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Introduction
Cognitive deficits occur in 43%–70% of the people 
with multiple sclerosis (pwMS), with memory being 
one of the most frequently impaired domains.1 A 
recent study showed that a 12-week community-
located running training improved visuospatial 
memory in pwMS with mild disability.2 Animal 
work demonstrated exercise-induced increases in 
neurogenesis, angiogenesis, and trophic factor sign-
aling in the hippocampus, a region crucial for mem-
ory function. In addition, studies in pwMS reported 
associations between cardiorespiratory fitness and 
hippocampal volume, thereby also suggesting a ben-
eficial effect of endurance exercise on the hippocam-
pus and memory function.3,4

In addition to the structural characteristics of the hip-
pocampus, memory function is also thought to be 
governed by the functional connections between the 

hippocampus and memory-related networks, most 
importantly the default-mode network (DMN). 
Furthermore, better memory function in aging indi-
viduals is related to higher functional connectivity 
(FC) within the DMN and between the hippocampus 
and the DMN. In contrast, persons with Alzheimer’s 
disease show reduced FC in this network.5 Yet, the 
effect of running training (i.e. endurance exercise) on 
FC of the hippocampus with the DMN has not been 
studied before.

This study aimed to expand the previous finding of 
improved visuospatial memory after a 12-week run-
ning intervention by investigating changes in hip-
pocampus–DMN resting-state FC in pwMS, being 
the first pilot study to specifically focus on the rela-
tionship between endurance exercise, visuospatial 
memory function, and hippocampal connectivity in 
pwMS.
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Methods

Participants
A total of 29 pwMS, representing a subsample from a 
larger trial, were included in this work. For detailed inclu-
sion criteria and procedures, see supplementary methods 
and the work by Feys et al.2 Participants were randomized 
into the intervention (n = 15) or the waiting-list control 
group (n = 14). The study was approved by the involved 
institutional review boards. Written informed consent 
was obtained from all participants prior to participation.

Experimental design and intervention
The intervention group completed a 12-week, com-
munity-located “start-to-run” program, in which 
participants followed a gradually increasing run-
ning training three times a week working toward a 
continuous 5-km run (see Figure S1 for training 
details). Before and after 12 weeks, participants’ 
walking capacity was assessed with the 6-minute 
walk test (6MWT), visuospatial and verbal memory 
were measured with the spatial recall test (SPART),6 
and the selective reminding test (SRT).7 Magnetic 
resonance imaging (MRI) data were also collected.

Functional MRI data collection and analysis
MRI scanning (3 T) included a high-resolution three-
dimensional (3D)-T1 weighted sequence, a 3D fluid-
attenuated inversion recovery, and a resting-state 
functional magnetic resonance imaging (fMRI) scan.

FC values were computed as Pearson correlations of 
the individual region’s time series and then averaged 
over the bilateral hippocampus and the DMN. The 
DMN was defined as 38 cortical regions, spanning 
bilateral medial prefrontal areas, temporal and parietal 
regions, and posterior cingulate cortex. For detailed 
acquisition, preprocessing, and analysis, see supple-
mentary material.

Statistics
Results on the SPART, SRT, and FC values were 
analyzed using 2 × 2 analyses of variance 
(ANOVAs) with group (intervention vs control) as 
between-subjects factor and time (pre vs post) as 
within-group factor. Delta scores (post minus pre; 
Δ) were calculated for the SRT, SPART, and for 
hippocampus–DMN FC. Pearson correlation 
between SPART and FC delta scores was calculated. 
For specificity, other cognitive test scores were post 
hoc correlated to the hippocampus–DMN FC. 
Statistical analyses were performed in SPSS 22.0 
(Armonk, NY, USA).

Results

Demographics
Both groups did not differ on gender and disease 
duration; the intervention group was slightly younger 
and had a lower body mass index (BMI) (p < 0.05; 
Table 1).

Table 1.  Demographic and clinical measures.

Intervention group (n = 15) Control group (n = 14) p value

Age (years) 38.1 (8.1) 44.7 (7.5) 0.028

Gender (female/male) 15/0 13/1 0.224

Disease duration (years) 9.9 (6.1) 8.8 (5.8) 0.641

Body mass index 23.7 (5.9) 28.1 (3.3) 0.026

Handedness (right/left) 13/2 13/1 0.584

6MWT pre (m) 589.1 (56.2) 577.2 (56.3) 0.575

6MWT post (m) 594.3 (49.7) 578.6 (67.2) 0.479

SPART prea 43.0 [41.0–48.0] 44.5 [42.0–47.5] 0.621

SPART posta 48.0 [44.0–53.0] 43.5 [38.75–47.25] 0.046

SRT prea 51.5 [43.75–54.0] 51.5 [47.5–53.0] –b

SRT posta 50.0 [38.0–56.0] 52.5 [42.75–59.25] –b

NGMV (mL) 810.3 (43.5) 798.1 (21.4) 0.344

NHipV (mL) 10.7 (7.5) 10.8 (10.3) 0.710
Lesion volume (mL) 6.0 [3.8–6.7] 4.4 [3.7–6.2] 0.505

6MWT = 6-minute walk test; SPART = spatial recall test; NGMV = normalized gray matter volume; NHipV = normalized bilateral hip-
pocampus volume.
Values are mean (SD) unless otherwise specified. Values in bold significant at p<.05.
aMedian [IQR]; tested with Mann–Whitney U due to non-normal distribution.
bNo group comparisons performed due to absence of significant group*time interaction.
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Visuospatial memory
The SPART showed a significant group*time interac-
tion effect (F(1,27) = 5.82, p = 0.023, partial eta 
squared = 0.177). Post hoc t tests indicated that the 
intervention group improved significantly on visuos-
patial memory from pre to post (Δ score = 4.6(7.3), 
t(14) = −2.21, p = 0.045), whereas the control group 
did not (Δ score = −2.5(7.6); p > 0.05). These results 
became borderline significant after correction for age: 
F(1,26) = 2.99, p = 0.095, partial eta squared = 0.103. 
No group*time interaction was noted on the SRT.

FC
No group differences were observed in hippocampus–
DMN FC at both time points. However, an associa-
tion was found between the Δ-SPART and the 
Δ-hippocampus–DMN FC (r = 0.62, p = 0.032 cor-
rected for age), indicating that an improvement on the 
SPART was related to an increase in FC of the hip-
pocampus with the DMN. This association was only 
observed in the intervention group and not with the 
SRT or any of the other cognitive tests (Figure 1 and 
Table S2).

Figure 1.  Scatterplots of Δ-SPART versus Δ-hippocampus–DMN functional connectivity showing a relationship in the 
intervention group, but not in the control group. Relationships are partial correlations, corrected for age.
*Significant at p < 0.05.
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Discussion
The improvement in visuospatial memory after a 
12-week community-located running intervention 
correlated positively with increased hippocampus–
DMN FC in mildly disabled pwMS. This could sug-
gest that the effects of running on visuospatial 
memory are mediated by changes in the connectivity 
between the hippocampus and DMN.

The hippocampus is well known for its role in 
visuospatial memory and has extensive connec-
tions with the DMN, both structurally and func-
tionally.5 Interestingly, increased hippocampal FC 
with DMN regions has previously been related to 
better memory function in older adults, emphasiz-
ing the importance of hippocampus–DMN FC in 
memory function.8

Physical exercise has been shown to improve memory 
function in MS, which has also been related to increased 
hippocampal and DMN FC in elderly adults.2,9,10 This 
could indicate that the functional network has reorgan-
ized, potentially due to changes in perfusion, trophic 
factor signaling or increased hippocampal neurogene-
sis.4,10 It is also possible that global functional integra-
tion is involved, in addition to the specific connectivity 
between the hippocampus and the DMN. Due to power, 
this hypothesis could not be examined here and may 
also explain the lack of a significant improvement on 
SPART and SRT scores after correcting for age. 
Alternatively, it might be that FC changes are more 
sensitive to exercise effects and that interventions of 
longer duration or higher intensity are needed to realize 
changes in general hippocampal memory function. 
Another limitation is the lack of Expanded Disability 
Status Scale (EDSS) scores and MS phenotypes, 
although the 6MWT scores and inclusion criteria 
assured that only mildly disabled pwMS were included.

In conclusion, we demonstrated that improvements in 
visuospatial memory function are correlated with the 
functional embedding of the hippocampus in the 
DMN after 12 weeks of community-located endur-
ance exercise in mildly disabled pwMS. Next, one 
should investigate whether this stronger embedding 
of the hippocampus in the DMN persists and whether 
this might result in a more resilient network formation 
supportive of memory performance.
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