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ORIGINAL RESEARCH
BRAIN

Iron and Volume in the Deep Gray Matter: Association with
Cognitive Impairment in Multiple Sclerosis

C.M. Modica, R. Zivadinov, M.G. Dwyer, N. Bergsland, A.R. Weeks, and R.H.B. Benedict

ABSTRACT

BACKGROUND AND PURPOSE: There is a well-established correlation between deep gray matter atrophy and cognitive dysfunction in
MS. However, the cause of these signs of neurodegeneration is poorly understood. Iron accumulation in the deep gray matter is higher in
patients with MS compared with age- and sex-matched healthy controls, and could contribute to disease progression. Our objective was
to evaluate the relationship between iron and cognition in several deep gray matter structures while accounting for the influence of
volume loss.

MATERIALS AND METHODS: Eighty-five patients with MS and 27 healthy volunteers underwent 3T MR imaging and neuropsychological
examination. We used SWI filtered phase to analyze the mean phase of low-phase voxels, indicative of abnormal iron accumulation.

RESULTS: Correlations between mean phase of low-phase voxels and cognitive tests were found in the caudate nucleus (r = 0.240 and
0.232), putamen (r = 0.368, 0.252, and 0.238), globus pallidus (r = 0.235), and pulvinar nucleus of thalamus (r = 0.244, 0.255, and 0.251) (P <
.05). However, correlations between structure volume and cognition were more robust. Furthermore, the introduction of structure
volume into hierarchical regression analyses after iron metrics significantly improved most models, and mean phase of low-phase voxels
did not account for significant variance after volume.

CONCLUSIONS: These findings suggest that iron accumulation plays a significant, if minor, role in MS cognitive decline.

ABBREVIATIONS: BVMT-R = the total learning portion of the Brief Visuospatial Memory Test-Revised; CVLT2 = total learning portion of the California Verbal
Learning Test; DGM = deep gray matter; DKEFS-CS = Delis-Kaplan Executive Function System Sorting Test; LPV = low-phase voxel; MP-LPV = mean phase of the

low-phase voxels; NP = neuropsychological; PASAT = 3-second Paced Auditory Serial Addition Test; SDMT = Symbol Digit Modalities Test

I nvestigation of iron accumulation in the central nervous system
is an emerging area of research. Iron is elevated in MS at the
areas of demyelination' and in the CSF,” and could potentially
contribute to the understanding of progressive neurodegenera-
tive disease. Iron deposition may adversely impact cellular func-
tion, such as enhancing or decreasing production of proteins, or it
can cause oxidative stress leading to cell death, directly causing
structural damage in the brain.’

SWI is an available method that estimates the degree of iron
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deposition, in vivo, using MR imaging.* In a study examining the
deep gray matter (DGM) of patients with MS, low-phase voxel
(LPV) analysis reflected increased iron accumulation in the cau-
date nucleus, putamen, globus pallidus, and pulvinar.” Even in
clinically isolated syndrome, this representation of increased iron
accumulation was found in the putamen and pulvinar.® In a pe-
diatric MS cohort, analysis of LPV reflected increased iron accu-
mulation in both the thalamus and pulvinar while the volume of
the LPV was increased in the pulvinar.” LPV volume was also
increased in clinically isolated syndrome in the caudate nucleus,
putamen, and pulvinar,® and magnetic susceptibility (also indic-
ative of iron level) was increased in the caudate nucleus, putamen,
globus pallidus, and pulvinar.®

Contemporary research shows that brain atrophy is predictive
of cognitive disability in MS, more so than lesion burden.”'* GM
atrophy is the subject of intense research because of its correlation

with disease progression, neurologic disability,""

cognitive im-
pairment, and neuropsychiatric symptoms.'* Regional analysis of
the DGM in MS revealed that volume is reduced in the thalamus,

caudate nucleus, putamen, and globus pallidus.'>'* Likewise,
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Table 1: Demographic characteristics, neuropsychological test scores, and mean phase of
the low-phase voxels across subcortical deep gray matter structures

evaluation. Patients with depressive dis-
orders that emerged after MS onset were

— Msipi=ios) INGIEi=127) P Value permitted, but those meeting criteria for
Characteristics N N a current major depressive episode were ex-
éjj cation 4122 + g; ?;2 + ]2047 E:a cluded. Participants were free of develop-
Female, n (%) 59 (69.4) 17 (63.0) NS? mental delay and any medical history that
Caucasian, n (%) 73(85.9) 24 (88.9) NS? could potentially impact cognitive ability.
Right.-handed, n (%) 77(90.6) 25(92.6) NS Of the patients with MS, 57 (67.1%) were
:;?ijg:i;iﬁ)on 1?)2.9(6;27).6 137) <.oor° in relapsing-remitting, and 28 (32.9%)
DMT duration® 38 +36 were in secondary-progressive disease
EDSS® 36 +19 course. Sixty-eight (80.0%) patients with
T2 lesion volume 185203 MS were on disease-modifying therapy at
Tl lesion volume 34x71 the time of the study. Therapy included
NP test scores N N q intramuscular interferon beta-1a, 44 mcg
?,igAATT 2(2)3 ; 12673 igg ; ]8075 <:8-?7]d subcutaneous interferon beta-1a, natali-
DKEFS-CS 95+30 N7 +24 <0019 zumab, glatiramer acetate, mycopheno-
CVLT2 521+ 131 644 +74 <.001¢ late mofetil, intravenous immunoglobu-
BVMT-R 78+28 104 =15 <.001 lin, interferon beta-1b, mitoxantrone,
Ml;_'rl;:l\; " 0,099 = 0,016 0,092 + 0.0 0272 and the following combinations: intra-
Caudat:Snucleus 0178 = 0,021 0166 + 0.0 o072  muscular interferon beta-1a + mycophe-
Putamen —0.184 = 0.033 —0172 + 0.028 Ns? nolate mofetil, 22 mcg + 44 mcg
Globus pallidus —0.195 = 0.036 —0.179 *+ 0.029 NS? subcutaneous interferon beta-la, and
Pulvinar —0.157 = 0.036 —0.139 + 0.012 .014* glatiramer acetate + mycophenolate

Note:—NC indicates healthy control; DMT, disease-modifying therapy; EDSS, Expanded Disability Status Scale; NS,

not significant.
2 P value is based on T-way ANOVA.
®n = 68 for calculation of DMT duration as only 68 were on therapy.

“n = 83 for calculation of mean EDSS as 2 patients were not assessed during their clinical visit.

9 Pvalueis based onT-way ANCOVA, controlling for age and years of education. Age, education, disease duration, and
DMT duration data are given as mean years % SD. Lesion volume is given as mean milliliters == SD. NP test data for the
SDMT, PASAT, DKEFS-CS, CVLT2, and BVMT-R are given as mean test score * standard deviation. MP-LPV data in the
thalamus, caudate nucleus, putamen, globus pallidus, and pulvinar structures are given as radians = SD.

lower thalamus volume is found in clinically isolated syndrome,'”
and both whole thalamus and pulvinar volume are decreased in
patients with pediatric onset.'® DGM volumes are strongly corre-
lated with fatigue'” and performance on cognitive tests.'>'* Total
DGM volume was the strongest predictor of Expanded Disability
Status Scale scores in a study utilizing various MR imaging met-
rics; LPV analysis, reflecting iron accumulation in the DGM, fur-
ther increased the percentage of variance in the regression
model.'®

In sum, the literature shows that DGM atrophy is strongly
associated with cognitive dysfunction in MS.'> However, the role
of iron deposition, as observed with SWI-filtered phase, in ex-
plaining cognitive dysfunction is less clear, and potentially inter-
active effects of iron and volume have not been explored. Here we
present findings from an initial investigation of the relationship of
iron deposition and cognitive ability in patients with MS.

MATERIALS AND METHODS

Participants

We studied 85 patients with clinically definite MS' and 27
healthy, demographically matched controls (Table 1) with ap-
proval from the Institutional Review Board. These subjects were a
subset from a previously published cohort, and informed consent
was obtained.'>' Patients were excluded from the study if they
had previous or current substance abuse, current or past major
medical, neurologic, or psychiatric disorder outside of MS, or if
they had a relapse or steroid pulse treatment within 8 weeks before
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mofetil.

MR Imaging Acquisition and Analysis
Participants were examined on a 3T
Signa Excite HD 12.0 Twin Speed 8-chan-
nel scanner (GE Healthcare, Milwaukee,
Wisconsin) with a maximum slew rate of
150 T/m/s and maximum gradient ampli-
tude in each orthogonal plane of 50 mT/m. A multichannel head
and neck coil (GE Healthcare) was used to acquire: 2D multipla-
nar dual FSE proton density and T2WT; FLAIR; 3D high-resolu-
tion TIWT using a fast-spoiled gradient echo with magnetization-
prepared inversion recovery pulse and spin-echo TIWI; and SWI.
Scans were acquired in an axial-oblique orientation, parallel to the
subcallosal line. One average was used for all pulse sequences.
With the exception of SWI, all sequences were acquired with a
256 X 192 matrix (frequency X phase), FOV of 25.6 cm X 19.2
cm (256 X 256 matrix with phase FOV = 0.75), for an in-plane
resolution of 1 mm X 1 mm. For all 2D scans (proton density/T2,
FLAIR, spin-echo T1), we collected 48 contiguous, 3-mm-thick
sections. For the 3D high-resolution inversion recovery—fast-
spoiled gradient echo, we acquired 180 1-mm-thick locations.
Other relevant parameters were: for dual FSE proton density/T2,
TE1/TE2/TR = 9/98/5300 ms, echo-train length = 14; for FLAIR,
TE/TI/TR = 120/2, 100/8, 8500 ms, echo-train length = 24; spin-
echo TIWI, TE/TR = 16/600 ms; for 3D high-resolution TIWI,
TE/TI/TR = 2.8/900/5.9 ms, flip angle = 10°. SWI was acquired
using a 3D flow-compensated gradient-echo sequence with 64
contiguous, 2-mm-thick sections, a 512 X 192 matrix, FOV =
25.6 cm X 19.2 cm (512 X 256 matrix with phase FOV 0.75), for
an in-plane resolution of 0.5 mm X 1 mm, flip angle = 12°, and
TE/TR = 22/40 ms.

T2 and T1 lesion volume was measured using a semiauto-
mated edge detection contouring technique as previously de-



FIG1. Scandemonstrating deep gray matter structure segmentation.
FMRIB’s Integrated Registration and Segmentation Tool was applied
to the 3D high-resolution TIWI to segment the DGM. Pulvinar (yellow
and red) was segmented using a semiautomated contouring
technique.

scribed.”® To segment the thalamus, caudate nucleus, putamen,
and globus pallidus, FMRIB’s Integrated Registration and Seg-
mentation Tool?*' (http://www.fmrib.ox.ac.uk/) was applied to
the 3D high-resolution TIWI (Fig 1). As the pulvinar was not
identified in this manner, the most representative section was
outlined for each patient using a semiautomated contouring tech-
nique (Fig 1).?> The SWI-filtered phase image processing method
and reproducibility were discussed in a previous study involving
reliable scan-rescan analysis in a subset of 6 patients with MS and
6 healthy volunteers.® Voxels having a mean phase value 2 SDs
below normal mean phase were identified on a structure-by-
structure basis, as previously described, with normal mean phase
identified from 330 healthy volunteers aged 8—87 years.”® The
thresholded phase voxels, which were identified as abnormally
low, were analyzed to calculate their mean phase, yielding mean
phase of the low-phase voxels (MP-LPV).**

Neuropsychological Testing

Neuropsychological testing (NP) was conducted under the super-
vision of a board-certified neuropsychologist blinded to MR im-
aging findings. Tests measured processing speed, executive func-
tion, and memory in accordance with the recommendations of a
consensus panel,23 and were as follows: oral administration of the
Symbol Digit Modalities Test (SDMT)?** for visual information-
processing speed; 3.0-second interval Paced Auditory Serial
Addition Test (PASAT)*” for auditory information-processing
speed; the Correct Sorts component of the Delis-Kaplan Execu-
tive Function System Sorting Test (DKEFS-CS)*® for executive
function; the Total Learning portion of the second edition of the
California Verbal Learning Test (CVLT2)?” for auditory/verbal
learning and memory; and the Total Learning portion of the Brief
Visuospatial Memory Test-Revised (BVMT-R)?® for visual learn-
ing and memory.

Statistical Analysis
Patients with MS and healthy controls as well as cognitively im-
paired and nonimpaired patients with MS were compared with

respect to demographic characteristics and MR imaging findings
using 1-way ANOVA. Z scores were calculated for each NP test
based on healthy controls.?® Impairment was defined as either: a z
score < —2 on 1 test with a z score of < —1.5 on at least 1 other
test; a zscore of < —1.5 on at least 3 tests, as previously defined.””
In patients with MS, age and years of education were correlated
with some NP test scores (SDMT, PASAT, DKEFS-CS, CVLT2);
therefore, NP tests were compared between patients with MS and
healthy controls using 1-way ANCOVA controlling for age and
years of education. Partial correlations controlling for age
and years of education assessed the association between NP tests
and individual DGM structure volumes, disease duration, and
duration of disease-modifying therapy. Pearson correlations were
examined between MP-LPV and structure volume and LPV vol-
ume. Partial correlations controlling for LPV volume, age, and
years of education were examined between NP tests and MP-LPV
for individual structures of the DGM. Structures that had the
strongest relationship of MP-LPV to NP test performance were
included in hierarchical linear regression analyses controlling for
age and years of education (in Block 1), followed by LPV volume
of the structure in Block 2, MP-LPV of the structure in Block 3,
and total tissue volume of the structure in Block 4. In this manner,
we assessed the association between iron deposition and cogni-
tion, and then reassessed the association while controlling for the
effects of atrophy. Tests were considered significant at P < .05.
Analyses were conducted using SPSS for Windows, version 20.0
(IBM, Armonk, New York).

RESULTS
As expected, patients with MS were significantly more cognitively
impaired and performed significantly worse on cognitive tests
compared with healthy controls (Table 1). MP-LPV was signifi-
cantly lower in patients with MS in the thalamus, caudate nucleus,
and pulvinar, whereas a statistical trend was found for the puta-
men (P = .085) and globus pallidus (P = .051) (Table 1). Age,
education, and MP-LPV did not significantly differ between cog-
nitively impaired patients with MS and nonimpaired patients
with MS, but duration of disease did (P = .009). Except for the
globus pallidus with CVLT?2, all individual structure volumes
were significantly correlated to NP test scores (Table 2). Duration
of disease and duration of disease-modifying therapy were not
related to NP test scores, and were not further investigated.
Next, we assessed whether MP-LPV was linearly related to
cognitive performance in patients with MS. To account for the
possibility that tissue atrophy results in tissue loss specifically in
regions of low-phase value, thereby potentially altering distribu-
tion of iron accumulation, we chose to control for the LPV vol-
ume. Controlling for LPV volume, MP-LPV of the caudate nu-
cleus, putamen, globus pallidus, and pulvinar, but not the
thalamus, correlated with multiple NP test results (Table 2).
MP-LPV was positively correlated with total volume in the
same structure in the caudate and pulvinar, and there was a trend
with the putamen (P = .075), indicating that as iron accumula-
tion increases, the structure decreases in size. MP-LPV was nega-
tively correlated with LPV volume in the same structure in the
putamen, globus pallidus, and pulvinar, indicating that as iron
accumulation increases, the voxels that contain abnormally high
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Table 2: Partial correlation of structure volume and mean phase of the low-phase voxels to neuropsychological tests in patients with

multiple sclerosis

SDMT PASAT DKEFS-CS CVLT2 BVMT-R
r P r P r P r P r P

Volume®

Thalamus 0.548 <.001 0.354 .001 0.422 <.001 0.313 .004 0.415 <.001

Caudate nucleus 0.470 <.001 0.357 .001 0.409 <.001 0.257 .019 0.348 .001

Putamen 0.516 <.001 0.405 <.001 0.429 <.001 0.382 <.001 0.518 <.001

Globus pallidus 0.449 <.001 0.296 .007 0.348 .001 NS 0.282 .010

Pulvinar 0.279 .on 0.275 .012 0.309 .005 0.221 .044 0.327 .003
MP-LPV®

Caudate nucleus 0.240 .030 0.232 .036 NS NS NS

Putamen 0.368 .001 NS 0.252 .022 NS 0.238 .031

Globus pallidus NS NS NS NS 0.235 .033

Pulvinar 0.244 .027 NS 0.255 .021 NS 0.251 .023

Note:—NS indicates not significant.
# Controlling for age and education.
® Controlling for age, education, and low-phase voxel volume.

Table 3: Mean phase of the low-phase voxels correlated with structure volume and with

low-phase voxel volume

the clinical significance of MP-LPV. We
therefore conclude that the association

Volume LPV Volume between iron accumulation and cognitive
r P P impairment is significant, but consider-
Caudate nucleus 0.268 013 NS ably smaller than with DGM atrophy or
Putamen NS —0.502 <001 1 Jesion volume.
Globus pallidus —0.452 <.001 —0.483 <.001 . . . ..
Pulvinar 0966 on 0659 <001 Previous studies examining cognition

Note:—NS indicates not significant.

iron accumulation decrease in collective volume in those struc-
tures (Table 3).

Finally, we investigated whether iron-sensitive metrics would
have a significant bearing on cognitive function relative to age,
education, and volumes of the DGM structures showing a signif-
icant correlation between MP-LPV and cognition. The R* and P
values of each regression model are reported in Table 4. With the
exception of the caudate nucleus for the PASAT, MP-LPV (con-
trolling for LPV volume) added significant variance in the regres-
sion models predicting performance score. However, volume of
the structure improved all of the models, except for DKEFS-CS
and BVMT-R, as predicted by MP-LPV of the pulvinar. More-
over, when a second series of regression models was conducted
with structure volume entered ahead of the iron metrics, MP-LPV
was not statistically significant. Furthermore, when a third series
of regression models was conducted with T2 lesion volume en-
tered along with age and education, none of the other MR imaging
measures remained statistically significant.

DISCUSSION

This study demonstrated a correlation between iron accumula-
tion, as measured by SWI-filtered phase, and cognition in MS. We
found that MP-LPV is decreased among patients with MS in the
thalamus, caudate nucleus, and pulvinar, and there is a decreasing
trend, indicative of higher iron content, in the putamen and glo-
bus pallidus. In addition, MP-LPV of the pulvinar, caudate nu-
cleus, putamen, and globus pallidus, but not the thalamus as a
whole, is related to cognitive performance. Whereas the correla-
tion between MP-LPV and cognition is statistically significant, the
effect size is modest and smaller than the volume/cognition cor-
relation in the DGM. In regression models predicting NP tests,
total structural volume significantly increased the R* after MP-
LPV, whereas entering structure volume first in the models erased
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in MS have used other methods of inves-
tigating iron. An increase in R2* rate, in-
dicative of iron, in the basal ganglia, but not the thalamus, of
patients with MS correlated with a combined standardized score
of the SDMT and PASAT.>! T2 hypointensity, indicative of iron,
in the globus pallidus and caudate nucleus of patients with MS
correlated with performance on the SDMT.?* Similar to our find-
ings, these studies showed correlations between iron and cogni-
tion in the DGM; however their correlations were stronger, with r
values in the 0.3-0.6 range. The effects of R2*, however, may be
hidden by local increases in water content,” and T2 relaxation
times are more variable in older subjects,** making SW1 a prefer-
able measure of iron. Magnetic field correlation, another MR im-
aging method unaffected by dipolar relaxation which is used for
iron imaging, found that iron in the thalamus correlated with
CVLT?2, and that neither the globus pallidus nor the putamen
were correlated to SDMT or CVLT2,%> which contrasts with our
findings. Sensitivity to magnetic field inhomogeneities with dif-
fering length scales may help explain why these methods yield
disparate results.*®

While the observation of MR imaging phase value as an inter-
pretation of iron concentration is increasingly common, it does
not differentiate between iron that is shielded or unshielded, in-
tracellular or extracellular. If iron accumulation is not properly
shielded, oxidative stress could lead to necrosis of the cells within
its immediate vicinity.? As suggested by Kovtunovych et al,”” with
macrophages releasing iron into both spleen tissue and circula-
tion, focal iron deposits in the DGM could disperse within the
focal area and out into surrounding tissue upon cell death. By
definition, MP-LPV is a measurement in the voxels of the highest
iron concentration; its value may be attenuated if iron dissipates
as a structure atrophies, thereby masking its association with cog-
nitive performance. We controlled for this confound by making
use of the LPV volume as a covariate in our analysis.



Table 4: Summary of hierarchical linear regressions predicting neuropsychological test scores

Independent Variable Model F Change
NP Test (Final Standardized Beta, P Value) R? R? Change P Value F Change P Value
SDMT
Block 1 Age (—0.115, .238), Ed (0.146, .125) 0.064 0.064 068 2780 NS
Block 2 Putamen LPV volume (0.012, .929) 0.082 0.018 .074 1.609 NS
Block 3 Putamen MP-LPV (0.154, .241) 0.206 0.124 .001 12.515 .001
Block 4 Putamen volume (0.468, <.001) 0.333 0.127 <.001 15.028 <.001
PASAT
Block 1 Age (0.112, 318), Ed (0.175, .096) 0.033 0.033 255 1388 NS
Block 2 Caudate n. LPV volume (0.009, .941) 0.042 0.010 318 0.806 NS
Block 3 Caudate n. MP-LPV (0.120, .304) 0.094 0.052 .092 4.564 .036
Block 4 Caudate n. volume (0.319, .009) 0.169 0.075 0T 7.093 .009
DKEFS-CS
Block 1 Age (—0.081, .444), Ed (0.191, .078) 0.058 0.058 .085 2.544 NS
Block 2 Pulvinar LPV volume (0.161, .365) 0.072 0.013 109 1142 NS
Block 3 Pulvinar MP-LPV (0.160, .373) 0.132 0.061 .022 5.577 .021
Block 4 Pulvinar volume (0.214, .123) 0.158 0.026 .017 243 NS
CVLT2
Block 1 Age (—0.207, .049), Ed (0.158, 122) 0.093 0.093 018 4212 018
Block 2 Putamen LPV volume (0.066, .661) 0.133 0.040 .009 3.710 NS
Block 3 Putamen MP-LPV (0.019, .894) 0.164 0.031 .006 2.942 NS
Block 4 Putamen volume (0.333, .012) 0.228 0.064 .001 6.589 .012
BVMT-R
Block 1 Age (—0.144, 175), Ed (0.083, .437) 0.042 0.042 17 1798 NS
Block 2 Pulvinar LPV volume (0.221, .213) 0.076 0.034 .092 2.981 NS
Block 3 Pulvinar MP-LPV (0.146, .413) 0.134 0.058 .02 5.365 .023
Block 4 Pulvinar volume (0.222, .109) 0.162 0.028 .014 2.625 NS

Note:—Ed indicates education; n, nucleus; NS, not significant.

With the exception of the thalamus, most of the DGM struc-
tures examined had MP-LPV values that positively correlated
with structure volume and negatively correlated with LPV vol-
ume. We would expect MP-LPV to be positively correlated with
structure volume if focal deposits of iron accumulation were con-
nected to atrophy. MP-LPV in the globus pallidus, however, neg-
atively correlated with structure volume, which could indicate a
curiously different role for iron in that structure. Meanwhile, MP-
LPV was conspicuously higher in the thalamus compared with
other structures examined, possibly reflective of different func-
tions of the thalamus. The caudate and putamen together make
the striatum of the basal ganglia, a region receiving signals from
the sensorimotor, premotor, motor, and prefrontal cortices in-
volving voluntary movement.*® Meanwhile, the pulvinar receives
signals from the visual cortex involving visual attention.”® Several
of the NP tests used manual movement (DKEFS-CS, BVMT-R)
and visual perception (SDMT, DKEFS-CS, BVMT-R), likely tax-
ing these structures.

This study is limited by the cross-sectional design, which
makes it difficult to characterize the effects of iron in disease
course and whether it impacts or is impacted by atrophy. A lon-
gitudinal study should help elucidate the temporal and spatial
relationships between high iron concentration and tissue atrophy.
It also is important to note that the pulvinar structure was ana-
lyzed using a single-section method and semiautomated contour-
ing technique, which potentially introduces more variance than
analysis using FMRIB’s Integrated Registration and Segmentation
Tool.

CONCLUSIONS
High iron deposition, as measured by mean phase of the low-
phase voxels, in pulvinar, putamen, caudate nucleus, and globus

pallidus is correlated with cognitive performance in patients with
MS. However, the contribution of structure volume is more ro-
bust. Longitudinal investigation is underway that may tease apart
the temporal evolution of iron deposition and atrophy in MS.
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