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Purpose: To investigate the relationship between magnetic reso-
nance (MR) imaging markers of iron content and disease 
severity in patients with multiple sclerosis (MS) over a 
2-year period.

Materials and 
Methods:

This prospective study was approved by the local ethics 
committee, and written informed consent was obtained 
from all participants. Seventeen patients with MS and 
17 control subjects were examined twice, 2 years apart, 
by using phase imaging and transverse relaxation (R2*) 
mapping at 4.7 T. Quantitative differences in iron content 
in deep gray matter between patients and control sub-
jects were evaluated with repeated-measures multivariate 
analysis of variance separately for R2* mapping and phase 
imaging. Multiple regression analysis was used to evaluate 
correlations of MR imaging measures, both 2-year–differ-
ence and single-time measurements, to baseline disease 
severity.

Results: R2* mapping using 2-year–difference measurements had 
the highest correlation to disease severity (r = 0.905, P 
, .001) compared with R2* mapping using single-time 
measurements (r = 0.560, P = .019) and phase imaging by 
using either single-time (r = 0.539, P = .026) or 2-year–
difference (r = 0.644, P = .005) measurements. Significant 
increases in R2* occur during 2 years in the substantia 
nigra (P , .001) and globus pallidus (P = .035), which 
are both predictors of disease in regression analysis, in 
patients compared with control subjects. There were 
group differences in the substantia nigra, globus pallidus, 
pulvinar thalamus, thalamus, and caudate nucleus, com-
pared with control subjects with R2* mapping (P , .05), 
and group differences in the caudate nucleus and pulvinar 
thalamus, compared with control subjects with phase im-
aging (P , .05).

Conclusion: There are significant changes in deep gray matter iron 
content in MS during 2 years measured with MR imag-
ing, changes that are strongly related to physical disabil-
ity. Longitudinal measurements may produce a higher 
correlation to disease severity compared with single-time 
measurements because baseline iron content of deep gray 
matter is variable among subjects.
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and functional measures such as the 
Kurtzke Expanded Disability Status 
Scale (EDSS) (4), cognition (18), and 
disease duration (17). However, the 
temporal relationship of iron accumu-
lation in relapsing remitting (RR) MS 
is unknown from cross-sectional MR 
imaging studies. A wide variation in 
normal iron content in deep gray mat-
ter exists across individuals (7); there-
fore, single-time iron measurements 
may not be adequate to determine 
whether iron content is pathologically 
changing in individual patients. Longi-
tudinal analysis would be more pow-
erful in distinguishing abnormal brain 
iron content in individual subjects.

Investigators in previous imaging 
studies have used nonquantitative, 
T2-weighted fast spin-echo methods 
in longitudinal iron analysis (19–21). 
However, the image contrast gener-
ated is dependent on imaging parame-
ters, and that factor makes interstudy 
comparisons difficult. Furthermore, 
researchers in these investigations 
did not compare iron measurements 
with those in a control group. This 
point is important, as disease-relat-
ed iron accumulation must be dif-
ferentiated from normal age-related 
accumulation.

Phase imaging and R2* map-
ping are promising methods for iron 

because of neurotransmitter metabo-
lism or high energy requirements (8). 
Although excess iron has been ob-
served in MS, the pathologic process 
is unclear. Excess or ill-stored iron 
can cause the formation of free rad-
icals through the Fenton or Haber-
Weiss reactions, which can damage 
proteins, lipids, and DNA (9). Alter-
natively, iron accumulation may be a 
by-product of other processes, such 
as mitochondrial or neuronal dysfunc-
tion (6). Whether iron is a contribu-
tor to disease or a benign by-product, 
it could serve as a biomarker of MS 
disease activity.

Current clinical MR imaging 
methods for the assessment of MS do 
not provide quantitative image con-
trast. Furthermore, many MR imaging 
methods of evaluating disease sever-
ity, such as measuring lesion load or 
counting new gadolinium-enhancing 
lesions, do not significantly (P = .32 
and .68, respectively) correlate with 
functional measures (10,11). Longitu-
dinal lesion analyses either show no 
correlation (10) or a moderate corre-
lation to disability (12,13). Iron mea-
surement of deep gray matter by using 
MR imaging might provide a method of 
predicting disease severity and there-
fore serve as a biomarker for disease 
progression. There are several MR 
imaging techniques that are sensitive 
to iron, including the transverse relax-
ation rates R2 (14) and R2* (15) and 
phase imaging (16). These methods 
indicate increased iron content in 
patients with MS relative to healthy 
control subjects in many deep gray 
matter regions (4,5,17). Furthermore, 
correlations have been demonstrated 
between these MR imaging methods 

Brain iron content has been im-
plicated in the pathophysio-
logic characteristics of multiple 

sclerosis (MS) and might represent a 
marker of disease activity or contrib-
ute to disease progression (1). Iron 
content has been studied both histo-
logically and with magnetic resonance 
(MR) imaging in the deep gray matter 
and within lesions (2) and could con-
tribute to disease through different 
mechanisms. MR imaging offers an in 
vivo approach for analyzing brain iron 
content and has shown that iron levels 
are above normal in certain brain re-
gions and that these iron measures in 
cross-sectional studies correlate with 
disease severity in MS (3–5). However, 
the temporal course of brain iron con-
tent is unknown, and analysis of iron 
changes, rather than single-time mea-
surements, could aid in understanding 
iron pathophysiologic processes in MS 
or may represent a newer method of 
classifying disease severity.

Iron is necessary for normal cel-
lular function and is required in DNA 
synthesis, neurotransmitter produc-
tion, and adenosine triphosphate 
generation (6). In many brain re-
gions, iron level increases with age at 
different rates and there is substan-
tial regional variation (7). Deep gray 
matter typically contains the highest 
iron concentration compared with 
that of other brain regions, possibly 

Implication for Patient Care

 n Quantitative iron evaluation of 
deep gray matter, based on R2* 
MR imaging measurements, has 
a high correlation to physical dis-
ability and could be useful as a 
surrogate marker to follow 
disease disability during short 
intervals in individuals or popula-
tions with MS.

Advances in Knowledge

 n Two-year–difference measure-
ments of deep gray matter by 
using transverse relaxation (R2*) 
mapping have a high correlation 
to physical disability in multiple 
sclerosis (MS) (r = 0.905, P , 
.001).

 n Differences in R2* measured 
during 2 years have a higher cor-
relation to disease (r = 0.905, P 
, .001) than single-time mea-
surements (r = 0.560, P = .019).

 n R2* mapping of deep gray 
matter has high intrasubject 
image–repeat-image reliability 
(1.8% 6 1.3 [standard devia-
tion] variation).
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placement and the correct section for 
each structure was identified in the 
superior-inferior direction relative to 
the standard. ROIs were standardized 
between subjects, on the basis of axial 
deep gray matter orientation with the 
AC-PC line oriented at 0°. The stan-
dard orientation defines axial ROIs 
through the center section of the pu-
tamen and from the caudate nucleus, 
globus pallidus, thalamus, and pulvi-
nar thalamus in the same section, and 
inferiorly, ROIs through the center 
section of the substantia nigra and 
through the red nucleus in the same 
section (Fig 1).

In phase images, the effects of 
nonlocal external magnetic fields 
were mitigated by obtaining reference 
phase measurements from nearby 
normal-appearing white matter (23) 
both directly adjacent to each struc-
ture and separately in frontal and pos-
terior white matter (Fig 1).

Statistical Analysis
MR imaging markers of iron content  
were evaluated longitudinally in each 
structure by using separate repeat-
ed-measures multivariate analysis of 
variance with a Wilks lambda test in 
SPSS (IBM, Armonk, NY). Parameter 
values were averaged in each two-
dimensional ROI and then were av-
eraged between hemispheres. Group 
differences were evaluated between 
subjects with MS and control sub-
jects, as a between-subject effect, and 
changes over time were evaluated as a 
within-subject effect.

Multiple regression analysis was 
conducted to determine the correla-
tion between 2-year changes in deep 
gray matter iron content and the base-
line MS severity score (SS) (30) in-
dependently with both phase imaging 
and R2* mapping measurements. A 
separate multiple regression analysis 
was performed to determine whether 
measurements obtained by using a 
single time, from the second MR im-
aging examination in each subject, 
are an effective predictor of MS SS. 
For both tests, a backward-elimina-
tion model was used with P = 0.1 for  
removal, with seven deep gray matter 

R2* mapping was performed with 
the following parameters: repetition 
time, 44 msec; first echo, 2.93 msec; 
number of echoes, 10; echo spacing, 
4.1 msec; flip angle, 10°; field of view, 
160.0 3 256.0 3 160.0 mm; voxel 
size, 1.0 3 1.0 3 2.0 mm; and acqui-
sition time, 9.4 minutes. Two-dimen-
sional flow-compensated single-echo 
gradient-echo phase imaging was per-
formed with the following parameters: 
repetition time msec/echo time msec, 
1540/15; flip angle, 65°; number of 
contiguous sections, 50; field of view, 
192.5 3 256.0 3 100.0 mm; voxel 
size, 0.5 3 0.75 3 2 mm; and acqui-
sition time, 6.6 minutes. A volumetric 
T1-weighted acquisition was also per-
formed to assess head position mea-
sured along the anterior commissure–
posterior commissure (AC-PC) line in 
the sagittal orientation.

R2* mapping used a weighted 
nonlinear least-squares fit to a mono-
exponential signal decay versus echo 
time. Prior to fitting, source images 
were intensity corrected to compen-
sate for large-scale air-tissue suscep-
tibility effects (26); weighting factors 
were inversely proportional to the 
intensity correction factor to account 
for noise amplification. Phase images 
were processed by using two separate 
background phase removal methods: a 
standard high-pass Hanning filter with 
a filter width of 0.125 (27) and a mov-
ing-window gradient fitting with a filter 
width of 0.0625 (28).

Region-of-Interest Analysis
Region-of-interest (ROI) analysis with 
the use of ImageJ (29) was conducted 
by separately obtaining two-dimen-
sional ROIs from axial R2* maps and 
magnitude images from the phase ac-
quisition. ROIs from R2* maps were 
subsequently verified on gradient-
echo magnitude images (echo time, 15 
milliseconds) from the R2* mapping 
acquisition. Regions studied included 
the head of the caudate nucleus, pu-
tamen, globus pallidus, thalamus (ex-
cluding the pulvinar thalamus), pulvi-
nar thalamus, substantia nigra, and 
red nucleus. The AC-PC angle was 
obtained in each subject prior to ROI 

evaluation in deep gray matter and 
hold several advantages over other MR 
imaging methods: Image contrast is 
less influenced by imaging parameters, 
imaging times are relatively fast, and 
data for both image types can be col-
lected in the same sequence. Although 
many tissue components can influ-
ence the image contrast of phase im-
aging and R2* mapping, iron content 
contributes substantially in deep gray 
matter (22,23) and iron sensitivity in-
creases with increasing field strength 
(24). This study uses these quantita-
tive MR imaging methods to longitu-
dinally evaluate iron accumulation in 
the deep gray matter in patients with 
RR MS relative to control subjects. 
Therefore, the purpose of this work 
was to longitudinally investigate the 
relationship between imaging markers 
of iron content and disease severity in 
patients with MS over a 2-year period.

Materials and Methods

Subjects
Seventeen patients with RR MS and 
17 age- and sex-matched control sub-
jects were studied from June 2009 to 
December 2012 in this prospective 
study. Institutional ethical approval 
and informed consent were obtained 
from the subjects prior to the study. 
Each subject was imaged twice, 2 years 
apart. Inclusion criteria for patients 
were that they received a diagnosis of 
RR MS according to the 2005 McDon-
ald criteria (25) and that they were 
ambulatory without aid (EDSS, ,6.0) 
at the time of enrollment. Exclusion 
criteria for all subjects were that they 
had other neurologic diseases or that 
they had contraindications to MR im-
aging. None of the patients or volun-
teers who were enrolled and provided 
informed consent were subsequently 
excluded.

MR Imaging Data Acquisition and 
Processing
Imaging was performed with a 4.7-
T MR imaging system (Unity Inova; 
Varian, Palo Alto, Calif). Three-di-
mensional multiecho gradient-echo 
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regions included as variables (Fig 1). 
A neurologist who specializes in MS 
(G.B., with 7 years of experience) 
measured the EDSS value in each sub-
ject. Baseline disability, which was 
not influenced by an acute relapse, 
was obtained by measuring the EDSS 
value close in time to the second MR 
imaging, fulfilling two criteria: (a) 
EDSS value measured at the time of 
the study MR imaging if the last re-
lapse occurred more than 4 months 
before the study MR imaging, or if 
the last relapse occurred less than 4 
months before the study MR imaging 
and the EDSS value returned to prior 
baseline level and (b) EDSS value mea-
sured prior to relapse if relapse oc-
curred less than 4 months before the 
study MR imaging and EDSS value at 
the time of the study MR imaging in-
creased from the baseline level. EDSS 
values and disease duration were input 
into the MS SS test program (30) to 
obtain MS SS values.

To establish intrasubject variance of 
the quantitative MR imaging methods 
with two-dimensional ROI analysis, a 
reliability test was performed in four 

Figure 1

Figure 1:  A, B, R2* maps (repetition 
time, 44 msec; first echo , 2.93 msec; 
number of echoes, 10) show ROI place-
ment (blue outline) for the seven deep 
gray matter structures in a 36-year-old 
female patient with MS (EDSS score, 
5.0). C, D, Corresponding phase images 
(1540/15). Baseline phase measure-
ments (black outline) are obtained di-
rectly adjacent to structures to minimize 
nonlocal magnetic fields and separately 
in white matter for reliability comparison 
for phase images (not shown). CAUD = 
head of caudate nucleus, GP = globus 
pallidus, PTHAL = pulvinar thalamus, 
PUT = putamen, RN = red nucleus, SN 
= substantia nigra, THAL = thalamus 
excluding the pulvinar thalamus.

healthy individuals aged 24–50 years 
who underwent the same MR imaging 
protocol, twice in the same day.

Results

Subjects
The control subjects, compared with 
the patients with MS, had no signifi-
cant differences in age or in the time 
between the two MR imaging mea-
surements (Table 1). There were no 
significant differences in head angle, 
as measured with the AC-PC lines, 
between patients (mean, 6.0° 6 7.1 
[standard deviation]) and control 
subjects (mean, 3.0° 6 6.8), with P 
= .29 (paired t test) or differences in 
the head angle, as measured during 2 
years in individual subjects, between 
patients (mean, 0.96° 6 0.74) and 
control subjects (mean, 1.21° 6 1.14), 
with P = .34 (paired t test).

Reliability
In the reliability assessment, the gra-
dient phase processing method with 
adjacent background phase measure-
ments (28) had the lowest intrasubject 

variability, compared with the other 
phase processing methods, and was 
selected for subsequent phase imaging 
analysis (Table 2). R2* mapping had 
substantially lower intrasubject vari-
ability, compared with phase imaging.

Iron Differences
The results of the multivariate Wilks 
lambda test for R2* mapping measure-
ments were significant as a between-sub-
ject effect for group (P = .004) and as a 
within-subject effect for time (P = .017) 
and for time in terms of group (P = .004),  
whereas phase imaging measure-
ments were only significant as a 
between-subject effect for group  
(P = .037) and not as a within-subject 
effect for time (P = .094) or for time in 
terms of group (P = .723). This indicates 
overall group differences across two 
measurement times between patients 
with MS and control subjects by using 
either phase imaging or R2* mapping, 
overall changes in R2* over time across 
groups, and changes between patients 
with MS relative to control subjects 
over time by using R2* mapping. For 
R2* mapping, significant within-subject 



190 radiology.rsna.org n Radiology: Volume 270: Number 1—January 2014

NEURORADIOLOGY: MR Imaging of Iron in Multiple Sclerosis Walsh et al

the following five structures: substantia 
nigra, pulvinar thalamus, thalamus, cau-
date nucleus, and globus pallidus. Phase 
imaging measurements showed signifi-
cant between-subject effects, with lower 
phase imaging values in patients with 
MS for only the pulvinar thalamus and 
caudate nucleus.

Deep Gray Matter Regression to MS SS

By using multiple regression analysis 
with all deep gray matter structures in-
cluded as variables, 2-year–difference 
measurements with R2* mapping had a 
high correlation to MS SS (r = 0.905, P 
, .001). The equation used to predict 
MS SS was as follows: MS SS = 0.232 
· ROISN 2 0.348 · ROITHAL + 0.279 · 
ROIGP + 1.816, where ROISN is ROI 
measurement of the substantia nigra, 
ROITHAL is ROI measurement of the thal-
amus, and ROIGP is ROI measurement 
of the globus pallidus. Substantia nigra, 
thalamus, and globus pallidus were in-
cluded in the regression (Fig 4). Two- 
year–difference measurements with 
phase imaging correlated to MS SS, 
with the substantia nigra as a predic-
tor (r = 0.644, P = .005). The equation 
used to predict MS SS was as follows: 
MS SS = 0.161 · ROISN + 4.465). Single-
time measurements with R2* mapping 
correlated to MS SS, with the pulvinar 
thalamus as a predictor (r = 0.560, P = 
.019). The equation used to predict MS 
SS was as follows: MS SS = 0.264 · ROIP-

THAL 2 4.557, where ROIPTHAL is the ROI 
measurement of the pulvinar thalamus. 
Single-time measurements with phase 
imaging correlated to MS SS, with the 
substantia nigra as a predictor (r = 
0.539, P = .026). The equation used to 
predict MS SS was as follows: MS SS = 
0.086 · ROISN + 6.951. MS SS was nor-
mally distributed across the 17 patients, 
as measured with the Shapiro-Wilk test  
(P = .388).

Independent regressions showed 
correlations to MS SS in several struc-
tures with R2* mapping and phase 
imaging, both as single-time mea-
surements and as 2-year–difference 
measurements. Two-year–difference 
measurements obtained by using R2* 
mapping and phase imaging showed 
that more deep gray matter regions 

Table 2

Same-day Image–repeat-image Test: Percentage of Variation of Deep Gray Matter 
Measurements by using R2* Mapping, Phase Imaging, and Head Angle

Method Subject 1 Subject 2 Subject 3 Subject 4

R2* mapping (%)* 1.9 6 1.3 2.4 6 1.7 1.8 6 1.6 1.2 6 0.8
Phase imaging (%)
 Gradient background phase removal with 

adjacent background†

10.4 6 6.3 11.2 6 8.3 8.4 6 4.7 7.4 6 5.0

 Gradient background phase removal with 
distant background‡

19.3 6 26.1 19.6 6 22.7 11.0 6 9.3 27.5 6 40.5

 Standard high-pass filter with adjacent 
background†

21.6 6 17.5 14.9 6 15.1 11.2 6 8.6 11.3 6 7.4

 Standard high-pass filter with distant 
background‡

22.4 6 22.4 17.9 6 15.6 12.4 6 13.6 12.4 6 15.7

Head angle (degrees)
 Image 1 10.0 3.8 22.6 0.9
 Image 2 8.5 4.7 20.9 0.9

Note.—Measurements were averaged bilaterally in seven deep gray matter structures and then averaged in each subject. 
Unless otherwise indicated, data are means 6 standard deviations.

* Variation in R2* mapping averaged among four control subjects was 1.8 ± 1.3.
† Performed with adjacent background phase measurement.
‡ Performed with frontal and posterior white matter background phase measurement.

effects, using Greenhouse-Geisser tests, 
showed increases in R2* in patients with 
MS over time relative to control sub-
jects in the substantia nigra and globus 

pallidus (Table 3; Figs 2, 3). As between-
subject effects, R2* mapping showed sig-
nificantly larger values in patients with 
MS, compared with control subjects, in 

Table 1

Subject Demographics

Characteristic Patients with MS Control Subjects P Value*

Sex
 No. of female subjects 13 13 . . .
 No. of male subjects 4 4 . . .
Mean age (y)†

 Overall 37.1 (27.3–51.4) 36.5 (25.4–54.5) .38
 Male subjects 37.6 (27.3–51.4) 35.3 (27.9–46.5) .22
 Female subjects 37.0 (27.8–50.5) 36.8 (25.4–54.5) .85
Time between MR imaging and EDSS 

assessment (wk)‡
106 6 22 107 6 23 .24

EDSS score§ 2.5 (1.0–6.0) . . . . . .
MS SS‡ 4.58 6 2.42 . . . . . .
Disease duration (y)|| 5.77 6 2.77 . . . . . .
Time between MR imaging and EDSS  

 assessment (wk)‡
2.6 6 7.8 . . . . . .

* P values were obtained by using a repeated-measures Student t test.
† Unless otherwise indicated, data are the means, and numbers in parentheses are ranges.
‡ Unless otherwise indicated, data are means 6 standard deviations.
§ Data are medians, and numbers in parentheses are ranges.
|| Disease duration was measured from the index event to the second MR imaging study. Data are the mean 6 standard deviation.
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analysis, as various deep gray matter 
structures could have iron changes that 
relate to different aspects of disease. 
Iron accumulation in structures might 
not be a slow steady process and could 
be dynamic with disease progression, 
as iron could increase in certain struc-
tures and decrease in others. Although 
thalamic iron in patients with MS, com-
pared with that in control subjects, is 
increased overall, the negative correla-
tion of iron measured in the thalamus 
to MS SS in the multiple R2* regres-
sion might represent iron efflux. A 
similar iron decrease in the thalamus 
is observed in healthy individuals be-
tween ages 30 and 60 years (7). Phase 
imaging analysis produces weaker, al-
though still significant, correlations by 
using either single-time measurements 
or difference measurements over time, 
possibly because of the lower reliability 
of phase imaging. Although phase imag-
ing measurements have been negatively 

iron concentration in the brain (7). In-
creased iron concentration in these nu-
clei in RR MS could arise from different 
mechanisms, including altered neuro-
transmitter metabolism of dopamine or 
glutamate (8); activation of N-methyl-
d-aspartate receptors, which could en-
hance iron uptake (31); or altered local 
energy demands (1).

Multiple regression analysis of R2* 
mapping to MS SS produced a strong 
correlation and could provide a new 
way of following up patients with RR MS 
over time with imaging. Longitudinal 
phase imaging and R2* mapping mea-
surements were stronger predictors of 
MS SS than single-time measurements, 
possibly because single-time measure-
ments may be insufficient to discrimi-
nate elevated iron levels in RR MS from 
baseline iron variability among sub-
jects (7). Multiple regression analysis 
may have a higher correlation to MS 
SS, compared with single regression 

had a significant correlation to MS 
SS, compared with single-time mea-
surements, with either MR imaging 
method (Table 4, Fig 5).

Discussion

In the current study, we demonstrated 
that longitudinal changes in MR imag-
ing markers of iron content strongly 
correlated with disability in MS dur-
ing a short duration of measurement. 
These changes were relatively large and 
are above and beyond age-related iron 
changes.

Ongoing iron accumulation could 
occur primarily in certain structures 
during the relapsing remitting stage 
of disease, as demonstrated by R2* 
changes in the substantia nigra and 
globus pallidus. Subdivisions of both 
of these deep gray matter nuclei serve 
as output of the basal ganglia and both 
of these nuclei contain the highest 

Table 3

Measurement Differences of Deep Gray Matter Structures between Patients with MS and Control Subjects during 2 Years

Region and Group

R2* Mapping Phase Imaging

Year 0 (sec21) Year 2 (sec21)
Difference over  
Time P Value

Group Difference  
P Value Year 0 (ppb) Year 2 (ppb)

Difference over  
Time P Value

Group Difference  
P Value

Globus pallidus .035* .028* .223 .244
 Patient 58.3 62.2 230.2 230.1
 Control 56.0 56.7 229.5 227.1
Putamen .765 .069 .937 .275
 Patient 41.2 42.7 219.0 220.1
 Control 38.9 39.9 216.5 217.6
Caudate .311 .033* .203 .023*
 Patient 34.4 35.7 220.2 219.1
 Control 32.3 32.0 216.3 216.7
Thalamus .808 .001* .837 .25
 Patient 28.4 28.4 214.2 214.1
 Control 25.5 25.8 212.9 212.9
Pulvinar thalamus .6 .001* .59 .043*
 Patient 34.3 34.7 214.8 215.5
 Control 29.6 29.2 211.8 211.9
Substantia nigra ,.001* .016* .843 .225
 Patient 53.1 60.2 226.9 227.3
 Control 52.3 50.2 231.8 231.5
Red nucleus .131 .338 .782 .53
 Patient 47.8 50.0 227.0 227.7
 Control 47.6 47.0 225.9 225.9

Note.— Greenhouse-Geisser tests were used for measurements. ppb = Parts per billion.

* The difference was significant, with P , .05.
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biologic process of deep gray matter 
iron changes in MS, human histopath-
ologic studies or in vitro analysis could 
offer detailed and specific information.

The intrasubject reliability of phase 
imaging is lower than that of R2* map-
ping, possibly because of phase imaging 
filtering effects with the standard phase 
imaging method (32) and head-angle 
differences, which can affect phase im-
aging measurements (33). Head-angle 
correction methods or standardization 
could improve significance and reliabil-
ity of phase imaging analysis. These is-
sues are less problematic for R2* map-
ping. Furthermore, differences in the 
results between phase imaging and R2* 
mapping could be attributed to physi-
cal mechanisms behind image contrast. 
Phase image contrast depends not only 
on iron content but also on structure 
shape, which causes local and nonlocal 
magnetic fields (32). R2* decay is also 
affected by other mechanisms, such as 
dipole-dipole interactions. Multicompo-
nent exponential R2* decay is possible 
in deep gray matter but is probably 
more representative of signal decay in 
highly compartmentalized white matter 
(34). Furthermore, R2* decay may be 
nonexponential owing to areas of back-
ground magnetic gradients, vascular 
networks, or a highly compartmental-
ized iron distribution (35). These fac-
tors are likely to be minimal in deep 
gray matter because a monoexponen-
tial model produces a high correlation 
to iron in both healthy control subjects 
and patients with MS in validation stud-
ies (22,23).

Deep gray matter structures, in-
cluding the globus pallidus, caudate 
nucleus, thalamus, pulvinar thalamus, 
and substantia nigra, showed group 
differences in R2* measurements be-
tween RR MS patients and the control 
group, and these results agree with 
results from previous studies (3,4). 
Therefore, iron concentration within 
these structures probably increases 
early in the disease course and may 
subsequently plateau or slowly in-
crease in regions other than the glo-
bus pallidus and substantia nigra. 
Investigators in some studies have 
shown differences between subjects 

high correlation to disease, researchers 
in future studies could investigate lon-
gitudinal R2* measurements for mon-
itoring treatment or for predictive 
value of disease progression in individ-
ual patients. To better understand the 

correlated with iron in most deep gray 
matter structures, a positive corre-
lation is observed in the center axial 
section of the substantia nigra because 
of shape effects on phase image con-
trast (32). Because R2* mapping had a 

Figure 2

Figure 2: A, B, R2* maps (repetition time, 44 msec; first echo, 2.93 msec; number of echoes, 10) and C, 
D, phase images (1540/15) from, A, C, a 30-year-old female patient with MS (EDSS score, 1.0) and, B, D, a 
30-year-old female control subject. The substantia nigra in the patient with MS, compared with the control 
subject, is more hyperintense in the phase image and R2* map. In the patient with MS, the pulvinar thalamus 
is more hypointense in the phase image and hyperintense in the R2* map. ppb = parts per billion.
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phase imaging may require larger 
groups to find equivalent significance 
to R2* mapping differences with 
smaller groups, as evident in other 
studies (4,17) that have shown phase 
imaging differences in additional deep 
gray matter structures. Iron changes 
could occur in white matter; however, 

have early iron changes caused by ax-
onal degeneration from cumulative 
damage during acute inflammation. 
These nuclei have more extensive an-
atomic connections throughout the 
cerebrum and brainstem, compared 
with other deep gray matter nuclei. 
Iron changes in MS measured with 

with clinically isolated syndrome and 
control subjects by using T2 hypoin-
tensity measurements (19), yet there 
is conflicting evidence as to whether 
the extent of hypointensity, measured 
at one time, is a predictor of disease 
severity. In MS, the caudate nucleus, 
thalamus, and pulvinar thalamus could 

Figure 3

Figure 3: Deep gray matter measurements during 2 years by using, A, phase imaging and, B–D, R2* mapping.  
Individual subjects and group averages for patients with MS and control subjects. All structures shown have a 
significant between-group effect (P , .05), indicating an overall difference in iron between subjects with MS and 
control subjects. ∗ = structures with a significant within-subject effect (P , .05), indicating a change over time in 
iron content between subjects with MS and control subjects. ppb = parts per billion.
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disease subtype. In this study, we 
used a field strength of 4.7 T, which 
has the benefit of high iron sensitiv-
ity; however, there were several lim-
itations. It remains to be determined 
whether progression of disease would 
be as well correlated with different 
field strengths. As well, T1-weighted 
images have poor deep gray mat-
ter contrast at a high field strength, 
mainly because of longer tissue T1 re-
laxation times (39). This makes atro-
phy measurements determined on the 
basis of current automatic segmen-
tation methods, such as the model-
based segmentation and registration 
tool (Functional MRI of Brain’s Inte-
grated Registration and Segmentation 
Tool, FIRST; FSL, Oxford, England), 
unreliable at 4.7 T. Longitudinal atro-
phy measurements in relation to MR 
imaging measures of iron require fur-
ther investigation, as iron increases 
measured with R2* mapping could 
be in part due to volume reduction 
(3). However, R2* changes in deep 
gray matter are greater than atrophy 
changes, indicating that other factors 
are likely to be involved. A stepwise 
multiple regression method was used 
in this work; however, other methods 
could be used to evaluate different 
combinations of predictors, which 
could yield different results.

MR imaging markers of iron in 
deep gray matter are easily measur-
able and show significant and sub-
stantial changes during 2 years that 
strongly correlate with disease sever-
ity. R2* mapping and phase imaging 
measurements compared during 2 
years are a more effective predictor 
of disease severity than single-time 
measurements. In conclusion, R2* 
mapping has a strong correlation to 
disease and a high intrasubject reli-
ability; therefore, this method could 
be useful as a surrogate marker to 
follow disease disability during short 
intervals in individuals or populations 
with MS.
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(37,38), compared with 3.3%–6.7% 
per year for iron marker changes in 
the globus pallidus and substantia ni-
gra; and therefore, atrophy may not be 
as powerful as a biomarker of disease 
progression in individual subjects or in 
population studies of shorter duration. 
In addition, atrophy measures require 
precise definition of structural bor-
ders, which may be ill-defined, while 
R2* mapping is less dependent on pre-
cise edge determination.

There were several limitations 
with this work. More longitudinal 
studies, with multiple times and vari-
ous disease severities, are needed to 
clarify temporal iron accumulation in 
specific deep gray matter structures. 
Measurements in early disease could 
distinguish which structures are the 
first to show iron changes with MR 
imaging; however, the rate of regional 
iron accumulation in MS might vary, 
depending on disease duration and 

image contrast in both phase images 
and R2* maps is more complex in 
white matter compared with deep 
gray matter and may require advance-
processing techniques to assess tissue 
iron (36).

The correlation of iron measure-
ments in deep gray matter to disease 
severity is superior to the correlation 
of lesion volume changes to disease 
severity (10,12,13). Iron concentra-
tion in deep gray matter may repre-
sent global central nervous system 
dysfunction, while focal white matter 
hyperintensity can represent local as-
pects of the disease, including both 
dysfunction and repair. Gray mat-
ter atrophy measurements have been 
used to show group differences be-
tween patients with MS and control 
subjects, with moderate correlation 
to disease. However, average gray 
matter volume changes are small at 
approximately 0.3%–1.1% per year 

Figure 4

Table 4

Correlation of Deep Gray Matter Structures to MS SS

Structure

2-Year–difference Measurement Single-time Measurement

R2* Mapping Phase Imaging R2* Mapping Phase Imaging

Substantia nigra 0.715 (.001)* 0.644 (.005)* 0.345 (.175) 0.539 (.026)*
Red nucleus 0.317 (.215) -0.521 (.032)* 0.363 (.153) 20.259 (.315)
Pulvinar thalamus 0.484 (.049)* -0.506 (.038)* 0.560 (.019)* 20.247 (.339)
Thalamus 20.151 (.562) 20.375 (.138) 0.004 (.987) 0.260 (.313)
Caudate nucleus 20.044 (.868) 0.088 (.736) 0.210 (.418) 0.137 (.6)
Putamen 0.045 (.862) 20.049 (.851) 0.160 (.541) 0.038 (.885)
Globus pallidus 0.484 (.049)* 20.333 (.192) 0.247 (.34) 20.028 (.915)

Note.—Data are r values, and numbers in parentheses are P values.

* The correlation was significant, with P , .05.

Figure 4: Predicted MS SS (MSSS) by using R2* 
multiple regression analysis compared with mea-
sured MS SS. Two-year R2*–difference measure-
ments from substantia nigra, globus pallidus, and 
thalamus are included in the regression model.
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