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Abstract

Background: Different subregional patterns of hippocampal involvement have been observed in diverse
multiple sclerosis (MS) phenotypes.

Objective: To evaluate the occurrence of regional hippocampal variations in clinically isolated syndrome
(CIS) patients, their relationships with focal white matter (WM) lesions, and their prognostic implications.
Methods: Brain dual-echo and three-dimensional (3D) T1-weighted scans were acquired from 14 healthy
controls and 36 CIS patients within 2 months from clinical onset and after 3, 12, and 24 months. Radial
distance distribution was assessed using 3D parametric surface mesh models. A cognitive screening was
also performed.

Results: Patients showed clusters of reduced radial distance in the Cornu Ammonis 1 from month 3,
progressively extending to the subiculum, negatively correlated with ipsilateral T2 and T1 lesion volume.
Increased radial distance appeared in the right dentate gyrus after 3 (p<0.05), 12, and 24 (p<0.001)
months, and in the left one after 3 and 24 months (» <0.001), positively correlated with lesional measures.
Hippocampal volume variations were more pronounced in patients converting to MS after 24 months and
did not correlate with cognitive performance.

Conclusion: Regional hippocampal changes occur in CIS, are more pronounced in patients converting to
MS, and are modulated by focal WM lesions.
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Introduction

Multiple sclerosis (MS) is the most common demyeli-
nating disease of the central nervous system (CNS) of
young adults. MS pathology includes inflammation
and neurodegeneration, affecting both the white mat-
ter (WM) and gray matter (GM). Widespread GM
involvement was described from the initial stages of
the disease by magnetic resonance imaging (MRI)!
and pathological? studies.

The hippocampus is a GM area affected in MS and its
involvement is clinically relevant, being associated
with visuospatial and mnesic deficits.>-> Histological
studies have demonstrated diffuse demyelination,
plaque formation, and axonal loss in the hippocampus

of MS patients.®” Using MRI, hippocampal lesions?
and atrophy*’ have been found. Anatomically, the
hippocampus is a small-sized structure of archicortex
consisting of two laminae, separated by the hip-
pocampal sulcus: the Cornu Ammonis (CA), com-
posed by four subfields (CA1, CA2, CA3, CA4), and
the dentate gyrus (DG). A transitional cortex, called
subiculum, divides the CA from the rest of the tempo-
ral lobe. CA subregions show different susceptibility
to damage, with the CA1 region known to be the most
involved in many neurological conditions (e.g. tem-
poral epilepsy, Alzheimer’s disease, and ischemia),?!!
whereas the CA2 is the most preserved one.? In MS,
hippocampal demyelination mirrors such a pattern of
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vulnerability, with most lesions occurring in the CA1
and sparing the CA2.¢ MRI studies described a gradi-
ent of progressive hippocampal involvement among
the main MS clinical phenotypes, with a selective
atrophy of the CAl in relapsing—remitting patients,
whereas in those with secondary progressive MS,
other regions are also affected.*

Besides these pieces of evidence of regional atrophy,
another, small, subfield of the hippocampus, the DG,
is known to be a site of adult neurogenesis, which
occurs into its subgranular layer every day.!? This
phenomenon is thought to play a central role in hip-
pocampal-dependent memory,'? long-term potentia-
tion,!* and synaptic plasticity.!> Using MR-based
radial mapping analysis, an expansion of the DG
was recently detected in relapse-onset MS patients,
which was more pronounced in the inflammatory
phase of the disease and was associated with better
cognitive performance (at that stage).!®

There remain, however, several unexplored aspects of
hippocampal involvement in MS, including the time
of onset and evolution of hippocampal subregional
abnormalities, the influence of inflammatory activity,
and their possible prognostic implications. To answer
these questions, the ideal target population should
have a supposed recent biological disease onset, have
suffered a fresh inflammatory event, and be treatment-
free (to avoid possible confounding effects of disease-
modifying drugs). We performed a 2-year longitudinal
study in which we analyzed hippocampal shape using
surface-based mesh modeling!” in subjects with clini-
cally isolated syndrome (CIS), their correlations with
WM lesion volume (LV) and cognitive performance,
and their role for the development of MS.

Materials and methods

Ethics committee approval

Approval was received from local ethical standards
committee on human experimentation, and written
informed consent was obtained from all subjects.

Subjects

We enrolled a consecutive cohort of 37 CIS patients and
14 age- and sex-matched healthy controls (HCs), studied
in a previous work, '8 who underwent a brain MRI acqui-
sition, a neurological evaluation (comprehensive of
Expanded Disability Status Scale (EDSS) assessment),
and a neuropsychological screening at baseline (within
2 months from clinical onset) and after 3 (M3), 12 (M12),
and 24 (M24) months. At baseline, cerebrospinal fluid

(CSF) examination was also obtained from all patients.
In our prior work, a voxel-wise analysis of brain GM and
WM volume changes and WM microstructural damage
in CIS patients was performed.!8

Subjects with previous history of neurological/psy-
chiatric illness, substances abuse, and steroid admin-
istration during the month before study enrollment
were excluded.

Within 48 hours of the MRI, an expert neuropsycholo-
gist administered the Paced Auditory Serial Addition
Test (PASAT3) extracted from the Multiple Sclerosis
Functional Composite (MSFC) battery, to assess atten-
tion, working memory, and information processing
speed functions. A test score more than 1.5 standard
deviations (SDs) below the normative value of Serbian
population'® was considered abnormal. Variation of
cognitive function on the test was assessed by calcu-
lating a reliable change index (RCI) with correction
for measurement error and practice effects.20 RCI
scores <—1.25 were related to worsening.

MRI acquisition and analysis

Using a 1.5 Tesla system (Avanto, Siemens Medical,
Erlangen, Germany) under a program of regular mainte-
nance, the following brain images were acquired from
all subjects: (1) axial dual-echo turbo spin-echo (repeti-
tion time (TR)=2650ms, echo time (TE)=28-113ms,
echo train length (ETL)=5, number of slices=50, slice
thickness=2.5mm with no gap, matrix size=256x256,
field of view (FOV)=250%250mm?), (2) sagittal three-
dimensional (3D) T1-weighted magnetization prepared
rapid acquisition gradient echo (MPRAGE)
(TR=2000ms, TE=3.93ms, inversion time=1100m:s,
number of sections=208, section thickness=0.9mm,
matrix size=256x224, FOV=236x270mm?), and (3)
post-contrast (0.1 mmol/kg of gadolinium (Gd) DTPA;
acquisition delay: Sminutes) sagittal 3D T1-weighted
MPRAGE (using the same parameters as the pre-
contrast sequence).

All scans were positioned at baseline and follow-up
following standardized guidelines.

T2-hyperintense, T1-hypointense, and Gd-enhancing
lesions were identified by consensus of two experi-
enced observers blinded to the patients’ identity, and
global and hemispheric LVs were measured (Jim 6.0,
http://www.xinapse.com, Xinapse Systems, Colchester,
UK, see Supplementary Material). From lesion classi-
fication and count, the fulfillment of the criteria for
disease dissemination in space (DIS) and disease
dissemination in time (DIT) was assessed.?! After
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T1-hypointense lesion refilling, normalized brain vol-
umes (NBVs) and longitudinal percentage brain vol-
ume changes (PBVCs) were assessed (SIENAX and
SIENA software, University of Oxford, Oxford, UK).

Hippocampal segmentation

Hippocampal segmentation was obtained from the 3D
T1-weighted images.>!® Correction of intensity non-
uniformity was performed, and images were aligned to
the Montreal Neurological Institute (MNI) space using
the vtk-CISG tool and an affine transformation,?? with-
out applying any skull stripping or masking operation,
and finally reformatted into the coronal plane.!” After
transformation, the original voxel size=1x1x1mm3
was maintained.

One patient was excluded because of poor quality of
images. An experienced observer performed manual
tracing of the hippocampus, according to a standardized
protocol.z Intra-observer reproducibility of hippocam-
pal segmentation (evaluation of 20 randomly selected
subjects twice, 2 weeks apart by one observer, and cal-
culation of intraclass correlation coefficient) showed an
intraclass correlation coefficient of 0.91. The volume of
the traced structures was computed from contours by
using the LONI software (MultiTracer software,
Laboratory of Neuro Imaging (LONI), University of
Southern California, Los Angeles, CA, USA).

To confirm the results of the manual segmentation, we
performed a pilot analysis of initial timepoints using
the automatic hippocampal subfield segmentation opti-
mized for longitudinal analysis included in the
FreeSurfer 6.0 software suite (Athinoula A. Martinos
Center for Biomedical Imaging, Massachusetts General
Hospital, Charlestown, MA, USA).2

Surface-based mesh modeling

Hippocampal traces were converted to parametric sur-
face meshes with the tool available within the library
LONI Shape Tools (http://www.loni.usc.edu/Software/
ShapeTools, version 1.3.11, Athinoula A. Martinos
Center for Biomedical Imaging, Massachusetts General
Hospital, Charlestown, MA, USA) and were resampled
in a common number of 100x 150 surface vertices,
made spatially uniform and homologous with each
other. From the parametric surface model of each indi-
vidual hippocampus, a medial curve was derived along
the antero-posterior axis, and the distance of each ver-
tex from its medial core was calculated (radial distance
(RD)). The medial core represents an intrinsic frame of
reference itself, making the RD measures independent
from the head positioning of the single subject.

Statistical analysis

Shapiro—Wilk test was performed to assess normality.
Variables following a Gaussian distribution (i.e. age,
disease duration, global hippocampal volumes) were
compared between groups using two-sample 7 tests and
longitudinally within groups with paired ¢ test. Variables
not following Gaussian distribution (i.e. EDSS, T2 LV,
T1 LV, Gd LV) were compared between groups using
the Mann—Whitney test and longitudinally with
Wilcoxon’s test for paired data. Between-group com-
parison of categorical variables used Pearson 2.
Between-group comparisons were adjusted for age
(SPSS version 21.0, IBM Corp., Armonk, NY, USA).

The intragroup longitudinal hippocampal radial
mapping analysis was performed for each homolo-
gous surface vertex in CIS patients and HC with a
paired ¢ test in MATLAB 12. Mean changes in RD
between timepoints were also calculated and plot-
ted on HC average hippocampal surface. Non-
parametric Spearman correlation, controlling for
age, was run at each surface point to map correla-
tion between RD and T2-, T1-, and Gd ipsilateral
hemispheric LV at each timepoint and their changes
between timepoints.

Radial mapping analysis and correlations were cor-
rected for multiple comparisons using false discovery
rate (FDR).

A surface map of different hippocampal subfields
(CA1-4, DG, and subiculum) based on anatomical
data was overlapped on the average hippocampal
shape of each group,’ to standardize the anatomical
location of significant modifications in RD.

All previous analyses were repeated considering CIS
patients according to their evolution or not to MS
(second clinical attack) during the follow-up.

Results

Clinical and conventional MRI data

CIS patients (29/7 women/men; mean age=30.5 years,
SD=6.8) and HC (10/4 women/men; mean
age=33.6years, SD=7.9) did not differ for demo-
graphic features. Median disease duration in CIS was
22.6days (range: 2—60). Table 1 summarizes the main
neurological and MRI measures from HC and CIS
patients. At baseline, 27 of 36 patients (75%) showed
DIS, and 6 patients (17%) had both DIS and DIT.
Mean baseline PASAT3 performance was 40.0
(SD=9.9). Four patients started a disease-modifying
therapy during the follow-up.
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AtM24, 21 of 36 (58%) had suffered a second clinical
event (converter CIS (c-CIS)) and 32 (89%) had DIS
and DIT according to MRI. Mean PASAT3 score was
45 (SD=8.7).

At baseline, compared to non-converters (nc), ¢c-CIS
did not differ for sex distribution (male/female=6/15
vs. 1/14, p=0.2), age, EDSS, disease duration, CSF
oligoclonal bands, T2-, T1-, Gd LV, and NBV.

Longitudinal modifications of clinical and conven-
tional MRI measures in CIS patients are summarized
in Table 1 and have been previously reported.'® A sig-
nificant reduction of median EDSS at M3 emerged in
CIS patients (p<0.001), because six patients partially
recovered after the first clinical event. Median RCI
was 0.03 (SD=1.0), and five (13.5%) CIS patients
showed a worsening at PASAT3.

Global hippocampal volume analysis

Baseline hippocampal volume did not differ between
HC and CIS patients (Table 1). During the follow-up,
hippocampal volume remained stable in HC. CIS
patients experienced a significant increase of the left
hippocampal volume at M3, which disappeared at M12.
At M24, CIS patients developed significant hippocam-
pal atrophy, bilaterally. Global hippocampal volume did
not differ between c¢-CIS and nc-CIS at baseline (mean
right 3.67 (SD=0.3) vs. 3.62 (SD=0.4) mL, p=0.7; left
3.58 (SD=0.3) vs. 3.52 (SD=0.3) mL, p=0.6) and dur-
ing the follow-up (data not shown).

Radial mapping analysis

Hippocampal RD remained substantially stable
during the follow-up in HC (Supplementary
Figure), while CIS patients had dynamic modifica-
tions of RD. Figure 1 shows mean RD variations
between timepoints in CIS patients. The right hip-
pocampus showed a progressive enlargement of
RD at M3 versus baseline (p<0.05), M12 versus
M3 (p<0.001), and M24 versus baseline (p<0.001)
in the DG subfield. Such a phenomenon was evi-
dent in the left hippocampus at M3 versus baseline,
M24 versus M12, and M24 versus baseline (Figure
2). Some areas of the hippocampal head (CAl)
seemed enlarged at M3 in the right hippocampus.
However, this was not statistically significant at the
longitudinal analysis. FreeSurfer segmentation
confirmed the enlargement of the right DG and
CA1 at M3 versus baseline (baseline volume of the
granular cells of the molecular layer of the DG
(GC-ML-DG)=0.314 vs. M3 volume=0.319mL,
p=0.002; baseline CA1l volume=0.626 vs. M3

volume=0.633mL, p=0.009; see Supplementary
Results and Table). Significant regions of reduced
RD appeared in CIS patients in CA1 bilaterally at
M3 (p=0.05-0.0001) and progressively enlarged at
subsequent timepoints, while reduced RD of the
subiculum was evident from M12, bilaterally
(»<0.001) (Figure 2).

Similarly, both ¢-CIS and nc-CIS showed a progres-
sive reduction of the RD in CA1 and subiculum bilat-
erally (apparently more pronounced in c-CIS), but
only c-CIS developed right DG hypertrophy at M12
versus M3 (p<0.001; Figure 3).

Analysis of correlations

In CIS patients, T2 LV was correlated with hippocam-
pal RD reduction, bilaterally, in the subiculum at
baseline (p range: 0.05-0.01 right, 0.05-0.001 left)
and at M3 (p range: 0.05-0.01 right, 0.05-0.001 left),
and in the CA1 subfield of the tail at M12 and M24 (p
range: 0.05-0.01 right, 0.05-0.01 left) (» values, cor-
responding to significant p, are shown in Figure 4).
Similar results, with different p and » values, were
found for T1 LV (Figure 4).

T2 LV was positively correlated with DG enlargement
of hippocampus at baseline (p range: 0.01-0.001 right,
0.05-0.01 left) and M3 (p range: 0.01-0.001 right,
0.05-0.01 left). T1 LV was positively correlated with
bilateral DG enlargement at baseline and M3 (p range:
0.01-0.001). Considering Gd LV and RD (Figure 4), a
positive correlation between left DG RD and Gd LV
was found at baseline and M24. No correlation was
found between longitudinal changes of LV and RD.

No correlations were found between hippocampal RD
measures and EDSS and PASAT scores.

Discussion

We estimated global and regional hippocampal volu-
metric changes in CIS patients during a 2-year fol-
low-up. Our data suggest that global hippocampal
volume is not affected at disease onset, but its atrophy
occurs relatively early, at the end of our follow-up. A
significant increase of global left hippocampal vol-
ume was detected at M3, which is in line with previ-
ous evidence of increased left temporal pole volume
in CIS patients.'® Surface-based analysis showed that
subregional hippocampal volume changes occur in
CIS, with a coexistence of atrophy in damage-sensi-
tive regions and hypertrophy in the DG; they seem to
be influenced by local WM pathology and may have
prognostic implications.
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Figure 1. Schematic representation of hippocampal subfields (left side). Hippocampal mean RD longitudinal
modifications in clinically isolated syndrome (CIS) patients (right side). RD values are shown in the color bar (mm).
CAL1: Cornu Ammonis 1 subfield; CA2: Cornu Ammonis 2 subfield; CA3: Cornu Ammonis 3 subfield; DG:SM: stratum
moleculare of the DG; DG:H/CAA4: hilus of the DG, that is, Cornu Ammonis 4 subfield; M3: 3 months; M12: 12 months;
M24: 24 months; R: right; L: left; RD: radial distance; DG: dentate gyrus.

Despite the preserved global structure, subregional
hippocampal involvement occurs from the beginning
of the disease in CIS patients: bilaterally in the CAl
region, progressively spreading to the head, following
the CA1 profile, and along the subiculum.

These findings confirm the higher susceptibility to
damage of CAl and subiculum subfields previously
described, which seems independent from the etiology
of the pathological noxa.*? Considering demyelinat-
ing-inflammatory conditions like MS, pathological and
MRI studies have shown prevalent CA1 damage in the
inflammatory phase of the disease, while other sub-
fields became affected only during the progressive
course.*

To define the influence of focal WM lesions on hip-
pocampal volume modifications, we performed an
analysis of correlation which showed a negative rela-
tionship between reduction of CAl and subiculum
RD and ipsilateral hemispheric T2 and T1 LV, while

Gd LV was scarcely correlated. These data suggest
that regional hippocampal atrophy development par-
allels sustained focal WM damage and is marginally
influenced by transient acute inflammatory activity.

The regional subfield analysis allowed us also to
detect a transient increase of RD in the DG subfield,
which was asynchronous between the two hemi-
spheres. Such a lateralization cannot be explained by
any difference of LV, as LVs of the two hemispheres
did not differ at any timepoint (data not shown).

Several mechanisms can contribute to explain
enlargement of the DG in CIS patients and its longitu-
dinal modifications. The DG is a site of adult neuro-
genesis, which is regulated by many different stimuli.
It is reduced in neurodegenerative diseases?®?7 but
also after acute inflammation.?® Neurogenesis is a
complex process, evolving over different stages: neu-
ronal progenitor cell (NPC) proliferation in the sub-
granular zone of the DG, migration of newborn
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Figure 2. Longitudinal variations of radial distance (RD) in clinically isolated syndrome patients. Left side: Surface
distribution of regions of significant local enlargement detected with manual segmentation (up) and with automatic
FreeSurfer 6.0 segmentation after 3 months (down). Right side: Surface distribution of regions of significant local atrophy
detected with manual segmentation; p value ranges in the color bar are reported as —log (p value). M3: 3 months; M12:

12 months; M24: 24 months; GC-ML-DG: granule cell layer of the dentate gyrus.

neuroblasts into the granular layer, and finally differ-
entiation into mature neurons/astrocytes.?’ Impaired
neurogenesis occurs when any of these steps are
affected. A recent study demonstrated that while an
inflammatory environment initially promotes hip-
pocampal NPC proliferation, it also reduces the
capacity of these cells to generate mature neurons
and, over the long term, modifies NPC differentiation,
by shifting their fate toward the glial cell lineage.3°
During neurogenesis, surveillant microglia are sug-
gested to regulate the fate and development of adult-
born neurons.3! In line with this, using MR-based
radial mapping, an increased RD in DG of MS patients
has been found.!¢ Based on these data, it is tempting
to speculate that increased DG RD could be a physi-
ological compensatory response of neurogenesis dur-
ing the initial stages of the disease, and, in later stages,
could be only the epiphenomenon of gliogenesis. That
microglia activation might play a role in explaining
our findings is supported by a recent positron emis-
sion tomography study in CIS patients, which showed

an increase of microglia activation in these patients.??
In the absence of pathological assessment, we cannot
rule out that factors different from an increased neu-
ron formation may contribute to explain increased
DG RD, including an increased turnover of non-neu-
ronal cells (vascular cells, etc.),'? increased dendritic
complexity of existing mature cells, or increased
amount of extracellular fluid.

Another point of interest is whether burden of inflam-
mation could influence hippocampal neurogenesis.??
Our data showed a positive correlation between DG
expansion and lesional measures, in line with previ-
ous findings that evidenced a positive correlation
between the number of proliferating progenitors in
the DG and the degree of brain inflammation.3*

Since the hippocampus is involved in cognitive func-
tions, we explored the correlation between hippocam-
pal volumetric modifications and PASAT, which was
used as a screening measure of cognitive failure. Not
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Figure 3. Hippocampal radial distance (RD) longitudinal modifications in clinically isolated syndrome converting to
clinically defined MS (left side) versus non-converter patients (right side) with distinction between regions of significant
RD enlargement and reduction; p value ranges in the color bar are reported as —log (p value). M3: 3 months; M12:

12 months.

unexpectedly, given the relative cognitive preservation
of our patients at this test, we found no correlation. We
cannot rule out that the use of a more extensive cogni-
tive assessment, with specific tests for hippocampal
function, and a longer follow-up would have allowed
defining whether such a DG enlargement confers a pro-
tection toward the development of cognitive deficits.

Our study has some limitations, including the small
sample size, the relatively low field strength, the pos-
sible effect of sex on the hippocampal atrophy profile,
and the lack of sequences specific for visualizing GM
lesions (for instance, double inversion recovery). From
a methodological point of view, we cannot exclude that
changes at the boundaries (especially when anatomy is
altered) could bias the position of the medial core (i.e.
redistributing changes over symmetrical vertices) or an
“early ending” of the tail segmentation could affect the
correspondences of vertices. However, our data do not
show a symmetric behavior over hippocampal vertices

or inexplicable instability of HC group. Moreover, the
compensation for head size was obtained through a lin-
ear transformation to the MNI space of the whole head.
The transformation resulted to be heavily weighted for
the skull dimension and correlated with the SIENAX
scaling factors. On this issue, the literature reports the
importance of correcting for head size in an accurate
way.> Although paired longitudinal variations are free
from this confounding effect, this can potentially affect
group analysis. In addition, although the original iso-
tropic resolution was maintained, the registration to
standard space introduced interpolation. Admittedly, an
inaccuracy of hippocampal head segmentation (due to
the contiguity with the amygdala) could contribute to
explain the RD oscillations observed in this region.
Although other shape-based analysis (based on changes
from an average distribution of vertex position) can be
used to explore hippocampal modifications, we think
that RD, which is measured from an intrinsic reference,
could better identify changes intrinsic to the structure.
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Figure 4. Correlation between radial distance (RD) and ipsilateral T2 lesion volume (LV), T1 LV, and gadolinium (Gd)
LV at baseline, 3-, 12-, and 24-month follow-up. R-value ranges are shown in the color bars (only R values corresponding
to p<0.05 are shown). M3: 3 months; M12: 12 months; M24: 24 months; LV: lesion volume.

To conclude, despite an apparently preserved hip-
pocampal volume, we observed local atrophy dam-
age in CAl and subiculum subfields, from the
beginning of the disease, confirming the early pres-
ence of neurodegenerative mechanisms. Bilateral
expansion of the DG subfield was also observed,
which positively correlated with lesion burden and
to conversion to MS, suggesting a possible response
to focal WM damage. To better understand and con-
firm these findings, future studies should try to
combine this type of analysis with a quantification
of GM lesions and microstructural hippocampal
alterations.
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