
r Human Brain Mapping 33:2072–2080 (2012) r

Cervical Cord FMRI Abnormalities Differ Between
the Progressive Forms of Multiple Sclerosis
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Abstract: Objective: Aim of this study was to compare tactile-associated cervical cord fMRI activity
between primary progressive (PP) and secondary progressive (SP) MS patients and to investigate
whether cord recruitment was associated with structural brain and cord damage. Experimental Design:
Cervical cord fMRI during a tactile stimulation of the right hand was acquired from 17 healthy con-
trols, 18 SPMS patients, and 16 PPMS patients. Average fMRI activity and its topographical distribu-
tion in cord sectors (left vs. right, posterior vs. anterior) were assessed. Correlations between cord
recruitment and structural cord and brain MRI were estimated. Principal Observations: Progressive MS
patients showed an increased cord recruitment compared with controls (P ¼ 0.003). Despite a similar
structural cord damage, cord activity was increased in SPMS compared to PPMS patients (P ¼ 0.05).
Regional analysis showed a non-lateralized pattern of cord recruitment in MS patients. Compared to
PPMS, SPMS patients had grey matter (GM) atrophy in several cortical and subcortical regions. In
SPMS patients, atrophy of the left postcentral gyrus was correlated with cord activity (r ¼ �0.48, P ¼
0.04). Conclusions: Patients with progressive MS had an over-recruitment of the cervical cord, which
was more pronounced in SPMS than PPMS, despite similar cord structural damage. The alteration of
the complex modulation of spinal cord interneurons possibly due to a loss of supratentorial inhibition
secondary to brain injury might contribute to explain the observed functional cord abnormalities. Hum
Brain Mapp 33:2072–2080, 2012. VC 2011 Wiley Periodicals, Inc.
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INTRODUCTION

Chronic progressive multiple sclerosis (MS) may result
from a steady deterioration from onset of the clinical
symptoms (and such a condition is termed primary pro-
gressive [PP] MS) [Montalban et al., 2009] or it may follow
an initial phase of relapses and remissions (secondary pro-
gressive [SP] MS) [Lublin and Reingold, 1996]. Because of
the high sensitivity and specificity to the heterogeneous
pathological substrates of MS, several advanced magnetic
resonance imaging (MRI) techniques have been applied
during the past few years in an attempt to characterize the
different forms of progressive MS and, ultimately, to
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improve our understanding of the mechanisms related to
the development of irreversible deficits in this condition.
Seminal MRI studies of the brain have shown that the
extent of T2-visible lesions is higher in SPMS than PPMS
[Nijeholt et al., 1998; Thompson et al., 1991]; more
recently, it has also been shown that the ‘‘diffuse’’ damage
to the normal appearing (NA) white matter (WM) and
grey matter (GM) is more severe in SPMS vs. PPMS [Rova-
ris et al., 2002; Vrenken et al., 2010]. On the contrary,
imaging studies of the spinal cord demonstrated a similar
involvement of this structure in the two progressive forms
of the disease, in terms of focal lesions [Nijeholt et al.,
1998], damage to normally appearing tissue [Agosta et al.,
2007a; Rovaris et al., 2001], and atrophy [Agosta et al.,
2007a; Losseff et al., 1996; Rovaris et al., 2001]. Although
an extensive comparison of brain functional MRI (fMRI)
activity between PPMS and SPMS during active tasks is
still missing, there is some evidence that resting state brain
activity is altered in both progressive MS phenotypes, and
that the entity of such change is greater in SPMS than in
PPMS [Rocca et al., 2010]. This might be coherent with the
more severe brain damage in SPMS patients.

Despite being technically challenging, fMRI has been
reliably applied to explore spinal cord function in healthy
subjects [Agosta et al., 2009b; Maieron et al., 2007; Stro-
man, 2008] and MS patients during tactile and propriocep-
tive tasks [Agosta et al., 2008, 2009a; Valsasina et al., 2010].
In line with brain fMRI findings, we postulated that
increased fMRI cord recruitment in SPMS vs. PPMS might
also be detected in the cervical cord. However, given the
similarity of these two disease phenotypes with respect to
cord structural damage, we expected that such a difference
might be related to the extent of brain rather than cervical
cord structural damage. To test this hypothesis, we com-
pared the extent and the topographical distribution of tac-
tile-associated cervical cord fMRI activation in patients
with PPMS and SPMS. To understand better the mecha-
nisms responsible for abnormal cervical cord recruitment,
we also assessed the correlation between the extent of
fMRI activations and several MRI measures of brain and
cord structural damage.

METHODS

Patients

We studied 34 right-handed [Oldfield, 1971] patients
with definite and progressive MS. Eighteen patients had
SPMS [Lublin and Reingold, 1996] and 16 had PPMS
[Montalban et al., 2009]. The main demographic and clini-
cal characteristics of these patients are shown in Table I.
Two PPMS patients (6% of the study cohort) had a mild
disability (expanded disability status scale [EDSS] score
[Kurtzke, 1983] �3.5), whereas all remaining PPMS and
SPMS patients (94%) had an EDSS score �4.0. To be
included patients had to have: (1) no evidence of sensory
impairment of the right, dominant upper limb; (2) no

previous clinical episode attributable to the involvement of
the cervical cord, such as acute myelitis, myelopathy,
trauma, or other spinal diseases potentially affecting the
cord; (3) no steroid therapy for at least six months prior to
study entry; (4) no other major medical conditions; (5) no
history of alcohol or drug abuse; and (6) no treatment
with any psychoactive drug. Seventeen right-handed [Old-
field, 1971] healthy subjects (eight women and nine men;
mean age ¼ 49.6 years, SD ¼ 9.3 years), with no previous
history of neurological dysfunction and a normal neuro-
logical exam, served as controls.

Standard Protocol Approvals and Patient

Consents

Approval was received from local ethical standards com-
mittee on human experimentation and written informed
consent was obtained from all patients participating into the
study.

MRI Acquisition

MRI data were obtained using a 1.5 T Siemens scanner
(Erlangen, Germany). Using a phased-array neck coil, cer-
vical cord fMRI data were acquired with a multi-shot
turbo spin-echo (TSE) sequence (TR/TE ¼ 2850/11 ms;
flip angle [FA] ¼ 120�; field of view [FOV] ¼ 100 � 100
mm2; matrix ¼ 256 � 244, in-plane resolution ¼ 0.39 �
0.39 mm2, turbo factor ¼ 25). Nine contiguous axial slices
(slice thickness ¼ 7 mm), aligned with the vertebral body
centers or with the intervertebral disks [Stroman et al.,
2001], covering cord segments from C5 to T1, were
acquired. Spatial saturation pulses anterior and posterior
to the cord were used to avoid aliasing and to reduce
motion artifacts from breathing and swallowing. Flow
compensation in the slice direction was applied to reduce
artifacts from cerebrospinal fluid (CSF) flow.

In the same scanning session, the following structural
MRI scans were also obtained:

1. Cervical cord: (a) sagittal dual-echo TSE (TR/TE ¼
2,000/30–145 ms; FA ¼ 150�; turbo factor ¼ 23; FOV ¼

TABLE I. Main demographic and clinical characteristics

of the MS patients enrolled in this study

All MS
patients

SPMS
patients

PPMS
patients

Women/men 16/18 10/8 6/10
Mean age (SD) [years] 51.1 (9.4) 53.1 (8.5) 49.0 (10.1)
Median disease duration

(range) [years]
16 (1–31) 20 (3–31) 8.5 (1–24)

Median EDSS (range) score 5.5 (3.0–6.5) 5.5 (4.0–6.5) 5.5 (3.0–6.5)

Abbreviations: MS ¼ multiple sclerosis; SP ¼ secondary progres-
sive; PP ¼ primary progressive; SD ¼ standard deviation; EDSS ¼
expanded disability status scale.
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300 � 300 mm2; matrix ¼ 320 � 320; number of aver-
ages [NEX] ¼ 1; seven slices with thickness ¼ 4 mm);
(b) sagittal T1-weighted 3D magnetization-prepared
rapid acquisition gradient echo (MP-RAGE) (TR/TE ¼
1,160/4.2 ms; inversion time [TI] ¼ 600 ms; FA ¼ 15�;
FOV ¼ 300 � 300 mm2; matrix ¼ 230 � 230; NEX ¼ 2;
slab thickness ¼ 80 mm); (c) modified sensitivity-
encoded (mSENSE) diffusion-weighted single-shot SE
echo planar imaging (EPI) (reduction factor ¼ 2; TR/
TE ¼ 2,700/71 ms; FA ¼ 90�; FOV ¼ 240 � 180 mm2;
matrix ¼ 192 � 144; pixel size ¼ 1.25 � 1.25 mm2; NEX
¼ 4; five sagittal slices with thickness ¼ 4 mm; 12 non-
collinear diffusion directions; b-factor ¼ 900 s mm�2).

2. Brain: (a) dual-echo TSE (TR/TE ¼ 3,460/27–109 ms;
FA ¼ 150�; turbo factor ¼ 5; FOV ¼ 250 � 250 mm2;
matrix ¼ 256 � 256; 44 contiguous axial slices with
thickness ¼ 3 mm); (b) sagittal T1-weighted 3D MP-
RAGE (TR/TE ¼ 2,000/3.93 ms; TI ¼ 900 ms; FA ¼
12�; FOV ¼ 270 � 270 mm2; matrix ¼ 256 � 256; slab
thickness ¼ 187.2 mm); (c) mSENSE diffusion-
weighted single-shot SE EPI (reduction factor ¼ 2;
TR/TE ¼ 2,700/71 ms; FA ¼ 90�; FOV ¼ 240 � 240
mm2; matrix size ¼ 128 � 128; pixel size ¼ 1.87 �
1.87 mm2; NEX ¼ 4; 18 axial slices with thickness ¼ 4
mm; 12 non-collinear diffusion directions; b-factor ¼
900 s mm�2).

fMRI Experimental Design

Using a block design (ABAB), where four periods of rest
were alternated with four periods of activity (each period
consisting of five scans), the subjects were scanned while
administering a tactile stimulation of the palm of the right
hand. During the stimulation periods, an observer inside
the scanner room pushed and pulled a home-made device
repeatedly tapping to the center of the palm of the sub-
jects’ right hand with the back side (� 1 � 1 cm2) of a
wooden spoon. The stimulus was paced by a metronome
at 1 Hz frequency [Agosta et al., 2009b]. To prevent move-
ments of the shoulder, arm, elbow, or forearm, subjects’
arms were restrained with straps. The forearm was in a
prone position with respect to the scanner table. Head
motion was minimized using foam padding and ear
blocks. Subjects were trained outside the scanner and were
instructed to relax as much as possible and to keep their
eyes closed during the entire duration of the experiment.

fMRI Analysis

All image post-processing was performed on an inde-
pendent computer workstation (Sun Microsystem, Moun-
tain View, CA) by an experienced observer blinded to
subjects’ identity. FMRI data were analyzed using a cus-
tom-made software written in MatLab (The MathWorks,
Natick, MA). After extraction of cord tissue from the origi-

nal images using the Jim software package (Version 5.0,
Xinapse Systems, Northants, UK, http://www.xinapse.-
com), cord images were registered to the first scan by
means of rigid-body translation and rotation, generating
six motion parameters for each subject’s scan. Maximum
translation greater than 3.0 mm or maximum rotation
greater than 0.04 radians in the x–y planes were consid-
ered as additional exclusion criteria (no patient was
excluded for this reason). A band-pass filter was applied
to the fMRI time-courses, to remove low-frequency drifts
and high-frequency noise. No spatial smoothing was
applied to the realigned scans to preserve the in-plane re-
solution and compensate for the small size of the cord.
Transformed fMRI data were then analyzed using a Gen-
eral Linear Model (GLM) approach, consisting of a basis
set composed of a box-car modeling the stimulus para-
digm, a linear ramp to account for baseline trends, and a
constant function to account for baseline intensity. Statisti-
cal t-maps were generated for all subjects (P < 0.05, uncor-
rected) and masked to retain only cord tissue. In each
subject, the presence of fMRI activity at each cord level
and quadrant was evaluated visually and each level/quad-
rant was defined as either ‘‘active’’ or ‘‘inactive.’’ The
mean signal intensity change induced by the task was also
computed for all activated voxels within the cervical cord.

Cervical Cord Structural MRI Analysis

Cervical cord hyperintense lesions were identified on
the sagittal DE scans. The diffusion tensor (DT) was calcu-
lated for each voxel of the cervical cord, and mean diffu-
sivity (MD) and fractional anisotropy (FA) derived
[Pierpaoli et al., 1996]. From MD and FA maps, the corre-
sponding histograms were produced. Average cervical
cord cross-sectional area (CSA) was assessed on MP-
RAGE scans throughout the cord from C2 to C5 with a
semi-automatic method based on an active surface model
of the cord surface, as previously described [Horsfield
et al., 2010]. CSA was normalized (CSAn) to the intra-cra-
nial cross-sectional area, which was measured at the level
of the inferior margins of the corpus callosum on an axial
slice of the PD image, as described elsewhere [Horsfield
et al., 2010], and the CSAn entered the statistical analysis.

Brain Structural MRI Analysis

Brain T2 lesion volumes (LV) were measured using the
Jim software package. MD and FA maps were derived for
each pixel. MD histograms of the NAWM and GM as well
as FA histograms of the NAWM were produced, as previ-
ously described [Agosta et al., 2008]. On MP-RAGE
images, intracranial volumes (ICV) were calculated using
the structural imaging evaluation of normalized atrophy
(SIENAx) software [Smith et al., 2002]. Voxel-based mor-
phometry (VBM) was performed to define the regional dis-
tribution of atrophy in the GM, using statistical parametric
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mapping (SPM8) (http://www.fil.ion.ucl.ac.uk/spm/soft-
ware) and the Diffeomorphic Anatomical Registration
using Exponentiated Lie algebra (DARTEL) registration
method [Ashburner, 2007], as described in detail elsewhere
[Riccitelli et al., 2011]. Briefly, after segmentation of MP-
RAGE images into GM, WM, and CSF, GM maps were
normalized to the GM population-specific template gener-
ated by DARTEL [Ashburner, 2007]. Normalized images
were then modulated to ensure preservation of the overall
amount of GM tissue and smoothed with an 8-mm full-
width at half maximum kernel.

Statistical Analysis

Univariate analyses of variance (ANOVA) corrected for
subject’s age or the Mann-Withney U test for non-paramet-
ric data were used to compare functional and structural
MRI quantities between controls and MS patients, as well
as between patient groups.

Using random effect logistic regression models, with the
frequency of fMRI activity as the dependent variable and
the subject as the grouping factor, the within-group differ-
ences in the occurrence of fMRI activity were evaluated in:
(a) right vs. left cord, (b) anterior vs. posterior cord, and
(c) among different cord levels.

GM volume differences between patients and healthy
controls, as well as between PPMS and SPMS patients,
were assessed using SPM8 and a full factorial design,
including age, gender and total ICV as confounding cova-
riates. Results of between-group comparisons exceeding a
threshold of P < 0.001 (uncorrected for multiple compari-
sons) and a cluster extent of k ¼ 10 voxels underwent a
small volume correction (SVC) for multiple comparisons
(P < 0.05, 10-mm radius).

Regional GM volumes significantly different among
groups were extracted from the original GM maps with

the Marsbar toolbox [Brett, 2002] and used for correlation
analysis. Univariate correlations between fMRI and struc-
tural cord and brain MRI quantities, as well as between
fMRI measures and clinical variables were assessed using
the Sperman rank correlation coefficient.

RESULTS

No cervical cord lesions were seen on the conventional
MR images from healthy controls, 12 SPMS and 12 PPMS
patients. Ten (30%) patients had T2-visible cord lesions:
six patients had one lesion (two SPMS and four PPMS)
and four SPMS patients had two lesions. Structural MRI
results of cervical cord and brain from the three study
groups are reported in Table II. All structural MRI-derived
quantities were statistically different among the three
groups (P < 0.001), with the exception of WM volume. At
post-hoc comparisons, all previous structural MRI quanti-
ties were significantly different between SPMS and PPMS
patients taken separately vs. healthy controls (P ranging
from <0.001 to 0.05). Cord DT-MRI metrics and CSAn did
not differ between PPMS and SPMS. Conversely, the ma-
jority of brain MRI quantities were significantly more
altered in SPMS than in PPMS patients with reference to
controls: T2 LV, GM, and NAWM average MD were sig-
nificantly higher, whereas NAWM average FA, NBV, and
GM volumes were significantly lower in SPMS vs. PPMS
(P values ranging from 0.001 to 0.04).

The results of VBM analysis are summarized in Table III
and shown in Figure 1. Compared to healthy controls,
both PPMS and SPMS had significant GM atrophy of the
left (L) thalamus and L insula, of the bilateral cerebellum,
and several regions in the frontal lobes, including the pre-
central gyrus and the premotor cortex, bilaterally. SPMS
patients had additional areas of GM loss in the right (R)
cingulate cortex, L superior frontal gyrus (SFG),

TABLE II. Cervical cord and brain structural MR quantities in control subjects and patients with primary

progressive (PP) and secondary progressive (SP) multiple sclerosis (MS)

Control subjects PPMS patients SPMS patients P-valuesa

Normalized cord cross-sectional area (SD) [mm2] 82.6 (4.6) 70.4 (7.7) 69.6 (0.5) <0.001
Cord average MD (SD) [�10�3 mm2 s�1] 0.84 (0.09) 0.98 (0.07) 0.97 (0.12) <0.001
Cord average FA (SD) 0.57 (0.06) 0.44 (0.05) 0.46 (0.05) <0.001
Brain T2 LV (SD) (ml) — 8.8 (11.2) 28.1 (19.3) 0.001b

Brain GM average MD (SD) [�10�3 mm2 s�1] 0.89 (0.04) 0.94 (0.05) 0.98 (0.04) 0.001
Brain NAWM average MD (SD) [�10�3 mm2 s�1] 0.77 (0.02) 0.78 (0.02) 0.82 (0.03) <0.001
Brain NAWM average FA (SD) 0.40 (0.02) 0.38 (0.02) 0.34 (0.03) <0.001
Normalized brain volume (SD) [ml] 1567 (79) 1527 (64) 1430 (67) <0.001
GM volume (SD) [ml] 828 (59) 808 (73) 691 (80) <0.001
WM volume (SD) [ml] 739 (38) 718 (28) 729 (67) 0.38

Abbreviations: MS ¼ multiple sclerosis; SP ¼ secondary progressive; PP ¼ primary progressive; MD ¼ mean diffusivity; FA ¼ fractional
anisotropy; SD ¼ standard deviation; GM ¼ grey matter; WM ¼ white matter; NAWM ¼ normal-appearing white matter; LV ¼ lesion
volume.
aANOVA model adjusted for age.
bMann-Withney U test.
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postcentral gyrus, and L paracentral lobule. Atrophy of
the thalami and basal ganglia, bilaterally, L premotor cor-
tex, L postcentral gyrus, L paracentral lobule, and L SFG
was more pronounced in SPMS vs. PPMS patients.

Activity of the cervical cord from C5 to T1 was detected
in all study subjects (Figs. 2 and 3). The mean signal inten-
sity change of all activated voxels within the cervical cord
was 2.65% (SD ¼ 0.76%) in control subjects, 3.97% (SD ¼
1.26%) in SPMS patients, and 3.27% (SD ¼ 0.56%) in PPMS
patients (ANOVA, P ¼ 0.003). Activation remained signifi-
cantly different among groups also after correcting for
CSAn (P ¼ 0.009). Compared with controls, both SPMS
(P ¼ 0.01) and PPMS (P ¼ 0.02) patients experienced a sig-

nificantly increased cord fMRI recruitment. Cord activity
was higher in SPMS than PPMS patients (P ¼ 0.05). Mean
cord signal intensity change did not differ between MS
patients with and without T2 cord lesions (P ¼ 0.20). In
patients with MS, no correlation was found between mean
cord signal intensity change and clinical measures (disease
duration and EDSS), as well as with cervical cord and brain
structural MRI quantities. In SPMS patients, fMRI cord ac-
tivity was correlated only with atrophy of the L postcentral
gyrus (r ¼ �0.48, p ¼ 0.04) (Fig. 4). In PPMS, cord fMRI
activity did not correlate with brain regional GM atrophy.

In healthy subjects, the random effect logistic model
showed a higher occurrence of fMRI activity in the

TABLE III. Regions of grey matter atrophy in PPMS and SPMS patients vs. healthy controls, and between SPMS vs.

PPMS patients (small-volume corrected P-values)

Anatomical region

PPMS vs. healthy controls SPMS vs. healthy controls SPMS vs. PPMS

MNI space
coordinates t value P value

MNI space
coordinates t value P value

MNI space
coordinates t value P value

Thalamus
L �14, �16, 10 3.3 0.05 �14, �8, �8 7.1 <0.001 �10, �22, �2 6.5 <0.001
R — — — 12, �10, �4 6.1 <0.001 12, �14, �4 5.9 <0.001
Pallidus
L 20, �6, �6 3.8 0.01 — — — – — —
R — — — — — — – — —
Putamen
L — — — �24, 6, �4 4.6 0.002 �22, 8, 10 4.1 0.006
R — — — 24, 4, �4 4.8 0.001 28, 2, �2 3.9 0.01
Precentral gyrus (BA4)
L �24, �28, 64 3.6 0.02 — — — — — —
R — — — 46, �18, 48 4.1 0.007 — — —
Premotor cortex (BA6)
L — — — �38, 0, 44 3.6 0.02 �42, �2, 62 3.5 0.02

�8, �6, 72 4.2 0.01
R 8, �10, 58 3.8 0.01 38, 14, 50 4.8 0.001 — — —
Postcentral gyrus (BA3)
L — — — �40, �24, 46 4.5 0.003 �40, �24, 56 3.9 0.01

�38, �32, 50 3.3 0.03
R — — — 50, �16, 54 3.9 0.01 — — —
Paracentral lobule (BA6)
L — — — �2, �34, 56 4.4 0.003 �4, �34, 56 4.1 0.007
SFG (BA8)
L — — — �22, 12, 52 5.0 0.001 �26, 20, 56 3.8 0.005
Insula
L �36, 30, 0 3.5 0.02 �34, 26, 6 3.5 0.03 — — —
Dorsal ACC (BA32)
R — — — 0, 14, 46 3.9 0.01 — — —
Dorsal PCC
(BA31)
R — — — 14, �42, 34 3.8 0.01 — — —
Cerebellum (lobule VI)
L — — — �22, �74, �18 4.2 0.005 — — —
R 26, �64, �28 3.3 0.04 28, �64, �26 3.3 0.04 — — —

Abbreviations: PPMS ¼ primary progressive multiple sclerosis; SPMS ¼ secondary progressive multiple sclerosis; L ¼ left; R ¼ right;
BA ¼ Brodmann area; SFG ¼ superior frontal gyrus; ACC ¼ anterior cingulate cortex; PCC ¼ posterior cingulate cortex.
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Figure 1.

Statistical parametric mapping (SPM) regions of gray matter (GM) loss superimposed on the cus-

tomized GM template, contrasting primary progressive (PP) multiple sclerosis (MS) patients, sec-

ondary progressive (SP) MS patients, and healthy controls (HC) at a threshold of P < 0.001,

uncorrected. A: PPMS patients vs. healthy controls; B: SPMS patients vs. healthy controls; and C:

SPMS vs. PPMS patients. Images are in neurological convention.

Figure 2.

Illustrative activation maps (color-coded for t values) of cervical cord on axial proton-density

weighted spin-echo images from C5 to T1, from a healthy volunteer (A), a patient with primary

progressive (PP) multiple sclerosis (MS) (B), and a patient with secondary progressive (SP) MS

(C) during a tactile stimulation of the palm of the right hand. R: right, L: left.



posterior vs. anterior (odds ratio [OR] ¼ 0.43, 95% confi-
dence intervals [CI] ¼ 0.28–0.67, P < 0.001) and in the
right vs. left (OR ¼ 2.19, 95% CI ¼ 1.41–3.39, P < 0.001)
quadrants of the cord. Progressive MS patients (both con-
sidered as a whole group or separately) had no difference
in the occurrence of posterior vs. anterior, or right vs. left
activity. The within-group analysis showed that the occur-
rence of fMRI activity was significantly different among
cord levels (P < 0.001), with a higher activity at C6 (P <
0.001) and C7 (P < 0.001), and lower activity at C7/T1 (P
¼ 0.001). Such a distribution did not differ among the
three groups (P ¼ 0.16).

DISCUSSION

In this study, we assessed whether tactile-associated cer-
vical cord fMRI activity differs between PPMS and SPMS
patients and whether it is associated with cord and brain
structural injury. Despite the technical challenges related
to spinal cord fMRI, including the small size of the target
structure and its proximity to bone, cartilage and CSF
(with the potential bias introduced by partial volume
effects), susceptibility artifacts and physiological noise
[Stroman 2008], previous studies showed the ability of
cord fMRI to detect abnormal patterns of recruitment in
PPMS and SPMS patients considered separately, with
respect to healthy controls [Agosta et al., 2009a; Valsasina
et al., 2010]. To our knowledge, a direct comparison of
cord fMRI recruitment between the two progressive forms
of MS has not been performed yet. Such an investigation
should result in a more complete picture of cord damage
and function in MS patients with predominant locomotor
deficits, which are likely linked to injury and dysfunction
of this clinically eloquent structure.

The main result of this study is the demonstration that
cord recruitment is increased in progressive MS patients
vs. controls and, more importantly, in SPMS vs. PPMS
patients, even if cord structural injury in these two patient
cohorts was not different. The notion that the extent of
structural cervical cord damage does not differ among the
progressive phenotypes of MS is in agreement with the
results of previous studies [Agosta et al., 2007a; Kidd
et al., 1996; Nijeholt et al., 1998], but not with those of
others [Losseff et al., 1996; Rovaris et al., 2001], which
found a more severe cervical cord atrophy in SPMS than
PPMS patients. Nonetheless, the rate of cord atrophy de-
velopment was shown to be similar between the two pro-
gressive disease courses [Agosta et al., 2007a]. Quantitative
MRI studies confirmed only a limited difference in cord
injury between the two progressive MS phenotypes; one
cross-sectional study showed a lower cord magnetization
transfer ratio (MTR) in SPMS than PPMS [Rovaris et al.,
2001], but a longitudinal study demonstrated a higher rate
of FA decrease in PPMS than in SPMS patients over a fol-
low-up of 2.5 years [Agosta et al., 2007a].

The similarity of structural cord abnormalities found in
our patient groups, combined with the lack of a difference
in the extent of cord fMRI recruitment between patients
with and without cord T2 lesions, supports the notion that
the increased cord activity observed in SPMS compared
with PPMS is likely not to be the mere consequence of an
overall greater focal cord damage. As a consequence, it is
tempting to speculate that SPMS cord over-recruitment,
which is likely secondary to an alteration of the complex
excitatory and inhibitory modulation of spinal cord inter-
neurons [Brodal, 1981; Kandel, 1991], might be due an
altered supraspinal modulation. To investigate this hy-
pothesis, we assessed the correlation between cord fMRI
activity and structural brain damage in our patients. The

Figure 3.

Cervical cord average signal change during the tactile stimulation

of the palm of the right hand in healthy controls (black line),

patients with primary progressive multiple sclerosis (PPMS) (dot-

ted grey line), and patients with secondary progressive multiple

sclerosis (SPMS) (continuous grey line). See text for formal sta-

tistical analysis.

Figure 4.

Scatter plot of the correlation between cord fMRI average signal

change and brain grey matter (GM) volume in the left (L) post-

cetral gyrus in secondary progressive multiple sclerosis (SPMS)

patients.
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quantification of structural brain injury showed that the
extent of focal and diffuse damage was more severe in
patients with SPMS in comparison with those with PPMS.
Again, these findings are in line with those from previous
studies, which showed that, when contrasted to PPMS,
SPMS patients have a higher brain T2 lesion burden [Nije-
holt et al., 1998], more severe microstructural brain injury
[Rovaris et al., 2002; Vrenken et al., 2010], and more exten-
sive GM loss [Ceccarelli et al., 2008], which involves
regions with a critical role for sensorimotor integration,
such as the thalami, basal ganglia, and several cortical
regions in the frontal and parietal lobes. Remarkably, in
our SPMS cohort, cord fMRI abnormalities were correlated
significantly with brain GM tissue loss in the left postcen-
tral gyrus, a key region for sensory stimuli processing,
whereas regions of GM atrophy in PPMS did not correlate
with fMRI cord activity. This finding suggests that the
cord functional over-recruitment observed in SPMS with
respect to PPMS might be explained, at least partially, by
a loss of supratentorial inhibition following brain injury.
Clearly, an additional and not mutually exclusive explana-
tion of the observed fMRI abnormalities might be also due
to damage to cord GM, which has been shown by patho-
logic [Gilmore et al., 2009], MR spectroscopy [Kendi et al.,
2004] and MT MRI [Agosta et al., 2007b; Zackowski et al.
2009] studies. Unfortunately, to limit the amount of time
that these disabled patients had to spend inside the scan-
ner, we did not investigate this aspect and, as a conse-
quence, we can not prove or disprove this hypothesis.

To characterize better spinal cord functional abnormal-
ities, we also assessed the topographical distribution of
cervical cord activity in the three study groups. Consistent
with the expected regions of neuronal involvement for a
tactile stimulation of the palm of right hand, healthy con-
trols had a functional lateralization of cord activity, which
was predominant in the cord side ipsilateral to the side
where stimulus was delivered and in the posterior quad-
rants. Conversely, both PPMS and SPMS patients had a
widespread pattern of recruitment, with loss of the physio-
logic asymmetries of activations observed in healthy indi-
viduals. This ‘‘diffuse’’ cord recruitment in MS patients is
also in keeping with an altered function of cord interneur-
ons [Brodal, 1981; Kandel, 1991]. Remarkably, such a dif-
fuse and bilateral cord recruitment in progressive MS
patients mirrors the results of previous fMRI studies of the
brain, which showed that during the performance of a
simple motor task these patients have a more extensive
and bilateral pattern of cortical activation when compared
to controls [Rocca et al., 2003] or to relapsing-remitting MS
patients [Rocca et al., 2005].

In the entire group of MS patients, no correlation was
found between cord fMRI findings and clinical disability.
This was not unexpected considering the narrow range of
disabilities of our patients. Indeed, two previous studies in
relapse-onset [Valsasina et al., 2010] and progressive-onset
[Agosta et al., 2009a] MS, described an increased cord
recruitment in patients with severe clinical disability

(EDSS �4.0) vs. patients with mild (EDSS �3.5) disability
and vs. healthy controls.
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