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Abstract: Memory deficits are highly prevalent in multiple sclerosis (MS). As the hippocampus is crucial
to memory processing, a functional magnetic resonance imaging (fMRI) task was used to investigate
changes in hippocampal function in MS patients with and without cognitive decline. Fifty patients with
MS, (34 cognitively preserved (CP) and 16 cognitively impaired (CI)) and 30 healthy controls completed
an episodic memory fMRI task (encoding and retrieval) that was used to specifically activate the hippo-
campus. During encoding of correctly remembered items, increased brain activation was seen in the par-
ahippocampal areas bilaterally and in the left anterior cingulate gyrus in the CP patients compared to
the controls (unclustered, Z > 3.1, P < 0.001). No brain areas showed less activation. In CI patients the
right (para)hippocampal areas and the prefrontal cortex showed less brain activation compared to con-
trols (cluster-corrected, P < 0.05). The posterior cingulate gyrus and the left precuneus showed increased
activation in CI patients when compared to controls (unclustered Z > 3.1, P < 0.001). No significant dif-
ferences were found on structural MRI measures between the CP and CI patients. These results suggest
the presence of functional adaptation in the memory network before cognitive decline becomes evident
in MS, as displayed by the increased brain activation in the hippocampal-cingulate memory system in
CP patients. Interestingly, CI patients showed less activation in the hippocampal network during correct
encoding. These findings are important for future cognitive therapeutic studies, since cognitive interven-
tion might be most effective before cognitive impairment is present and when adaptive changes of the
brain are most prominent. Hum Brain Mapp 33:2268-2280, 2012.  © 2011 Wiley Periodicals, Inc.

Key words: multiple sclerosis; cognition; functional magnetic resonance imaging; brain adaptation;
hippocampus

* *

Contract grant sponsor: Dutch MS Research Foundation; Contract
grant numbers: 02-358b, 08-648 to H.E.H., 05-358¢ to ].].G. Geurts.
*Correspondence to: Hanneke E. Hulst, Department of Radiology,
VU University Medical Centre, PO Box 7057, 1007 MB Amster-
dam, The Netherlands. Tel: +31-20-444-3355. Fax:
+31-20-444-0397. E-mail: he.hulst@vumc.nl

© 2011 Wiley Periodicals, Inc.

Received for publication 12 January 2011; Revised 19 April 2011;
Accepted 25 April 2011

DOI: 10.1002/hbm.21359

Published online 6 September 2011 in Wiley Online Library
(wileyonlinelibrary.com).



¢ Functional Adaptation of the Hippocampus in MS ¢

INTRODUCTION

Multiple sclerosis (MS) is a chronic, demyelinating, and
neurodegenerative disease of the central nervous system
affecting mostly young adults. Besides the well known
neurological symptoms, such as deficits in motor and sen-
sory function, cognitive deficits are frequently reported as
well. Thirty to sixty-five percent of all patients with MS
suffer from cognitive impairment [Peyser et al., 1980; Rao
et al., 1991a], which is independent of physical disability
and can occur at all stages of the disease [Pelosi et al.,
1997; Piras et al., 2003]. The presence of cognitive impair-
ment has a great functional influence on daily and social
life and leads to a significant decrease in quality of life
[Amato et al.,, 2010; Rao et al., 1991b]. Not all cognitive
domains are commonly impaired in MS, the most frequent
deficits are found in processing speed, visual memory,
and verbal memory (for reviews see [Benedict et al., 2008;
Chiaravalloti and DeLuca, 2008]).

So far, the pathobiological underpinnings of cognitive
impairment in MS are unknown. However, the hippocam-
pus plays a crucial role in both visual and verbal memory
and is therefore an important target to study memory
impairment in MS. Postmortem studies showed that the
hippocampus is vulnerable to MS pathology resulting in
extensive demyelination and atrophy [Geurts et al., 2007;
Papadopoulos et al., 2009]. Furthermore, in vivo magnetic
resonance imaging (MRI) studies demonstrated the pres-
ence of focal hippocampal lesions on double inversion re-
covery (DIR) images [Roosendaal et al., 2008] as well as
hippocampal atrophy [Anderson et al., 2010; Sicotte et al.,
2008]. Atrophy of the hippocampus was associated with a
poorer verbal memory performance [Sicotte et al., 2008]. In
a recent functional MRI (fMRI) study, it was found that
patients with MS with intact spatial memory already
showed decreased functional connectivity within the hip-
pocampal network (connections between the hippocam-
pus, anterior cingulate cortex, and prefrontal cortex) as
measured with resting state fMRI. This decreased func-
tional connectivity was more pronounced in patients with
MS who had hippocampal atrophy. However, functional
connectivity changes were also found in patients with MS
who did not have hippocampal atrophy [Roosendaal et al.,
2010a].

Task-specific fMRI studies on working memory and
attention showed that patients with MS undergo func-
tional adaptation which can consist of either functional
enhancement (i.e., increased activation in a brain area
which is also activated in healthy controls; [Audoin et al.,
2008; Sweet et al., 2006]) or the recruitment of alternative
brain areas [Forn et al., 2007; Staffen et al., 2002]. In one
study, recruitment as well as enhancement was reported
[Mainero et al., 2004].

Although visuospatial and verbal memory are among
the most frequently affected cognitive domains in MS
[Chiaravalloti and DeLuca, 2008], visuospatial memory has
never been investigated with fMRI before in MS and only

two fMRI studies were performed investigating verbal
memory. These verbal memory fMRI studies showed ei-
ther no differences in brain activation patterns for healthy
controls and patients with MS during the encoding phase
[Morgen et al.,, 2007] or both increased and decreased
brain activation in patients with MS [Bobholz et al., 2006].
In the latter study, the right middle frontal gyrus and the
left lingual gyrus showed increased activation while
decreased activation was seen in the right anterior cingu-
late gyrus. All these activations correlated with increased
lesion volume. Importantly, none of the studies focused on
the hippocampus specifically. The hippocampus is one of
the main brain areas involved in episodic memory func-
tion and is known to be structurally influenced by MS pa-
thology. Thus, it is important to know how this structure
functions in MS. In the current study, the function of the
hippocampus was tested with an episodic memory fMRI
paradigm that has been proven to specifically activate the
hippocampus [Van Der Werf et al., 2009]. The purpose of
our study was to find out whether there is altered activa-
tion within the hippocampal memory system in response
to MS pathology, and whether different brain regions take
over its function. To address possible effects of functional
brain adaptation, we examined two groups of patients
with MS; cognitively preserved (CP) and cognitively
impaired (CI). We hypothesized that hippocampal func-
tion would be decreased in both MS groups compared to
healthy controls. The CP patients will show subtle reduc-
tions in hippocampal functioning without clinical effects.
We expected to find more pronounced functional hippo-
campal changes in the CI patients which might be related
to the presence of overt cognitive deficits.

METHODS
Participants

The study protocol was approved by the institutional
ethics review board and all subjects gave written informed
consent prior to participation. Patients were recruited from
several channels; a clinical MS database from our MS cen-
ter, an advertisement in a magazine from the Dutch MS
research foundation, and via the treating neurologists. All
patients were diagnosed with clinically definite MS [Pol-
man et al., 2005]. Disease severity of all patients was meas-
ured on the day of scanning with a questionnaire based
on the Expanded Disability Status Scale (EDSS) [Lechner-
Scott et al., 2003]. All patients had sufficient visual acuity
to perform the fMRI task. Age- and sex-matched healthy
controls were included in this study.

Exclusion criteria for all subjects were the presence or
history of psychiatric or neurological disease (for patients:
other than MS), claustrophobia, and contra-indications for
undergoing MRI investigation. Patients were not allowed
to enroll if they received treatment with corticosteroids in
the 6 weeks prior to the investigation.

* 2269 ¢



¢ Hulst et al. ¢

Neuropsychological Examination

All subjects underwent an extensive neuropsychological
test battery specifically designed to assess memory func-
tion. Verbal memory and learning was assessed with the
verbal learning and memory task (Verbale Leer- en Geheu-
gen Taak, VLGT) [Mulder et al., 1996]. The VLGT is the
Dutch equivalent of the California Verbal Learning Test
[Delis et al., 1987]. In the learning phase, 16 items were
verbally presented to the subjects in five consecutive trials
followed by immediate recall. The learning phase was fol-
lowed by an interference trial during which 16 new items
were verbally presented once, after which the subjects had
to repeat the first list, both during free recall and cued
recall (four categories: “clothes,” “machinery,” “fruits,”
and “herbs and spices”). After approximately 15 min long-
term delayed recall was assessed, again both free and
cued recall, as well as recognition.

The Letter Digit Substitution Test (LDST) [Jolles et al.,
1995] was included to assess processing speed of visual in-
formation and was verbally administered for 90 s.

In the test battery, spatial memory was assessed with
the Location Learning Test (LLT) [Bucks and Willison,
1997]. The learning phase consists of five consecutive trials
and generates a total displacement score (LLT total score).
A score of zero indicates a perfect performance, the more
errors one made the higher the score. Approximately 15
min after the learning phase, a delayed recall trial was
assessed which generated a measure for “rapid forgetting”
(LLT delay score).

Digit span (both forward and backward) is a subtest of
the Wechsler Adult Intelligence Scale [Wechsler, 1997] and
was used to test working memory ability (and to a lesser
extent concentration, attention, and mental control).

A semantic word fluency test was used to investigate
word knowledge, access to semantic memory, and long-
term verbal memory [Ruff et al., 1997]. Subjects had 60 s
to generate as many words as possible that belong to the
category “Animals,” “Professions,” and “M-words” (four
letter words beginning with the letter M) [Lezak et al.,
2004].

Scores on all test parameters were converted to Z scores
by comparison with the mean and standard deviation of
the healthy control group. Patients were defined as being
CI when their score was at least 2 SD below that of the
healthy controls on a minimum of 2 out of 5 tests, corre-
sponding to a probability of 5% to fall in the normal popu-
lation for each test. Otherwise, patients were considered to
be CP. It should be noted that this classification is made
based on the abovementioned neuropsychological test bat-
tery which predominantly focused on memory function
and relatively lacks in-depth information on cognitive
domains like psychomotor speed and executive
functioning.

Symptoms of depression, anxiety, and fatigue are
known nuisance factors when assessing cognition. The
Hospital Anxiety and Depression Scale (HADS-A and

HADS-D) was used to investigate the presence of these
symptoms [Zigmond and Snaith, 1983]. Fatigue was
assessed by the Checklist of Individual Strength (CIS-20)
questionnaire [Vercoulen et al., 1994]. Pre-morbid intelli-
gence was measured using the Dutch version of the New
Adult Reading Test (DART) [Nelson and O’Connell, 1978;
Schmand et al., 1991]. Educational level was assessed with
a scoring system that comprised a 7-point scale, ranging
from having not finished primary education (level 1) to
university educated (level 7) [Verhage, 1964]. The Edin-
burgh Handedness Scale was used to evaluate right or left
handedness [Oldfield, 1971].

Structural and Functional MRI Acquisitions

MR imaging was performed on a 1.5T whole-body scan-
ner (Siemens Sonata, Erlangen, Germany) using an eight-
channel phased-array head coil. 3DT1-weighted magnet-
ization  prepared rapid acquisition gradient-echo
(MPRAGE) images (TR 2700 ms, TE 5 ms, TI 950 ms; 176
sagittal slices with 1.3 mm thickness; 248 x 330 mm? field-
of-view [FOV] and 1.3 x 1.3 mm? in plane resolution; ac-
quisition time 4.9 min) were obtained using parallel imag-
ing with an acceleration factor of 2.

For white matter (WM) lesion detection a turbo spin-echo
proton density (PD) and T2-weighted images (TR 3130 ms,
TE 24/85 ms, 46 axial slices with 3 mm thickness; 192 x 256
mm? FOV and 1.0 x 1.0 mm? in plane resolution) were
obtained, as well as spin-echo T1-weighted images (TR 485
ms, TE 12 ms, 46 axial slices with 3 mm thickness; 192 x 256
mm? FOV and 1.0 x 1.0 mm? in plane resolution).

3D-DIR images were acquired to detect grey matter pa-
thology (TR 2350 ms, TE 355 ms, TI 350 ms, 120 sagittal
slices, 192 x 256 mm? FOV and 1.2 x 1.2 mm? in plane re-
solution; acquisition time 10 min).

A localizer of 7 slices was made to accurately identify
the hippocampus for the fMRI sequence. During the fMRI
task 208 volumes of echo planar images (EPI) were
acquired (TR 2220 ms, TE 60 ms; 28 axial slices with 3 mm
thickness, 3.3 x 3.3 mm? in plane resolution and 211 x
211 mm? FOV; acquisition time 7.7 min).

fMRI Paradigm

An episodic memory encoding paradigm [Van Der Werf
et al., 2009] was used for fMRI measurements. This partic-
ular fMRI paradigm was chosen because of the reliable
and robust activation of the hippocampus in healthy con-
trols [Van Der Werf et al., 2009]. During the encoding
phase, 50 different novel landscape images were presented
to the subjects. Each picture was presented for 5 s in
which the participants were asked to decide whether the
images were “tropical” or “non-tropical" by pressing a but-
ton with either their left or their right index finger (Photon
Control, Burnaby, BC, Canada). This ensures the encoding
by requiring the subjects to attend to details in the images,
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which has been shown to enhance hippocampal activation
and subsequent recall [Daselaar et al., 2003]. The novel
landscape images appeared in a pre-randomized order
and were intermixed with 20 control images (a previously
familiarized landscape image with a centrally positioned
arrow pointing left or right, indicating which button to
press). Thirty minutes following encoding, the retrieval
phase was initiated. Here, a total of 100 landscape images
were shown, 50 of which were novel and another 50 of
which were old (i.e., already presented during the encod-
ing phase), presented in a random order, intermixed with
the same (arrow) control images. Participants had to indi-
cate whether they had seen the pictures before, again by
pressing the left or the right button. E-prime 1.1 software
with service pack 3 (Psychology Software Tools, Pitts-
burgh) was used to present the images and to record all
responses.

Functional MRI Image Analysis

All imaging processing steps and statistical fMRI analy-
ses were performed using FSL 4.0 (FMRIB’s Software
Library, http:/ /www.fmrib.ox.ac.uk/fsl). For each subject,
all non-brain tissue was removed from the images (BET)
and a motion correction (MCFLIRT) was applied. A high-
pass filter cutoff of 50 s was used, as well as spatial
smoothing with full-width-at-half-maximum set at 6 mm.
Thereafter, the functional images were aligned to the sub-
ject’s high resolution T1l-weighted image using an affine
registration (FLIRT) using six degrees of freedom and sub-
sequently to the MNI152 standard brain using non-linear
registration (FNIRT, warp resolution: 10 mm). The func-
tional data were modeled using FEAT with a double-
gamma hemodynamic response function, contrasting cor-
rectly remembered items with the control images for every
single subject in an event-related design using a univariate
general linear model. For all the subjects, the correctly
remembered items (as measured during the retrieval) were
selected from the encoding phase (5 s per item) and mod-
eled in the analyses. This was based on the assumption
that when someone remembered a landscape picture cor-
rectly, the encoding had been successful. The brain activa-
tion that is found therefore reflects correct performance.

Group-analysis was carried out, contrasting the three
different subject groups to each other with age and sex
added to the general linear model as covariates.

Firstly, the results that survived cluster correction were
inspected. Cluster correction allows for a correction for
multiple comparisons by taking into account the activation
of associated voxels into clusters of voxels. Differences
between groups within clusters were considered signifi-
cant at P < 0.05. Secondly, subtle changes between groups
(i.e., CP patients vs. healthy controls) might stay unde-
tected this way, especially when looking for small differ-
ences in activation patterns. Small numbers of activated
voxels might not survive cluster correction and possibly

informative and robust results might as such disappear.
To explore these subtle differences, results were also
explored without cluster correction using a conservative P-
value (Z > 3.1, P < 0.001) as an alternative method which
still assures significant activation. Brain areas that showed
enhanced activation during the task compared to the
healthy controls, as well as recruitment of new brain areas
were considered to be functional adaptation.

To specifically investigate activation differences within
the hippocampus, a region-of-interest analysis was per-
formed. For each subject, hippocampal masks (see struc-
tural MRI) were co-registered to the individual’s
functional MR images. The co-registered hippocampal
masks were kept conservative by applying an intensity
threshold of >0.6 to ensure that only hippocampal tissue
was included in the mask. The individual masks were
overlaid onto the subject specific Z-statistic map of activa-
tion during the encoding of correctly remembered items as
obtained from the single-subject analysis. The averaged Z-
values in the left and right hippocampus during fMRI
were extracted for all subjects separately.

Structural MRI Image Analysis

For each subject, the whole brain volume (as well as
grey and white matter volume separately) was measured
using the MPRAGE images and SIENAX [Smith et al.,
2002]. Hippocampal masks were drawn manually accord-
ing to a standardized operating procedure based on previ-
ous reports using an in-house developed software
program [Jack, 1994]. All volumetric measures were cor-
rected for head size.

WM lesions were marked and manually outlined on the
PD- and T1-weighted images using a local-threshold tech-
nique. Cortical lesions and hippocampal lesions were
scored and counted on the 3D-DIR images according to
recently developed consensus guidelines [Geurts et al.,
2011]. Cortical lesions were scored on axial slices, the hip-
pocampal lesions on coronal slices with the images refor-
matted perpendicular to the rostral-caudal axis of the
hippocampus.

Statistical Analysis

Statistical analyses on the demographical, clinical, and
volumetric variables were performed using Statistical
Package for the Social Sciences version 15.0 (SPSS, Chi-
cago, IL). Comparisons were made between the three dif-
ferent groups: CP patients, CI patients, and healthy
controls. When the variables were normally distributed, a
multivariate general linear model was used with age and
sex included as covariates. If a variable displayed a signifi-
cant effect of group, a post-hoc analysis using Bonferroni
confidence interval adjustment was performed. When vari-
ables were not normally distributed the Mann-Whitney
(two groups) or the Kruskal-Wallis test (three groups) was
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TABLE I. Demographic and clinical measures of healthy controls (HC), cognitively preserved (CP), and cognitively
impaired (CI) MS patients

HC (n = 30) CP (n = 34) CI (n = 16) P-value
Age (in years) 445 (8.8) 46.0 (9.2) 50.3 (5.6) 0.086
Sex (female/male) 19/11 27/7 8/8 0.051
Handedness (R/L/M) 26/3/1 32/2/0 13/3/0 0.449
Premorbid IQ 103.8 (10.8) 105.1 (12.3) 96.7 (12.4) 0.066
Educational level 5.7 (0.9) 5.8 (0.7) 5.2 (1.0) 0.401
Disease type (RRMS/ SPMS) — 27/7 9/7 0.138
Disease duration (in years) — 11.32 (6.6) 12.50 (7.3) 0.573
EDSS — 41 (1.3) 4.3 (1.5) 0.404
HADS-A 3.0 (2.0-6.0) 5.0 (4.0-8.0) 6.5 (4.0-9.5) <0.001*
HADS-D 1.0 (0-2.3) 4.0 (2.5-6.3) 4.0 (3.0-5.8) <0.01%
CIS-20 25.0 (16.8-46.0) 72.5 (49.8-90.3) 80.5 (48.0-88.8) <0.001*

HADS: Hospital Anxiety and Depression Scale; A: anxiety; D: depression; CIS-20: Checklist individual strength, fatigue questionnaire.
Data are means and (standard deviation) for normally distributed variables, variables EDSS, HADS-A, HADS-D, and CIS-20 were not
normally distributed and therefore median (interquartile range) are provided.

“Significant differences were found between both patient groups and the healthy controls, the CP and CI patients did not differ signifi-

cantly from each other.

used. P-values of <0.05 were considered statistically
significant.

RESULTS
Subject Descriptives

A total of 50 patients were included in the study with
ages between 24 and 61 years (mean age 47.4 + 8.4), of
whom 35 were females. Thirty-six patients had a relapsing
remitting disease type with a mean disease duration of
10.8 years (£7.1). Fourteen patients had a secondary pro-
gressive disease type with a mean disease duration of 13.9
years (£5.7). Thirty age- and sex-matched healthy controls
(mean age 44.5 + 8.8; 19 females) were included in the
study.

According to the definition for cognitive impairment
(2SD below the mean score of the healthy controls on at
least 2 out of 5 tests), 34 patients with MS were defined as
CP and 16 patients with MS as CI.

Table I summarizes the demographical and clinical data
of the subjects included in this study. Patients and controls
did not differ significantly with regard to age, sex, hand-
edness, premorbid IQ, and educational level. The MS spe-
cific characteristics; mean disease duration, disease type,
and mean EDSS score were not significantly different
between CP and CI patients. As expected, both patient
groups differed significantly from the healthy controls
regarding fatigue, anxiety, and depression measures (see
Table I). CP patients did, however, not differ from the CI
patients on any of these measures.

Cognitive Impairment

The neuropsychological test scores for each cognitive
task are presented in Table II for the healthy controls, the

CP patients, and the CI patients. Of the 34 CP patients, 22
patients displayed no impairment at all. Twelve patients
were impaired on one test. On the location learning task
(spatial memory) most impaired scores were found (four
patients), followed by digit span backwards (three
patients), and the letter digit substitution task (processing
speed; three patients). Two patients showed impairment
on semantic word fluency. Of the 16 CI patients, seven
patients were impaired on two tests, five patients on three
tests, and four patients on four tests of the total test bat-
tery. The location learning task was most often impaired
(12 patients), followed by the letter digit substitution task
(11 patients) and the verbal learning and memory task (10
patients). Nine patients were impaired on the digit span
backwards, while almost none of the patients were
impaired on digit span forwards (one patient) and seman-
tic word fluency (two patients).

Early Functional Changes During Memory
Encoding

The number of correctly remembered items during the
retrieval phase was marginally lower in the CP patients
(median 38, inter quartile range (IQR) 30-40) and substan-
tially lower in the CI patients (median 32, IQR 19-35) com-
pared to the healthy controls (median 40, IQR 35-42, P =
0.05 and P < 0.01, respectively). Furthermore, the number
of correctly remembered items was significantly lower in
the CI patients compared to the CP patients (P = 0.01).

During the encoding of correctly remembered items (as
measured during the retrieval) CP patients showed signifi-
cantly increased activation within the left anterior cingu-
late gyrus, the left hippocampus, and the left and right
parahippocampal gyrus compared to healthy controls.
Activation was also seen in the right cerebellum and
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TABLE Il. Neuropsychological test data of healthy controls (HC), cognitively preserved (CP), and cognitively
impaired (Cl) MS patients

Measure HC (n = 30) CP (n = 34) CI (n = 16)

VLGT

Total no. of correct items 62.00 (52.00-69.00) 59.00 (53.25-63.25) 38.50 (32.55-45.00)
LDST

No. of substitutions” 63.50 (9.57) 54.09 (9.21) 43.19 (10.86)
LLT

Total no. displacements 7.50 (2.00-15.00) 11.00 (7.75-19.50) 41.50 (26.25-56.25)
Digit span

Forward 10.00 (8.00-12.00) 9.00 (8.00-11.00) 7.00 (7.00-8.00)

Backward 7.50 (7.00-8.25) 7.00 (5.75-8.25) 4.00 (3.25-5.00)

WLG-Animals
WLG-Professions”
WLG-M-words

24.00 (20.75-29.00)
18.30 (5.41)
10.00 (7.00-13.25)

24.00 (19.75-27.25)
18.03 (5.10)
9.00 (7.75-14.00)

19.50 (15.25-22.50)
13.88 (4.80)
6.50 (3.50-10.00)

VLGT = verbal learning and memory task, LDST = Letter Digit Substitution Task, LLT = Location Learning Task, WLG = Word List

Generation.

Median and interquartile range are displayed for not normally distributed data, except for * where because of normal distribution mean

and standard deviation are provided.

occipital cortex bilaterally (unclustered, Z > 3.1, P < 0.001;
see Fig. 1 and Table III). There were no brain areas in the
CP patients with less activation compared to the healthy
controls.

The CI patients showed significant differences in brain
activation patterns compared to the healthy controls (see
Fig. 2 and Table III). Increased brain activation was seen
in the right precuneus as well as the posterior part of the
cingulate gyrus (unclustered, Z > 3.1, P < 0.001). In the
right hippocampus and parahippocampal areas and in the
ventral visual stream, significantly less activation was
seen. Also, in the left anterior paracingulate gyrus extend-
ing into frontal brain areas significantly less brain activa-
tion was seen in the CI patients compared to healthy
controls (cluster-corrected, P < 0.05).

Patient groups were also compared to each other. Areas
with significantly increased activation in CI patients com-
pared to the CP patients were not found. Increased brain
activation, however, could be seen in the precuneus and
posterior cingulate gyrus (also seen in CI patients com-
pared to healthy controls) at Z > 2.3, P > 0.05, which indi-
cates a trend. The CI patients did show significantly less
brain activation throughout the brain (see Fig. 3 and Table
III). Less brain activation was seen in the right and left
thalamus, the right nucleus accumbens, the hippocampus
and parahippocampal gyri bilaterally, the posterior part of
the cingulate gyrus, left frontal brain areas, left brain stem,
and the cerebellum. Less activation was found in the ven-
tral and dorsal stream of visual memory processing and in
the temporal gyrus at the right side (cluster-corrected, P <
0.05; see Fig. 3 and Table III).

The region-of-interest analysis showed the average acti-
vation in the left and right hippocampus for each subject
and was corrected for hippocampal volume. There was a
significant effect of group for the activation of the right

hippocampus (F = 5.9, P = 0.004; see Fig. 4). Post-hoc Bon-
ferroni-corrected analyses revealed significantly lower acti-
vation in the CI patients compared to the CP patients (P =
0.003) as well as compared to the healthy controls (P =
0.03). No significant differences were found between the
CP patients and the healthy controls. There was no signifi-
cant effect of group for the activation of the left hippocam-
pus (F = 2.9, P = 0.06; see Fig. 4). Important to note is that
there is a reduced activation measured in the hippocam-
pus in the CI patients compared to the healthy controls,
although on average all subjects had positive activation
values.

No Significant Differences Between CP and CI
Patients With Regard to Brain Structure

In Table 1V, the results from the structural MRI analyses
are provided. There was a significant effect of group for
normalized brain volume (NBV; F = 8.7, P < 0.001), nor-
malized grey matter volume (NGMV; F = 4.7, P = 0.01),
and normalized white matter volume (NWMYV; F = 83, P
= 0.001). Post-hoc Bonferroni-corrected analyses revealed
significant reductions in NBV for both CP and CI patients
compared to healthy controls (P = 0.003 and P = 0.002,
respectively). NBV was not significantly different between
CP and CI patients. The same pattern was seen for NGMV
(CP patients vs HC: P = 0.04; CI vs HC: P = 0.03) and for
NWMYV (CP vs HC: P = 0.004; CI vs HC: P = 0.002). Both
CP and CI patients did not differ significantly from each
other for NGMV and NWMV. There was no significant
effect of group for hippocampus volume (left hippocam-
pus volume F = 2.6, P = 0.08; right hippocampus volume
F =22, P = 0.11). However, when patients with MS as a
whole group were compared to healthy controls, the
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Figure 1.
CP patients versus healthy controls. Differences in brain activation between CP patients and
healthy controls during encoding of successfully recalled items. The areas in red were increased
active in the CP patients. Upper panel: left anterior cingulate gyrus (arrow); Middle panel: left
hippocampus (arrow) and parahippocampal area as well as cerebellar activation. Lower panel:
right parahippocampal area (arrow) (Unclustered, Z > 3.1, P < 0.001).

analysis showed a significant reduction in the volume of
the left hippocampus (F = 4.7, P = 0.033) and a trend
towards a reduction in the volume of the right hippocam-
pus (F = 3.8, P = 0.056). The Mann-Whitney test dis-
played no significant differences between the patient
groups on T2 hyperintense and T1 hypointense lesion vol-
ume (P = 0.23 and P = 0.34, respectively) neither on the
number of cortical and hippocampal lesions as seen on the
DIR (P = 0.81 and P = 0.86, respectively).

DISCUSSION

The current study focused on the hippocampal memory
system of MS patients with and without cognitive impair-
ment (predominantly memory impairment) using a specific

fMRI episodic memory paradigm to study hippocampal
function as well as a comprehensive set of structural MRI
measures and a detailed neuropsychological assessment.
Our results showed that the activity of the hippocampal
memory system of CP MS patients is increased compared to
healthy controls during the encoding of correctly remem-
bered items. In the CI MS patients relatively few extra-limbic
brain areas showed increased activation, whereas most lim-
bic areas displayed less activation, possibly underlying the
cognitive deficits that were clearly measurable at this stage.

Changes in the Hippocampal Memory System

In CP MS patients, increased brain activation was found
in the left anterior cingulate gyrus, left hippocampus, and
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TABLE lll. Clusters of significant activation during memory encoding, differences between the subject groups

Cluster® Z max X v z Area

CP > HC

1 4.38 -12 40 20 Anterior (para)cingulate gyrus (left)

2 4.22 18 —84 10 Occipital cortex (right)

3 4.19 32 —48 —24 Cerebellum (right)

4 411 28 —74 40 Occipital/parietal cortex (right)

5 3.89 —28 -72 40 Occipital/parietal cortex (left)

6 3.67 20 -12 —36 Parahippocampal gyrus (right)

7 3.66 —24 -26 —24 Parahippocampal gyrus and hippocampus (left)
CI > HC

1 4.22 8 —54 36 Precuneus (right)

2 3.44 8 —40 26 Posterior cingulate gyrus (right)

CI < HC

1 6.07 12 —84 —16 Occipital cortex/ ventral stream (right)

2 5.47 -10 —100 20 Occipital cortex/ ventral stream (left)

3 4.65 34 -36 —20 Hippocampal formation (right)

4 4.15 —18 —68 12 Parietal occipital cortex (left)

5 4.03 2 34 —24 Cingulate cortex and medial frontal cortex (left)
Cl < CP

1 6.89 —14 —102 16 Occipital pole (bilaterally)

2 4.59 —24 30 —24 Frontal medial cortex (left)

3 4.03 —50 48 2 Frontal pole (left)

4 3.81 12 —14 10 Thalamus (right), Nucleus accumbens (right)

Zmax: maximal z-value of the cluster/activated area; x, y, zz MNI-space coordinates of the Zax-

“For the contrasts CP>HC and CI>HC the results from the unclustered analyses are shown (Z > 3.1, P < 0.001) and cluster numbers
resemble brain areas with significantly increased activation, in the other contrasts (CI<HC and CI<CP) the results from the cluster cor-
rected analyses are shown.

Figure 2.
Cl patients versus healthy controls. Differences in brain activa- the posterior cingulate gyrus (unclustered, Z > 3.1, P < 0.001).
tion between Cl patients and healthy controls during encoding Bottom row: extensive brain areas with less activation, the right
of successfully recalled items. The areas in red display increased  hippocampus (arrow) and parahippocampal areas, right ventral
activation while the areas in blue display less activation in the Cl  visual stream and the left paracingulate gyrus extending into left
patients. Upper row: activation in the precuneus (arrow) and frontal brain areas (cluster-corrected, Z > 2.3, P < 0.05).
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Figure 3.

Cl patients versus CP patients. Differences in brain activation
between Cl and CP patients during encoding of successfully
recalled items. The areas in blue display less activation in the ClI
patients. Upper panel: brain regions with reduced activation
were the left thalamus and right thalamus (arrow) as well as the
ventral visual system, right superior and middle temporal gyrus,

in the parahippocampal gyri bilaterally compared to healthy
controls. In the literature, lateralization of some hippocam-
pus-dependent memory functions has been described. The
right hippocampus is thought to be preferentially involved
in visuospatial memory and the right parahippocampal
gyrus in the processing of spatial scenes while the left hippo-
campus is involved in context-dependent episodic memory
or verbal memory [Burgess et al.,, 2002]. In addition to the
hippocampus, the cingulate gyrus is more active in CP MS
patients. The anterior cingulate gyrus is indirectly connected
to the hippocampus via the thalamus, subiculum, and para-
hippocampal gyrus and has been implicated in both verbal
[Shallice et al., 1994] as well as visuospatial episodic memory
[Roland and Gulyas, 1995]. We assume that the additional
recruitment of the cingulate gyrus (besides the increased ac-
tivity within the (para)hippocampal areas), in CP patients
might be necessary to maintain normal memory encoding
capacity. Outside the hippocampal memory network,
increased activation was also seen in the cerebellum of CP
MS patients. Several studies have shown that the cerebellum
is involved in the modulation of cognitive tasks [Baillieux
et al., 2008; Timmann and Daum, 2007].

The MS patients with cognitive impairment showed an
almost opposite pattern of brain activation. In the CI MS

frontal areas, cerebellum, and the right parahippocampal gyrus.
Lower panel: less activation was found as well in the left hippo-
campus (arrow), right parahippocampal gyrus, the right nucleus
accumbens, and areas within the brain stem (cluster-corrected,
Z > 23,P <0.05)

patients, less activation was found in the hippocampal memory
system as well as in the medial prefrontal area which is thought
to be involved in self-referential or introspectively oriented
mental activity [McGuire et al., 1996]. The right precuneus and
the posterior cingulate gyrus showed increased activity in the
ClI patients and are known to be involved in visuospatial and
episodic memory [Cavanna and Trimble, 2006].

The CI patients displayed significantly less activation
compared to the CP patients in many brain areas. The
areas with less activation were mostly comparable to what
was found in comparison to the healthy controls (i.e., right
hippocampus, parahippocampal gyrus, medial frontal cor-
tex, and ventral visual system). It is important to note that
the left and right thalamus and the left hippocampus also
showed less activity in the CI patients compared to the CP
patients. The thalamus plays an important role in attention
[Van Der Werf et al., 2002] and in patients with MS tha-
lamic atrophy has been related to cognitive performance
[Houtchens et al., 2007].

A Functional Adaptive Process

Our hypothesis was that the CP MS patients would al-
ready show less hippocampal activation preceding overt
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Figure 4.

Region-of-interest analysis of the average activation in the hippo-
campus. Left Panel: the average activation of the left hippocam-
pus during encoding of successfully recalled items. No significant
differences were found between the subject groups. Right panel:
the average activation of the right hippocampus during encoding
of successfully recalled items. Significant differences were seen

cognitive impairment. However, CP MS patients only
showed increased brain activation compared to healthy
controls which might be associated with the presence of a
functionally adaptive mechanism within the hippocampal
memory network of patients with MS.

It has been reported that during a simple motor task,
the location of brain activation in patients with benign MS
resembles that of healthy controls; however, increased acti-
vation in these areas was observed. Interestingly, in
patients with secondary progressive MS, additional brain
areas are being recruited [Rocca et al., 2010a]. During rest-
ing state fMRI it was found that clinically isolated syn-
drome (CIS) patients showed increased synchronization in
several resting state networks, while this was not seen in
patients with relapsing remitting MS with more overt
structural damage [Roosendaal et al, 2010b]. This
increased synchronization in CIS patients was suggested
to be early functional reorganization of resting state net-
works. Another resting state study showed decreased syn-
chronization in the default mode network (DMN; the
DMN is frequently deactivated during cognitive tasks) in
patients with progressive MS which was associated with a
lower cognitive performance [Rocca et al, 2010b].
Decreased synchronization was especially found in the an-
terior cingulate, prefrontal, and precentral cortices.
Recently, the hypothesis was put forward [Schoonheim

between the CP and Cl patients, as well as between the healthy
controls and the Cl patients (corrected for hippocampal
volume, P = 0.003 and P = 0.03, respectively). [Color figure can
be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

TABLE IV. Structural MRI measures of healthy controls
(HC), cognitively preserved (CP), and cognitively
impaired (CI) MS patients

HC (1 =30) CP (n = 34) CI (n = 16)
NBV (L)" 147 (0.06)  1.40 (0.07) 1.38 (0.09)
NGMV (L)’ 0.77 (0.04)  0.75 (0.04) 0.73 (0.05)
NWMV (L)* 0.69 (0.04)  0.66 (0.04) 0.65 (0.05)
NHYV left (mL) 431 (046)  4.07 (0.49) 411 (0.41)
NHV right (mL) ~ 4.33 (0.44)  4.10 (0.49) 415 (0.61)

T2 lesion —
volume (mL)}

T1 lesion —
volume (mL)

Number —
cortical lesions’

Number —
hippocampal

lesions'

430 (2.52-6.70) 6.83 (2.85-9.86)

1.71 (0.74-3.34) 2.84 (0.63-5.62)
5 (3.0-8.5) 7 (2.0-13.0)

1(0-2) 1 (0-1)

Data are means (standard deviation), except for T where because
of non-normal distribution median and interquartile range are
provided.

NBV: normalized brain volume; NGMV: normalized gray matter
volume; NWMV: normalized white matter volume; NHV: normal-
ized hippocampal volume, L: liters, mL: milliliters.

Significant differences between groups: * CP & CI vs. controls
(P < 0.01); " CP & CI vs. controls (P < 0.05).
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et al., 2010] that in the early stages of MS, relatively little
structural damage in the brain may trigger a functional
adaptive mechanism. To preserve cognitive function,
hyperactivation of task-related and additional brain struc-
tures, might be induced. Over time, structural damage will
increase together with the level of cognitive impairment.
Still in this phase, functional adaptive mechanisms are
expected to mask cognitive deterioration to a certain
extent. When structural damage has become too extensive,
functional adaptation will be naturally limited, as under-
lined by the observed differences between benign and sec-
ondary progressive MS patients [Rocca et al., 2010a].
Finally, the functional adaptive mechanism is no longer
effective, resulting in hypoactivation on fMRI and overt,
measurable cognitive deficits [Rocca et al.,, 2010b]. The
ability of the brain to functionally adapt in response to
structural damage may differ between people. Future (lon-
gitudinal) research is needed to investigate the complex
interplay between brain adaptive properties and ongoing
structural damage in more detail, as well as to investigate
the time frame in which adaptive processes take place.

In our task fMRI study such patterns were indeed
observed for the hippocampal memory system. The
increased brain activation seen in the CP MS patients may
reflect a functional adaptive process to prevent cognitive
deficits, supporting the hypothesis mentioned above
[Schoonheim et al., 2010]. When this adaptive mechanism
becomes exhausted, the functionality of the hippocampal
memory system will deteriorate, which might be related to
decreased brain activation as measured by fMRI as well as
the appearance of cognitive deficits. In the current study,
we cannot verify the order of events due to the cross-sec-
tional design. Therefore, future studies will have to investi-
gate the exact timeframe in which hyper- and hypo-
activation of brain structures related to cognition occur in
MS. In a recent study by O’Brien et al. [2010] a longitudinal
associative memory study in elderly subjects without de-
mentia was performed. They showed that over time, clinical
decline in elderly subjects is accompanied by significant
loss of hippocampus activation. The subjects with the high-
est hippocampal activation at baseline (hyperactive hippo-
campus) demonstrated the greatest clinical decline over
time, as well as the greatest loss of hippocampal function
over 2 years. This possibly illustrates the occurrence of
hyperactivation of the hippocampus in preclinical stages of
cognitive impairment. Unfortunately, we were not able to
provide longitudinal information in the current study.

A potential confounder of cognitive performance is the
influence of depression, anxiety, and fatigue, that are fre-
quently reported in patients with MS [Weingartner et al.,
1981]. Previous studies have shown that cognitive deficits
in MS are present independently of depression [Krupp
et al., 1994]. In the current study, both patients with and
patients without cognitive impairment suffered equally
from these factors, indicating that cognitive impairment
may indeed present independently from problems in one
(or more) of these domains. Additionally, it is very

unlikely that the differences found were due to other clini-
cal characteristics inherent to MS (disease duration, or
EDSS score) since the two groups did not significantly dif-
fer on these variables.

The male/female ratio as well as age differed slightly
between the groups (not statistically significant). To prevent
an unwanted influence of these parameters on the main
study outcome, all these variables were added as covariates
in the fMRI analyses. Disease type was not significantly dif-
ferent between the CP and CI MS patients (Table I, P =
0.138). Relatively, however, the CI group contained more
secondary progressive patients. This, although disease du-
ration and disability did not differ (Table I, P = 0.573 and P
= 0.404, respectively) between the CI and CP groups, might
theoretically have influenced the main outcome measure. In
other words, despite a stringent matching procedure, we
cannot completely exclude that factors other than cognitive
impairment alone might have partly played a role.

Regarding structural MRI measures, the two patient
groups were not significantly different. We expected that
the hippocampal volume of CI patients would be reduced
compared to CP patients and healthy controls; however
this was not confirmed in the current study. Hippocampal
volume was reduced in patients with MS as a whole
group compared to healthy controls, which is consistent
with the literature [Roosendaal et al., 2010a; Sicotte et al.,
2008]. The relatively small number of CI patients (n = 16)
and the greater variance in hippocampal volume in this
particular patient group (compared to the CP patients and
healthy controls) might be the reason why no significant
differences were found between the CP and CI MS
patients concerning hippocampal volume. Since we cor-
rected the signal in the hippocampus for hippocampal vol-
ume, it is very unlikely that the results of our study will
be influenced by hippocampal atrophy.

Additionally, other more sensitive MRI measures, such
as diffusion tensor imaging, could have picked up more
subtle structural differences that precede the functional
changes. More work needs to be done to investigate the role
of this subtle structural damage on hippocampal function.

In the current study, less activity of the hippocampal
memory system in CI patients was found during the
encoding of subsequently correctly recalled items. The CI
patient group recalled fewer items on average than the
healthy controls, but was still able to correctly recall items
although extensive brain areas related to memory function
showed less activation. The increased activation in the
posterior cingulate gyrus and the precuneus found in the
CI patients might explain why patients could still remem-
ber some of the items and might be a late phenomenon of
functional adaptation.

CONCLUSION

This is the first fMRI study that specifically investigated
hippocampal function in MS patients with and MS
patients without cognitive deficits. Changes in the
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hippocampal memory system were detected for both
patient groups compared to the healthy controls. Activity
in the hippocampal memory system was increased when
memory function was not impaired (CP patients). We pro-
posed that this reflects a functional adaptive process to
prevent cognitive deficits from developing. In a later
phase, where cognitive impairment has already set in,
functional adaptation may no longer be possible. This
coincides with our findings of reduced brain activation in
the hippocampal memory system of CI patients. In the
current study, patients were investigated on one time
point only; therefore, these results should now be further
investigated in a longitudinal setting to better understand
the temporal dynamics of structural brain damage, func-
tional adaptive processes, and cognitive decline. This in-
formation may then be used as an input for studies
working towards cognitive therapeutic strategies.
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