years of age were recruited from the local community and hospital
staff. Twenty-one patients with IPD and 10 patients with MSA-P were
recruited from the Department of Neurology, Wuhan Union Hospi-
tal. The diagnosis was made by neurologists who were experienced in
movement disorders. IPD was diagnosed according to the UK Parkin-
son’s Disease Society Brain Bank diagnostic criteria,”® and multiple
system atrophy according to the consensus statement on the diagnosis
of multiple system atrophy.*® Four healthy volunteers, 3 patients with
IPD, and 2 patients with MSA-P were excluded because of motor
artifacts; 6 healthy volunteers and 2 patients with IPD were excluded
because of physiologic calcification in the GP. Finally, the study group
consisted of 44 age-matched healthy volunteers, 16 patients with IPD
and 8 patients with MSA-P.

MR Imaging Protocol

A set of images by using fully flow-compensated 3D high-resolution
gradient-echo SWI sequences on a 1.5T MR imaging scanner
(Avanto; Siemens, Erlangen, Germany) equipped with standard
8-channel head coil was obtained. The head was immobilized in the
head coil with foam padding, avoiding any left-right tilt of the head.
Sagittal T1-weighted images were first acquired to locate the precise
positions of the anterior/posterior commissure. The SWIs were ob-
tained parallel to the anterior/posterior commissure line with the fol-
lowing parameters; TR = 57 ms, TE = 40 ms, flip angle = 15°, section
thickness = 2 mm, FOV = 256 mm, matrix size (Nx X Ny) = 512 X
256. Both phase and magnitude images were acquired, but only phase
data were used for further analysis in this study.

Image Processing

Phase images were high-pass-filtered with a 64 X 64 low-spatial-
frequency central kernel by using SPIN (MRI Institute for Biomedical
Research, Detroit, Michigan) software to create high-pass-filtered
phase images, removing varying phase shifts, which arise predomi-
nantly from background field inhomogeneities and air-tissue inter-
faces. The 64 X 64 filter was used with minimal effect on the contrast
of small structures.*

The bilateral SN, RN, putamen, GP, CN, TH, and PT were iden-
tified and hand drawn according to the anatomic structures by an
experienced neuroradiologist on the filtered phase images, and the
bilateral values were averaged. The structures were zoomed-in by a
factor of 4 to make the boundaries easier to determine. We analyzed

only 1 section for each region that showed the largest area, demon-
strated the most well-defined border, and represented the expected
area for iron content deposition for each region (Fig 1).*" The iron
deposition across the entire putamen is inhomogeneous. Therefore,
the putamen was divided into 4 subregions® to describe the iron
distribution pattern more conveniently and accurately (Fig 2D). The
iron deposition for both the entire putamen and its 4 subregions was
quantitatively analyzed. All the regions of interest were remeasured 2
weeks later, on the same images, by the same neuroradiologist. For the
second measurement, the image-presentation order was randomized,
and the neuroradiologist was blinded to the order. The final values
were the means of the 2 measurements.

A recently published study®® established a baseline of phase values
inanumber of brain regions for healthy people. It was found that each
region showed specific phase values, and the 95% confidence interval
of iron deposition, the phase values with a Gaussian-like distribution,
was from a mean —1.96 SD to a mean +1.96 SD for healthy people.
The value of mean —2 SD approximate to mean —1.96 SD was used as
the threshold to separate high- from low-iron deposition in a previ-
ous study.>" In this study, we also chose mean —2 SD derived from 44
healthy volunteers in our study as the threshold or confidence level in
the statistics to separate high- from low-iron deposition. More accu-
rate differentiation of iron depositions between the neurodegenera-
tive and healthy brains could be achieved by removing the partial
overlap of the iron depositions between them, and more accurate
comparisons between IPD and MSA-P with the high- and low-iron
regions of analysis could also be made.

SPIN software was used to draw the regions of interest, and the
total pixel number (N) and the average phase value (phase shift)
within the region of interest could be calculated. Using the 2-region-
of-interest analysis function in SPIN, the pixels in the high-iron-con-
tent region of each region of interest were highlighted and the pixel
number (N1) could be calculated. Then, high-iron-deposition per-
centages (N1/N) X 100% of each region of interest were measured.

Statistics

Age-matched comparisons were made among the patients with IPD
and MSA-P and healthy volunteers. Continuous variables were ex-
pressed as the mean = SD. The group comparisons among the con-
trol, IPD, and MSA-P groups were performed with the Kruskal-Wallis
test, followed by the Student-Newman-Keuls test (as an analysis of
variance), when a significant difference was found. A P value < .05
indicated a significant difference. Furthermore, ROC curves were
plotted to assess the value of high iron percentage and average iron
deposition in differentiating IPD from MSA-P. To verify the repro-
ducibility of the findings, we calculated intraobserver variability by
using intraclass correlation coefficients. The Statistical Package for
the Social Sciences, Version 12.0 (SPSS, Chicago, Illinois) was used for
statistical analysis.

Results

Subject Characteristics
Demographic and clinical characters of the subject groups are
shown in Table 1.

Intraobserver Variability

The intraobserver agreement was good, and the intraclass cor-
relation coefficients were >0.90 for all the regions. Data are
listed in Table 2.
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Fig 1. A—C, SWI high-passed filtered-phase images show regions of interest: 1 = SN, 2 = BN, 3 = CN, 4 = putamen, 5 = GP, 6 = TH, 7 = PT. D, Highlighted region indicates the

high-iron-deposition area in the SN.

Phase Shifts and High Iron Percentage for Different
Groups

The phase thresholds for each region are listed in Table 3.
High-iron-content area percentages and average-total-iron-
deposition values (phase shift) of both age-matched volun-
teers and patients for each region of interest are summarized
in Fig 3. Significant differences of high iron depositions were
observed in the SN, putamen, GP, and PT, whereas, no signif-
icant difference was found in the RN, CN, and TH.

Substantia Nigra

For the SN, the pars compacta appeared to be richer in iron
content than the pars reticulate with larger highlighted areas.
Significant differences were found in the SN (P < .05) when
patients with IPD and MSA-P were compared with healthy
controls. No statistical difference was found for patients with
IPD versus MSA-P (P > .05).

Red Nucleus
For the RN, the vascularized (dark) part was highlighted com-
pared with the nonvascularized (bright) part. The fusion of SN
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to RN was noticed in a patient with severe IPD due to high iron
depositions. The RN did not reveal a statistically significant
iron-deposition pattern in any of the comparisons (P > .05).

Caudate Nucleus

For the CN, the high iron deposition was confined to the re-
gion around the drainage vein; no particular iron-deposition
pattern was observed in the statistics (P > .05).

Globus Pallidus

No distinct iron-deposition pattern was noticed in the GP.
The GP had slightly higher percentage values for patients with
IPD compared with healthy controls (P < .05). No statistical
difference was found for patients with IPD compared with
those with MSA-P and for patients with MSA-P versus healthy
controls (P > .05).

Putamen

The iron deposition for the putamen was so inhomoge-
neous that the putamen was divided into 4 subregions.
High iron deposition was mostly confined to the lower



Fig 2. A—C, The patient with MSA-P (C) has higher iron deposition in the putamen (white arrow) and PT (black arrow) rather than the control (A) and the patient with IPD (B). D, Four
subregions of the putamen: 1 = upper inner region, 2 = upper outer region, 3 = lower inner region, 4 = lower outer region.

Table 1: Demographic and clinical characteristics of the subject
groups

Healthy MSA-P IPD
Total No. 44 8 16
Age range (yr) 45-80 50-82 47-80
Age mean (yr) 594 +11.8 66.7 = 8.5 63.3 = 10.6
Sex (male/female) 21:23 4:4 9.7
Disease duration (A NA 2311 25+17

Note:—NA indicates not applicable.

Table 2: ICCs for each region

SN RN GP Putamen CN TH PT

09 091 094 0.98 095 093 096
095 090 096 0.97 093 092 097

High iron percentage
Average phase shift

outer and lower inner regions. For patients with MSA-P,
the high iron area extended to the upper outer region of the
putamen. Significant differences were found in iron con-

Table 3: Phase thresholds for each region

SN RN GP  Putamen CN TH PT

Radians 0.293 0168 0.135 0.133 0.180 0.038 0.126
Phase value 2233 2158 2136 2134 2165 2073 2130

tent deposition patterns among the groups; the high iron
percentage and average iron deposition of the putamen
were even higher in patients with MSA-P compared with
those with IPD (P < .05) (Fig 2).

Thalamus

No particular iron-deposition pattern was observed in the TH.
However, most interesting, the iron deposition of the PT ap-
peared to be richer compared with the rest of the TH, espe-
cially in patients with MSA-P and IPD. Compared with pa-
tients with IPD, the high iron percentage and average iron
deposition of the PT were even higher in patients with MSA-P
(P < .05) (Fig2).
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Fig 3. Plot of high iron percentage and phase shift for each brain region in MSA-P, IPD, and
control groups. The asterisk indicates a significant difference between IPD and control
groups; the number sign, a significant difference between MSA-P and control groups; the
dot, a significant difference between MSA-P and IPD (P < .05, Student-Newman-Keuls
test).

Comparison of the Phase Shifts and High Iron Percentage
The AUC indicated that the putamen was the most valuable
region in differentiating MSA-P from IPD; meanwhile, the
high iron percentage for the putamen was superior to the av-
erage iron deposition (AUC = 0.88 versus 0.78). The high iron
percentage for PT was also reliable in differentiating MSA-P
from IPD with an AUC = 0.79, but other regions and the
average iron deposition for the PT were less reliable with AUC
values < 0.7 (Fig 4).

Comparison of 4 Subregions of the Putamen

The AUC indicated that the lower inner region of the putamen
was the most valuable subregion in differentiating MSA-P
from IPD, with an AUC = 0.92 for high iron percentage and
an AUC = 0.91 for average phase shift, followed by the upper
outer and lower outer regions. The upper inner region was the
least reliable in differentiating MSA-P from IPD with AUC
values < 0.7 (Fig 5).

Discussion

In this study, the value of SWI to detect iron-deposition pat-
terns to differentiate the hypokinetic syndromes of MSA-P
from IPD was investigated. We generated 3 main findings:
first, with SWI phase images, both the total average iron con-
tent and high iron percentage results had great value in differ-
entiating patients with MSA-P from those with IPD in the
putamen and PT, which were better than other regions (eg, SN
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et al). Second, high iron percentage was superior to average
iron deposition; iron deposition in the putamen was superior
to that in the PT in differentiating MSA-P from IPD. Third,
the lower inner region of the putamen was the most valuable
subregion in differentiating MSA-P from IPD among 4
subregions.

Iron levels have been shown to increase with age in healthy
individuals in the basal ganglia and white matter in many stud-
ies.”>*”?1733 Therefore, we used age-matched controls to elim-
inate this effect. The age and sex distributions in the MSA-P
and IPD groups were similar. The thresholds for the TH, PT,
and CN was similar to those reported in the previous study.”'
However, the thresholds for SN, RN, putamen, and GP had
some differences from those reported in the previous study.
This may be due to the threshold being derived from different
age groups between our study and the previous study.”'

There were various histopathologic studies that showed in-
creased iron concentration in the putamen of patients with
multiple system atrophy.”*° Higher iron concentrations in
the putamen for multiple system atrophy were also detected by
using MR imaging. Vymazal et al’” demonstrated that T2 was
shortened in the putamen of patients with multiple system
atrophy, mostly confined to the posterior region. Kraft et al*®
reported that hypointense putamen signal-intensity changes
were more often observed in multiple system atrophy com-
pared with IPD by using T2*-weighted sequences, but not with
T2-weighted sequences. Von Lewinski et al*® reported a sig-
nal-intensity loss of the dorsolateral putamen in T2*-weighted
sequences of MSA with a high specificity (>0.91). They dis-
criminated MSA from IPD by using a quantitative evaluation
of putaminal signal intensities with a diagnostic accuracy (r) of
=0.82. These results are in concordance with those in our
study demonstrating increased iron deposition in the puta-
men in patients with MSA-P compared with those with IPD. It
is generally accepted that neurodegeneration does not occur in
the striatal and pallidal neurons in IPD, whereas MSA-P does
involve those areas.”®*® The reason may be that imaging is
only sensitive enough to demonstrate iron deposition in the
putamen, where neurodegeneration occurs most.

Most of the prior studies focused on the signal-intensity
changes of the putamen only to differentiate IPD from multi-
ple system atrophy and did not investigate other deep gray
nuclei.’®*>*! In the present study, there was no significant
difference of iron-deposition patterns in the whole thalamus;
however, significantly higher iron deposition in the PT in pa-
tients with MSA-P was observed, which corresponded par-
tially to findings in the previous study using T1 and T2 val-
ues.”” To our knowledge, this relationship has not been
described before with SWI. In another study, iron increased
significantly in patients with MS in the PT,* which indicated
that iron deposition in the PT might be one of the underlying
pathophysiologic mechanisms of some degenerative diseases.

Although iron deposition was noted to be higher in the SN
and GP of patients with IPD, revealing a significant difference
compared with controls, no significant difference between pa-
tients with MSA-P and IPD was observed. Our results are in
concordance with several previous studies reporting increased
iron depositions in the SN of patients with multiple system
atrophy and IPD.'>*>*%/

A few studies used SWI images to detect putative iron
content in the brain as a tool to differentiate MSA-P from IPD.
Gupta et al*® investigated SWI for patterns of mineralization
to differentiate progressive supranuclear palsy, IPD, and mul-
tiple system atrophy; minimum-intensity-projection images
of SWI were used to obtain signal intensities of each nucleus,
which did not demonstrate a significant difference between
IPD and multiple system atrophy, though higher putaminal
hypointensity scores were found in patients with multiple sys-
tem atrophy compared with those with IPD. The discordant
results of this study may be due to different methods used to
calculate iron content. Feng et al*® reported that phase shift
values at the bilateral putamen of the multiple system atrophy
group were significantly lower than those of the IPD and the
control groups, which are in concordance with our study.
However, they did not take the PT and some other structures
into account in their study, and they did not consider breaking
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the structure into high and low iron content regions. More-
over, the putamen was not divided into 4 subregions for fur-
ther analysis in their study.

In this study, a new method for iron detection was used.
With phase data, high-iron-deposition percentages within
a region of interest were calculated. A new concept of a 2-
region-of-interest analysis to study an area of high iron con-
tent in a given structure by breaking up iron deposition into
low and high iron content regions was proposed recently, and
it was proved to be a more sensitive method for calculating
iron deposition as opposed to average total iron content cal-
culations.”®’! In a recent study,’® and our study, the thresh-
olds for each region were different; iron concentrations con-
sidered to be low in one region might be high in others. This is
probably related to the fact that each deep gray matter struc-
ture needs different iron concentrations for its physiologic and
metabolic processes and may have different tolerances for the
iron-induced oxidative stress. In this study, it was demon-
strated that high-iron-content region analyses could reveal
more information that could not be revealed by the total av-
erage iron calculations. We believe that iron depositions in the
deep gray matter could be uneven and focal, therefore decreas-
ing the sensitivity and accuracy of calculations of iron deposi-
tions in methods using average iron depositions at specified
regions of interest.

ROC curves were used to compare the diagnostic value of
high-iron-content percentages with average-iron-content cal-
culations in regions and to assess the diagnostic value of 4
subregions of the putamen. It was found that the AUC of high
iron percentages showed a tendency to be larger than that of
average total region iron calculations, especially in the puta-
men and PT. Therefore, it can be concluded that high-iron-
percentage calculations may be an alternative and possibly a
more sensitive method to evaluate subtle changes in iron con-
tent. The putamen was divided into 4 subregions to study the
value of each subregion in differentiating MSA-P from IPD,
and the lower inner region of the putamen was the most valu-
able subregion among the 4, followed by the upper outer and
lower outer regions. To our knowledge, this comparison has
not been described before.

von Lewinski et al’® reported a signal-intensity loss of the
dorsolateral putamen in T2*-weighted sequences of multiple
system atrophy with a high specificity (>0.91). Their dorso-
lateral putamen may be the lower outer region of the putamen
in our study, maybe including part of lower inner region or
lower outer region. Their findings corresponded partially with
our study. Haacke et al*° reported that in the case of the puta-
men, the upper inner region was found to have little-to-no
iron. The same result was also found in our study, and the iron
deposition in the upper inner region was the least reliable in
differentiating MSA-P from IPD. If the data were to be calcu-
lated in larger patient populations, it may be possible to obtain
cutoff values with relatively high diagnostic accuracy.

There are several limitations to this study. First, the popu-
lation size of our study was relatively small. Second, we used
clinical criteria as an inclusion standard for patients with
MSA-P and IPD, without pathologic confirmation. Third, we
only analyzed the single and most ideal section for calculations
to reduce artifacts, which may lead to miscalculations and may
not reflect the actual total iron deposition in each respective
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nucleus. Fourth, the GP has variable mineralization; it is dif-
ficult to differentiate mineralization such as calcification ver-
sus iron deposition in SWI. Therefore, some subjects were
excluded from this study. Studies with a larger population size
and long-term follow-up would be better to demonstrate the
relationship between iron deposition and diagnosis and differ-
ential diagnosis and progress of neurodegenerative disorders.

Conclusions

SWI is a more sensitive imaging method to detect susceptibil-
ity changes related to iron deposition with both total average
phase values and a newly described method of high-iron-
deposition-area percentage calculations. Our study provided
further evidence for SWI in differentiating MSA-P from IPD.
Both the entire putamen and PT showed increased iron depo-
sition in patients with MSA-P, which demonstrated a more
significant difference from IPD. In addition, our findings sug-
gested that high iron percentage in the entire putamen may be
better compared with the PT, and the lower inner region of the
putamen was the most valuable subregion among 4 when used
in differentiating MSA-P from IPD. Moreover, the high-iron-
deposition-area percentage indicates slightly more sensitivity
in comparison with average phase shift.

Disclosures: Mark E. Haacke is the president of MR Innovations, a company that processes
MR imaging data (including MS data).
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