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Abstract
Introduction: Brain dynamics (i.e., variable strength of communication between areas), 
even at the scale of seconds, are thought to underlie complex human behavior, such as 
learning and memory. In multiple sclerosis (MS), memory problems occur often and 
have so far only been related to “stationary” brain measures (e.g., atrophy, lesions, acti-
vation	and	stationary	(s)	functional	connectivity	(FC)	over	an	entire	functional	scanning	
session).	However,	dynamics	in	FC	(dFC)	between	the	hippocampus	and	the	(neo)cortex	
may be another important neurobiological substrate of memory impairment in MS that 
has	not	yet	been	explored.	Therefore,	we	investigated	hippocampal	dFC	during	a	func-
tional (f) magnetic resonance imaging (MRI) episodic memory task and its relationship 
with verbal and visuospatial memory performance outside the MR scanner.
Methods: Thirty- eight MS patients and 29 healthy controls underwent neuropsycho-
logical tests to assess memory function. Imaging (1.5T) was obtained during perfor-
mance of a memory task. We assessed hippocampal volume, functional activation, 
and	sFC	 (i.e.,	FC	of	 the	hippocampus	with	the	rest	of	 the	brain	averaged	over	the	
entire	 scan,	using	an	atlas-	based	approach).	Dynamic	FC	of	 the	hippocampus	was	
calculated using a sliding window approach.
Results:	No	group	differences	were	found	in	hippocampal	activation,	sFC,	and	dFC.	
However,	stepwise	forward	regression	analyses	in	patients	revealed	that	lower	dFC	
of the left hippocampus (standardized β	=	−0.30;	p = .021) could explain an additional 
7% of variance (53% in total) in verbal memory, in addition to female sex and larger 
left	hippocampal	volume.	For	visuospatial	memory,	lower	dFC	of	the	right	hippocam-
pus (standardized β	=	−0.38;	p = .013) could explain an additional 13% of variance 
(24%	in	total)	in	addition	to	higher	sFC	of	the	right	hippocampus.
Conclusion:	Low	hippocampal	dFC	is	an	important	indicator	for	maintained	memory	
performance in MS, in addition to other hippocampal imaging measures. Hence, brain 
dynamics may offer new insights into the neurobiological mechanisms underlying 
memory (dys)function.
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1  | INTRODUC TION

Problems with cognitive functioning, such as learning and memory 
problems, occur frequently in multiple sclerosis (MS) (Chiaravalloti & 
DeLuca, 2008; Rao, Leo, Bernardin, & Unverzagt, 1991) and have a 
tremendous impact on patients’ quality of life (Mitchell, Benito- Leon, 
Gonzalez, & Rivera- Navarro, 2005). Neuroimaging has explored 
“traditional” brain correlates of these memory problems, such as 
gray matter (GM) volume, brain activation, and stationary (s) func-
tional	connectivity	(FC)	of	particularly	the	hippocampus	during	func-
tional (f) magnetic resonance imaging (MRI) (Benedict, Ramasamy, 
Munschauer, Weinstock- Guttman, & Zivadinov, 2009; Hulst 
et al., 2015; Roosendaal et al., 2008, 2010; Steenwijk et al., 2016). 
Hippocampal activation during task fMRI seems most specific, as it 
also shows lateralization in terms of content specificity: The left hip-
pocampus is mainly involved in verbal learning and memory, while the 
right hippocampus predominantly associates with visuospatial learn-
ing and memory (Avila et al., 2006; Igloi, Doeller, Berthoz, Rondi- Reig, 
& Burgess, 2010). Unfortunately, learning and memory function is still 
poorly understood mechanistically, and its deterioration in patients 
with MS remains challenging to track or predict with abovementioned 
neuroimaging parameters. Dynamic coupling between functionally 
connected brain regions, that is, variable strength of communication 
between areas (from now on termed brain dynamics), is a recently de-
scribed and possibly seminal substrate of complex human cognition in 
health and disease (Hutchison et al., 2013). Hence, dynamic measures 
of	FC	might	provide	a	new	layer	of	temporal	information	on	processes	
possibly underlying learning and memory (dys)function in MS.

Recent	 studies	 indicate	 that	 the	 dynamics	 of	 FC	 (dFC)	 are	 in-
deed related to cognitive function in healthy subjects and certain 
patient populations (Cole et al., 2013; Douw, Wakeman, Tanaka, Liu, 
&	 Stufflebeam,	 2016;	 Douw	 et	al.,	 2015;	 Hellyer,	 Jachs,	 Clopath,	
&	Leech,	2016;	Nguyen	et	al.,	2016),	and	 that	dFC	may	supersede	
traditional neuroimaging measures in explaining cognitive variance 
(Douw	et	al.,	2015,	2016;	Jia,	Hu,	&	Deshpande,	2014;	Nguyen	et	al.,	
2016). This body of literature is heterogeneous, but suggests that 
the	 relationship	between	dFC	and	cognition	depends	on	 the	com-
bination of the brain state in which it is measured (at rest or during 
a task) and the cognitive domain investigated. With respect to brain 
state in healthy subjects, the brain seems to display different levels 
of	dFC	and	sFC	in	a	focused	(during	a	task)	versus	unfocused	state	
(at	rest)	(Hellyer	et	al.,	2016).	For	example,	during	performance	of	a	
demanding reaction time task, a decrease in global brain dynamics 
and	an	increase	in	sFC	as	compared	to	the	resting	state	(RS)	can	be	
observed (Hellyer et al., 2016). This could imply that strong and sta-
ble	connectivity	(high	sFC,	low	dFC)	is	necessary	for	task	execution.	
However, during performance of an executive functioning task, an 
opposite relationship has been found, namely a positive relationship 
between	dFC	of	the	frontoparietal	network	(important	for	cognitive	
control) and in- scanner cognitive performance (Cole et al., 2013) 
and executive functioning outside the scanner (Douw et al., 2016). 
Additionally, during simple motor learning, dynamics of certain brain 
regions seem to be a predictor for learning effects in a future session 

in healthy subjects (Bassett et al., 2011). These results show that the 
link between brain dynamics and cognition relies on the brain state 
(task vs rest) and cognitive domain under investigation.

Also in neurological disorders, brain dynamics seem to be of rele-
vance	for	behavior.	For	example,	in	temporal	lobe	epilepsy,	decreased	
RS	dFC	of	 the	posterior	cingulate	cortex	has	been	 linked	to	poorer	
memory performance (Douw et al., 2015), whereas in bipolar disorder 
lower	dFC	between	the	posterior	cingulate	cortex	and	medial	prefron-
tal cortex was linked to slower processing speed and reduced cog-
nitive	set-	shifting	 (Nguyen	et	al.,	2016).	Additionally,	altered	dFC	of	
frontal and temporal regions can identify subjects with mild cognitive 
impairment (Chen et al., 2017), whereas in minimally disabled patients 
with	MS,	dFC	of	parietal	and	prefrontal	regions	is	altered	compared	to	
healthy subjects, but not linked to physical disability (Leonardi et al., 
2013). Although previous studies offer ample evidence for the impor-
tance of brain dynamics for our understanding of human cognition in 
health and disease, they primarily focus on the RS and/or executive 
functioning.	The	association	between	hippocampal	dFC	during	active	
recruitment of the memory system and learning and memory function 
measured outside the scanner has not been investigated yet, but may 
offer fundamental insight into how dynamics of the functional hippo-
campal network underlies learning and memory function, particularly 
in patients with MS suffering from deficits in this cognitive domain.

Therefore, we investigated verbal and visuospatial learning and 
memory in a group of MS patients and healthy subjects. We hypoth-
esize	that:	(1)	dFC	of	the	hippocampus	during	a	visuospatial	memory	
task is different in patients with MS compared to healthy controls 
(HCs),	 (2)	dFC	explains	additional	 variance	 in	verbal	 and	visuospa-
tial learning and memory performance outside the scanner on top 
of traditional brain measures (i.e., atrophy, hippocampal activation, 
and	sFC),	and;	(3)	a	lateralization	effect	is	present	for	dFC	and	verbal	
and visuospatial learning and memory function, such that verbal and 
visuospatial learning and memory performance can be explained by 
dFC	of	the	left	and	right	hippocampus,	respectively.

2  | MATERIAL S AND METHODS

2.1 | Subjects

All subjects were part of a previously published fMRI study (Hulst 
et al., 2012) and met the following inclusion criteria: (1) no contra- 
indications for MRI; (2) aged between 18 and 65 years, and; (3) no 
psychiatric or neurological diseases (for patients: other than MS). 
Additionally, subjects with many large frame- to- frame head move-
ments	 (≥5	 movements	 of	 >0.5	mm)	 during	 the	 fMRI	 task	 were	
excluded to minimalize motion effects. Only patients with relapsing- 
remitting and secondary progressive MS were included. All patients 
were diagnosed according to the revised McDonald criteria (Polman 
et al., 2011), and relapse- free and without steroid treatment for at 
least 6 weeks. The study protocol was approved by the institutional 
ethical review board and conducted in accordance with the ethical 
standards laid down in the Declaration of Helsinki. Written informed 
consent was obtained from each participant.
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2.2 | Learning and memory performance and self- 
report questionnaires

All participants underwent neuropsychological testing, including 
tests for information processing speed, working memory, verbal 
fluency, and verbal and visuospatial learning and memory (see a 
previous publication for a detailed description of all neuropsycho-
logical tests) (Hulst et al., 2012). Verbal learning and memory was as-
sessed with the Verbale Leer-  en Geheugen Taak (Mulder, Dekker, & 
Dekker, 1996), which is the Dutch equivalent of the California Verbal 
Learning Test. In this task, a grocery shopping list with 16 items is 
verbally presented to the participant five times. After each presen-
tation, the subject has to recall as many items as possible, and the 
total number of recalled items is the score. Visuospatial learning and 
memory performance was measured by the Location Learning Test 
(Bucks & Willison, 1997). In this test, a five- by- five grid on which 
ten different items are displayed, is presented for 15 s. During those 
15 s, the subject has to learn the location of each item. After 15 s, an 
empty grid is presented and cards representing each item are pro-
vided to the subject one after the other, which he or she has to put in 
the correct location. This learning phase is repeated five times, and 
the score reflects the total number of displacements over all five tri-
als (the higher the score, the poorer the performance). The raw test 
scores	were	converted	 into	Z-	scores	 relative	 to	HCs.	For	 the	sake	
of clarity, the Z- score for the Location Learning Test was inverted.

Physical disability of patients was assessed using the telephone 
version of the Expanded Disability Status Scale (Lechner- Scott 
et al., 2003). Levels of anxiety and depression were measured in 
all subjects by the Hospital Anxiety and Depression Scale (HADS- 
A/D) (Zigmond & Snaith, 1983), and fatigue was measured with the 
Checklist of Individual Strength (Vercoulen et al., 1994).

2.3 | MRI acquisition

All subjects underwent MR scanning at 1.5T (Siemens Sonata, 
Erlangen, Germany) using an eight- channel phased array head coil. 
High- resolution three- dimensional T1- weighted (3DT1) images were 
obtained with magnetization prepared rapid acquisition gradient- 
echo (repetition time (TR): 2,700 ms; echo time (TE): 5 ms; inversion 
time (TI): 950 ms; 176 sagittal slices with 1.3 mm thickness; field of 
view	 (FOV):	 248	×	330	mm2;	 1.3	×	1.3	mm2 in plane resolution). A 
turbo spin- echo proton density/T2- weighted scan (TR: 3,130 ms; 
TE:	 24/85	ms;	 46	 axial	 slices;	 FOV:	 192	×	256	mm2 with 3.0 mm 
slice	thickness;	1.0	×	1.0	mm2 in plane resolution) was acquired for 
white matter lesion quantification. Three- dimensional double inver-
sion recovery (DIR) imaging (TR: 2,350 ms; TE: 355 ms; TI: 350 ms; 
120	 sagittal	 slices;	 FOV:	 192	×	256	mm2 with 1.2 mm slice thick-
ness;	 1.2	×	1.2	mm2 in plane resolution) was acquired in patients 
for hippocampal lesion detection. Task- related fMRI consisted of 
208 volumes (partial brain coverage) of echo- planar images (TR: 
2,220	ms;	TE:	60	ms;	28	axial	slices	with	3	mm	slice	thickness;	FOV:	
211	×	211	mm2;	3.3	×	3.3	mm2 in plane resolution). In order to op-
timize registration of the task- related fMRI data, one whole- brain 

volume of the subject’s RS scan (200 volumes of echo- planar images; 
TR: 2,850 ms; TE: 60 ms; 36 axial slices with 3.3 mm slice thickness; 
FOV:	211	×	211	mm2;	3.3	×	3.3	mm2 in plane resolution) was used.

2.4 | Structural MRI processing

Processing	 of	 MRI	 data	 was	 performed	 using	 FSL5	 (FMRIB’s	
Software Library, http://www.fmrib.ox.ac.uk/fsl). GM and white 
matter (WM) segmentation was performed using SienaX (Smith 
et al., 2002). Subcortical brain structures were segmented using 
FIRST	 (Patenaude,	Smith,	Kennedy,	&	 Jenkinson,	2011).	Brain	vol-
umes were normalized for head size, resulting in normalized GM 
volume (NGMV), normalized WM volume (NWMV), and normalized 
hippocampal	volume	(NHV).	For	descriptive	purposes	and	not	used	
in further analyses, an experienced rater (H.E. Hulst) counted the 
number of hippocampal lesions for each patient (one patient did not 
have a DIR sequence). On the proton density/T2- weighted images, 
WM lesions in patients were manually outlined using a local thresh-
old technique. No lesion filling was performed.

2.5 | Functional MRI paradigm

The fMRI paradigm used in this study has been described and ana-
lyzed previously in terms of brain activation (Hulst et al., 2012), 
but	not	in	terms	of	sFC	and	dFC.	For	this	study,	we	used	the	en-
coding phase of the episodic memory paradigm and not the re-
trieval phase, because the hippocampus has shown to be active 
especially during encoding (Van Der Werf et al., 2009). In short, 
the subject was shown 50 different novel landscape images for 
5 s. During stimulus presentation, the subject had to indicate 
whether the landscape was tropical or nontropical by pressing a 
button	(see	Figure	S1).	This	assignment	ensured	that	the	attention	
was directed toward the image and its details, which is thought to 
facilitate correct encoding and has been shown to enhance hip-
pocampal activation (Daselaar, Veltman, Rombouts, Raaijmakers, 
&	Jonker,	2003).	The	order	of	images	was	prerandomized	and	alter-
nated with 20 control images, in which the subject had to indicate 
whether the arrow shown on a familiar landscape image pointed 
to the left or right. In the retrieval phase (approximately 30 min 
after the encoding phase; fMRI data not used in this study), old and 
novel landscape images were presented in a prerandomized order. 
The participant had to indicate whether or not he or she recog-
nized the presented landscape image, enabling us to calculate the 
number of correctly encoded landscape images.

2.6 | Functional MRI measures

2.6.1 | Hippocampal activation

Detailed information concerning the measure of hippocampal acti-
vation has been described previously (Hulst et al., 2012). In short, 
brain activation during correctly encoded items was contrasted 
to	 brain	 activation	during	 the	 control	 arrow	 condition	using	FEAT	

http://www.fmrib.ox.ac.uk/fsl
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(Beckmann,	Jenkinson,	&	Smith,	2003).	Next,	for	each	subject,	the	
average signal, expressed in a Z- value, for the right and left hip-
pocampus was obtained.

2.6.2 | fMRI preprocessing and atlas development

Preprocessing of the fMRI data was performed with Melodic, and 
consisted of: (1) discarding the first five volumes; (2) motion cor-
rection; (3) spatial smoothing (6 mm full width- at- half- maximum 
Gaussian kernel), and; (4) high pass filtering (1.0 s cutoff) (Beckmann 
& Smith, 2004). The fMRI data were registered to standard space, 
using a three- step registration. The low- resolution task- related 
fMRI scan (partial brain coverage; the part superior of the cingulate 
cortex was usually absent) was first registered to a whole- brain RS 
fMRI volume, which was subsequently registered to the 3DT1 scan. 
Next,	the	3DT1	scan	was	registered	to	MNI152	standard	space.	For	
each subject, the inverse of the aforementioned registration matrix 
was applied to the Automated Anatomical Labeling atlas (Tzourio- 
Mazoyer et al., 2002), in order to create individual brain atlases. 
Next, we masked this individual atlas for GM, and subsequently 
added the subcortical structures. This results in an atlas consisting 
of 92 cortical and subcortical brain regions in 3DT1 space which was 
then registered to the subject’s fMRI space. Next, for each subject, a 
fMRI mask was constructed that excluded areas known to be prone 
to artifacts (e.g., orbitofrontal cortex), by excluding voxels with a 

signal intensity in the lowest quartile of the robust intensity range. 
This mask was multiplied with the atlas, and for each remaining atlas 
region, we obtained the mean time series. Additionally, average head 
motion during the fMRI task was obtained from Melodic for each 
subject.

2.6.3 | Hippocampal sFC

The time series were imported into Matlab R2012a (Natick, 
Massachusetts,	USA)	and	processed	 to	obtain	sFC	and	dFC	meas-
ures of the entire brain and the left and right hippocampus. Missing 
atlas regions due to partial brain coverage and/or masking for fMRI 
artifacts	were	coded	as	missing.	To	obtain	sFC,	Pearson	correlation	
coefficients were used to correlate activity between all regions over 
the	entire	time	series	(absolute	values).	This	resulted	in	one	sFC	ma-
trix	of	92	by	92	for	each	subject.	From	this	matrix,	sFC	of	the	entire	
brain as well as for the left and right hippocampus with the rest of 
the brain was obtained.

2.6.4 | Hippocampal dFC

Dynamic	 FC	was	measured	 using	 a	 sliding	window	 approach	 (see	
Figure	1).	Based	on	previous	 studies	 (Douw	et	al.,	 2016;	 Leonardi,	
Shirer, Greicius, & Van De Ville, 2014; Leonardi & Van De Ville, 
2015), the fMRI time series were divided into 35 sliding windows 

F IGURE  1 Schematic overview 
of stationary and dynamic functional 
connectivity	analysis	pipeline.	For	each	
cortical and subcortical brain region 
(a), the mean time series were obtained 
(b). Stationary functional connectivity 
was calculated over the entire time 
series	(c),	while	for	dFC	the	time	series	
were divided into sliding windows (d). 
For	each	sliding	window,	the	stationary	
functional connectivity was calculated, 
and subsequently, the absolute difference 
between each consecutive window was 
calculated and summed as a measure 
for	dFC	(e).	sFC,	stationary	functional	
connectivity;	dFC,	dynamic	functional	
connectivity
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with	a	length	and	shift	of	59.9	and	11.1	s,	respectively.	For	each	win-
dow,	sFC	was	calculated.	Next,	the	absolute	difference	in	sFC	was	
calculated between each consecutive window. Subsequently, these 
absolute differences were summed, resulting in one matrix of 92 by 
92	elements	that	contained	the	summed	differences	in	sFC	for	each	
node pair over all sliding windows. High values indicate large vari-
ations in connectivity strength over time during the task (i.e., high 
dFC).	In	contrast,	low	values	imply	there	is	little	variation	in	connec-
tivity	strength	and	thus	low	dFC.

Hippocampal	sFC	and	dFC	were	normalized	by	the	correspond-
ing whole- brain averages, in order to be more specific to detect re-
gional changes in these measures, instead of only picking up global 
between-	subject	differences	in	sFC	and	dFC.

2.7 | Statistics

All statistical analyses were performed in SPSS 20 (Chicago, IL, USA). 
Normality	of	data	was	assessed	with	the	Kolmogorov–Smirnov	test	
and	visual	 inspection	of	histograms.	For	normally	distributed	data,	
group differences were tested using univariate or multivariate analy-
ses of variance ((M)ANOVA), whereas for non- normally distributed 
data	the	Kruskal–Wallis	test	was	used.	Group	differences	in	sFC	and	
dFC	measures	were	tested	using	a	MANOVA	with	average	head	mo-
tion	as	a	covariate,	as	motion	can	affect	sFC	and	dFC	measures.

Hippocampal	 dFC	was	 correlated	with	 hippocampal	 activation	
and	sFC	using	Pearson	correlation	coefficients,	 in	order	to	 investi-
gate	to	what	extent	dFC	is	separable	from	other	functional	measures.	
Furthermore,	dFC	of	the	hippocampus	was	correlated	with	several	
measures of disease progression (i.e., hippocampal volume, WM le-
sion volume, head motion, and disease duration), anxiety and depres-
sion	(HADS-	A/D),	and	fatigue	to	ensure	dFC	was	not	related	to	any	
of these variables (for non- normally distributed data, Spearman rank 
correlation coefficient was used). To investigate whether hippocam-
pal	dFC	in	patients	could	explain	additional	variance	in	learning	and	
memory performance outside the scanner, stepwise regression anal-
yses with forward selection were performed. Z- scores of verbal and 
visuospatial learning and memory were predicted separately using 
different blocks containing relevant predictors based on previous 
studies to be able to quantify the added value of each measure in 
terms of explained variance. The included predictors were: block 1: 
age, sex, educational level, anxiety, depression, and fatigue (possible 
confounding variables for learning and memory); block 2: volume left 
and right hippocampus; block 3: task- related fMRI signal of the left 
and	right	hippocampus;	block	4:	sFC	of	the	left	and	right	hippocam-
pus;	 and	block	5:	dFC	of	 the	 left	 and	 right	hippocampus.	p- values 
<.05 were considered statistically significant for all these analyses.

We visually explored the importance of each dynamic hippocam-
pal connection for verbal and visuospatial memory separately in a 
post	hoc	analysis.	For	each	connection,	the	increase	in	effect	size	by	
adding	dFC	on	top	of	stationary	measures	was	calculated	(Cohen’s	
f2), and subsequently projected on a glass brain in Matlab (using 
BrainNet Viewer) (Xia, Wang, & He, 2013).

2.7.1 | Specificity analyses

In order to investigate the specificity of our findings with respect to 
the	relevance	of	hippocampal	dFC	for	learning	and	memory,	we	reran	
the	abovementioned	regression	analyses	and	substituted	dFC	of	the	
hippocampus	with	dFC	of	the	thalamus	(bilateral).	Furthermore,	we	
repeated	the	regression	analyses	and	added	bilateral	thalamic	dFC,	
NWMV,	or	NGMV	next	to	hippocampal	dFC	(in	block	5).	Finally,	we	
ran a regression analysis in which we predicted average cognitive 
functioning (average Z- score of all investigated cognitive domains) 
using hippocampal measures.

3  | RESULTS

3.1 | Demographics, learning and memory 
performance and self- report questionnaires

Due	to	excessive	head	motion	(≥5	movements	of	>0.5	mm	during	the	
memory encoding task), 12 patients with MS and one HC were ex-
cluded, resulting in a final sample size of 38 patients (26 female; mean 
age 47.2 ± 8.0 years; average disease duration 11.2 ± 7.2 years) and 
29 HCs (18 female; mean age 43.9 ± 8.4 years). Table 1 summarizes 
the demographic, learning and memory performance and self- report 
questionnaire data. No group differences were found concerning 
age (F = 2.66; p = .108), sex (Χ2 = 2.66; p = .587), and educational 
level (U = 531; p = .785), although MS patients reported higher levels 
of anxiety, depression, and fatigue (p < .01 for all). Verbal and visu-
ospatial learning and memory performance were poorer in patients 
compared to HCs (U = 363.5; p = .018, and U = 289; p = .001, respec-
tively). In total, 12 patients met the criteria for cognitive impairment 
(scoring at least two standard deviations below HCs on at least two 
cognitive domains), and the other 26 patients were defined as cog-
nitively preserved.

3.2 | Structural MRI

Both NGMV and NWMV were lower in patients with MS compared 
to HCs (p ≤ .001; see Table 2). Additionally, NHV (bilateral) was 
smaller in patients compared to HCs (p < .01). In patients, the median 
number of hippocampal lesions was 1.

3.3 | Functional MRI group differences

The MS group performed worse on the fMRI paradigm compared to 
HCs	(median	MS	patients:	35.00,	 interquartile	range:	24.75–39.00;	
median	HCs:	40.00,	interquartile	range:	35.00–42.50;	p = .004; see 
Table 2). No significant difference was found for hippocampal ac-
tivation during encoding of correctly remembered items between 
both groups (p > .05; see Table 3). Patients with MS had on average 
an equal amount of atlas regions as HCs (p = .076).	Furthermore,	pa-
tients	did	not	show	significant	differences	in	sFC	and	dFC	of	the	en-
tire brain or the hippocampus compared to HCs (p > .05; see Table 3).
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In	patients,	correlation	analyses	revealed	that	hippocampal	dFC	
was	not	related	to	hippocampal	sFC	or	activation	(p > .413), except 
for	dFC	and	sFC	of	the	left	hippocampus	(r = .39, p = .017).	For	HCs,	
only	 dFC	of	 the	 right	 hippocampus	was	 related	 to	 sFC	of	 the	 left	
hippocampus (r = −.38,	 p = .041), whereas all other relationships 
were not significant (p	>	.433).	 Furthermore,	 in	 MS	 dFC	 was	 not	
significantly correlated with hippocampal volume, WM lesion vol-
ume, head motion, disease duration, anxiety, depression, or fatigue 
(p ≥ .208).

3.4 | Predicting learning and memory performance 
in patients with MS

First,	regression	analyses	were	run	in	patients	with	MS	including	con-
founding variables (block 1) and traditional hippocampal measures 
(block	2–4)	only,	 in	order	to	predict	verbal	and	visuospatial	 learning	
and	memory	performance	separately	(see	Table	4).	Next,	dFC	(block	
5) was entered into the regression analysis to quantify the addition in 
explained variance in learning and memory performance (see Table 4).

MS patients (n = 38) HCs (n = 29) p

Age, years 47.19 ± 8.01 43.90 ± 8.40 .108

F/M 26/12 18/11 .587b

Educational levela 6.00	(5.00–6.00) 6.00	(5.00–6.00) .785

RRMS/SPMS 30/8 – –

Disease duration, years 11.24 ± 7.16 – –

EDSSa 3.50	(3.50–4.50) – –

HADS- Aa 6.00	(4.00–10.00) 3.00	(2.00–6.00) .002

HADS- Da 4.00	(3.00–7.25) 1.00	(0.00–2.50) <.001

CIS- 20a 77.50	(57.00–89.25) 26.00	(16.50–47.00) <.001

Z- score verbal learning 
and memorya

−0.50	(−1.71–0.19) 0.16	(−0.78–0.83) .018

Z- score visuospatial 
learning and memorya

−0.77	(−2.45–0.07) 0.30	(−0.26–0.86) .001

Number of cognitively 
impaired patient

12 – –

Displayed data are mean ± SD	for	normally	distributed	variables.	For	non-	normally	distributed	data,	
median (interquartile range) is provided.
A, anxiety; CIS- 20, Checklist of Individual Strength; D, depression; EDSS, Expanded Disability Status 
Scale;	F,	female;	HADS,	Hospital	Anxiety	and	Depression	Scale;	M,	male;	RRMS,	relapsing-	remitting	
multiple sclerosis; SPMS, secondary progressive multiple sclerosis.
aNon- normally distributed variable.
bChi- square test.

TABLE  1 Demographics, self- report 
questionnaires, and learning and memory 
performance of patients with multiple 
sclerosis and healthy controls

MS patients 
(n = 38) HCs (n = 29) Test statistic p

Normalized gray matter 
volume, L

0.73 ± 0.04 0.77 ± 0.04 12.05c .001

Normalized white 
matter volume, L

0.67 ± 0.04 0.70 ± 0.04 15.04c <.001

Hippocampus left, mla 5.02	(4.37–5.33) 5.47	(5.11–5.78) 287.00d .001

Hippocampus right, mla 5.03	(4.33–5.45) 5.51	(5.10–5.86) 340.00d .008

Number of hippocam-
pal lesionsa

1.00	(0.00–2.00)b – – –

White matter lesion 
volume, mla

4.22	(2.48–7.76) – – –

Displayed data are mean ± SD	for	normally	distributed	variables.	For	non-	normally	distributed	data,	
median (interquartile range) is provided.
aNon- normally distributed variable.
bn = 37.
cF- value.
dU- value.

TABLE  2 Structural MRI data from 
patients with multiple sclerosis and 
healthy controls
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3.4.1 | Verbal learning and memory

For	 verbal	 learning	 and	memory,	 lower	 left	 hippocampal	 dFC	was	
correlated	with	better	performance	outside	the	scanner.	Adding	dFC	
of the hippocampus to the regression analysis led to a 7% increase 
in explained variance (F = 5.88; p = .021). In total, 53% of variance 
(F = 14.61; p < .001) could be explained by female sex (standard-
ized β = 0.54; p < .001), left NHV (standardized β = 0.37; p < .001), 
and	 left	 hippocampal	 dFC	 (standardized	 β	=	−0.30;	 p = .021; see 
Figure	2a	for	the	standardized	residuals	plot).	 In	HCs,	43%	of	vari-
ance in verbal learning and memory could be explained by female 
sex (standardized β = 0.33; p = .034) and educational level (standard-
ized β = 0.53; p = .001).

3.4.2 | Visuospatial learning and memory

For	 visuospatial	 learning	 and	memory,	 a	 similar	 association	 was	
found,	but	now	for	dFC	of	the	right	hippocampus.	An	extra	13%	
of	variance	could	be	explained	by	adding	hippocampal	dFC	to	the	
regression analysis (F = 6.82; p = .013). In total, 24% of variance in 
visuospatial learning and memory performance (F = 6.72; p = .003) 
could	be	explained	by	sFC	of	the	right	hippocampus	(standardized	
β = 0.37; p = .035),	 and	dFC	of	 the	 right	hippocampus	 (standard-
ized β	=	−0.38;	p = .013;	see	Figure	2b	for	the	standardized	residu-
als	plot).	For	 illustrative	purposes,	Figure	3	and	Video	S1	display	

one	patient	with	low	dFC	of	the	left	hippocampus	and	one	patient	
with	high	dFC.	In	HCs,	44%	of	variance	could	be	explained	by	age	
(standardized β = 0.33; p = .033), depression score (standardized 
β = 0.66; p < .001),	 and	 sFC	of	 the	 right	 hippocampus	 (standard-
ized β	=	−0.44;	p = .013).

Figure	4	 visualizes	 the	 results	 from	 the	 post	 hoc	 analyses,	
were	we	explored	 the	spatial	 importance	of	dFC	of	 the	 left	 and	
right hippocampus for verbal and visuospatial learning and mem-
ory in MS. Upon visual inspection, dynamic connections between 
the hippocampus and visual areas, as well as frontal regions, seem 
to be important for memory performance (note that these anal-
yses were not statistically tested, but merely used for displaying 
purposes).

3.4.3 | Specificity analyses

In	MS,	 thalamic	dFC	was	not	a	significant	predictor	 for	verbal	and	
visuospatial	learning	and	memory	(in	isolation	or	next	to	dFC	of	the	
hippocampus). Additionally, NGMV was only a significant predictor 
for visuospatial memory (standardized β = 0.302, p = .036) besides 
sFC	and	dFC	of	 the	 right	hippocampus.	NWMV	was	not	 a	 signifi-
cant	 predictor	 (see	 Table	 S1).	 Finally,	 35%	 of	 variance	 in	 average	
cognitive functioning could be explained by female sex (standard-
ized β = 0.435, p = .004) and left hippocampal volume (standardized 
β = 0.425, p = .004; see Table S2).

MS patients 
(n = 38) HCs (n = 29) Test statistic p

Average motion, mm 0.10 ± 0.04 0.09 ± 0.04 1.14d .290

Correctly remembered 
landscape imagesa

35.00 
(24.75–39.00)

40.00 
(35.00–42.50)

324.00e .004

Number of atlas 
regionsa

92.00 
(90.00–92.00)

92.00 
(91.50–92.00)

431.00e .076

Task- related activation (Z- value)

 Hippocampus left 0.51 ± 0.70 0.52 ± 0.63 0.01d .942

 Hippocampus right 0.41 ± 0.72 0.47 ± 0.84 0.12d .733

sFC

 Whole brain 0.32 ± 0.06 0.33 ± 0.08 0.32d .573

 Hippocampus leftb 0.90 ± 0.23 0.87 ± 0.22 0.29d .593

 Hippocampus rightb 0.90 ± 0.22 0.83 ± 0.19 1.84d .180

dFC

 Whole brain 3.16 ± 0.25 3.18 ± 0.27 0.003d .954

 Hippocampus leftc 0.98 ± 0.05 0.97 ± 0.05 0.28d .599

 Hippocampus rightc 0.96 ± 0.05 0.98 ± 0.07 1.48d .228

Displayed data are mean ± SD	for	normally	distributed	variables.	For	non-	normally	distributed	data,	
median (interquartile range) is provided.
dFC,	dynamic	functional	connectivity;	sFC,	stationary	functional	connectivity.
aNot normally distributed variable.
bValues	are	corrected	for	within-	subject	whole-	brain	sFC.
cValues	are	corrected	for	within-	subject	whole-	brain	dFC.
dF- value.
eU- value.

TABLE  3 Functional	MRI	results	for	
patients with multiple sclerosis and 
healthy controls
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4  | DISCUSSION

In	 line	with	our	hypothesis,	we	found	that	task-	related	dFC	is	an	
important additional correlate of learning and memory function in 
patients	with	MS.	Dynamic	FC	of	 the	hippocampus	explained	an	
additional 7 and 13 percent of variance in verbal and visuospatial 
learning and memory performance outside the scanner, respec-
tively, even on top of traditional measures of NHV, activation, and 
sFC.	For	both	verbal	and	visuospatial	learning	and	memory,	lower	
dFC	of	the	hippocampus	specifically	was	related	to	better	perfor-
mance.	For	verbal	learning	and	memory,	dFC	of	the	left	hippocam-
pus and its volume remained in the model as significant predictors, 
whereas other stationary functional measures did not, indicating 
that	relatively	low	dFC	in	combination	with	little	atrophy	reflects	
a	 beneficial	 cognitive	 phenotype	 in	 MS.	 For	 visuospatial	 learn-
ing	 and	memory,	 sFC	 of	 the	 right	 hippocampus	 remained	 in	 the	
model	 as	 a	 significant	 predictor,	 together	 with	 dFC	 of	 the	 right	
hippocampus.	This	suggests	that	strong	(high	sFC)	and	stable	(low	
dFC)	 right-	lateralized	hippocampal	 connectivity	with	other	 brain	
regions is beneficial for visuospatial learning and memory function 
in patients with MS.

Although	 no	 differences	 were	 found	 in	 dFC	 and	 sFC	 at	 the	
group level, in HCs a negative correlation was observed between 

dFC	of	 the	 right	hippocampus	and	 sFC	of	 the	 left	hippocampus,	
which was not found in MS. In contrast, in the MS group, a positive 
relationship	was	observed	between	dFC	and	sFC	of	 the	 left	hip-
pocampus, suggesting that MS might alter the interplay between 
different	functional	brain	measures.	Furthermore,	in	MS	dFC	was	
not significantly correlated with hippocampal volume, WM lesion 
volume, head motion, disease duration, anxiety, depression or fa-
tigue. This suggests that the relationships we observed between 
hippocampal	dFC	with	memory	 function	are	not	 simply	a	 reflec-
tion of disease progression or related to symptoms of depression 
or	fatigue.	Irrespective	of	the	complex	relationship	between	dFC	
and	 sFC	 in	MS,	 dFC	 did	 explain	 unique	 variance	 in	 learning	 and	
memory.

The relationship between brain dynamics and cognitive function 
is complex and likely depends on both brain state and cognitive do-
main. With respect to state, our findings are in line with a previ-
ous	study	showing	low	levels	of	dFC,	but	high	levels	of	sFC,	during	
task engagement, whereas at rest the brain displayed an opposite 
pattern	(Hellyer	et	al.,	2016).	Furthermore,	it	could	be	hypothesized	
that	certain	cognitive	domains	benefit	more	from	high	levels	of	dFC	
than	others.	For	example,	execution	of	a	complex	 task	 (i.e.,	 cogni-
tive flexibility) and information processing speed intuitively rely on 
the ability of the brain to rapidly change its connectivity pattern to 

Predictor Adjusted R2 Standardized β Test statistic p

Verbal learning and memory

block 1–4 total 
model

.46 – 16.65a <.001

Female	sex – 0.63 5.23b <.001

Volume hip-
pocampus left

– 0.29 2.38b .023

block 1–5 total 
model

.53 – 14.61a <.001

Female	sex – 0.54 4.45b <.001

Volume hip-
pocampus left

– 0.37 3.10b .004

dFC	hippocampus	
left

– −0.30 −2.42b .021

Visuospatial learning and memory

block 1–4 total 
model

.11 – 5.70a .022

sFC	hippocampus	
right

– 0.37 2.39b .022

block 1–5 total 
model

.24 – 6.72a .003

sFC	hippocampus	
right

– 0.32 2.19b .035

dFC	hippocampus	
right

– −0.38 −2.61b .013

dFC,	dynamic	functional	connectivity;	sFC,	stationary	functional	connectivity.
aF- value.
bt- value.

TABLE  4 Significant predictors of 
learning and memory performance in 
patients with multiple sclerosis
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optimize information transfer. This has previously been shown by 
several studies that indeed linked higher levels of brain dynamics 
to better executive functioning or information processing speed in 
healthy subjects (Braun et al., 2015; Cole et al., 2013; Douw et al., 

F IGURE  2 Standardized	residuals	of	regression	models.	For	
both verbal learning and memory (a) and visuospatial learning and 
memory (b), the standardized residuals of the regression model 
including	dynamic	functional	connectivity	(dFC)	measures	are	
plotted against the Z- scores of each memory test

F IGURE  3 High	and	low	dynamic	functional	connectivity	(dFC)	
of	two	patients	with	multiple	sclerosis.	For	illustrative	purposes,	
the average stationary functional connectivity (y- axis) of the 
left hippocampus with the rest of the brain is plotted for each 
consecutive window (x- axis). The gray line represents a multiple 
sclerosis	patient	with	high	dFC	during	the	memory	task,	while	the	
black	line	represents	a	patient	with	low	dFC

F IGURE  4 Visualization of spatial importance of dynamic 
functional	connectivity	(dFC)	for	learning	and	memory	in	multiple	
sclerosis.	For	verbal	(a)	and	visuospatial	(b)	memory	separately,	
the	increase	in	effect	size	as	a	result	of	adding	dFC	on	top	of	
stationary brain measures (sex and left hippocampal volume for 
verbal learning and memory, and stationary functional connectivity 
of the right hippocampus for visuospatial learning and memory) is 
projected on a glass brain using BrainNet Viewer. A positive value 
suggests	that	dFC	increases	the	effect	size	on	top	of	stationary	
brain measures, whereas a negative value indicates a decrease in 
effect size
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2016; Nomi et al., 2016). The present results suggest this does not 
hold true for learning and memory in MS patients. Previous studies 
on brain dynamics and motor learning, recognition, and attention, 
hypothesize that the brain consists of a “rigid core” and “flexible pe-
riphery.”(Bassett et al., 2011, 2013; Telesford et al., 2016) This core- 
periphery distinction was made by identifying how particular brain 
regions alter their modular allegiance, that is, community structure, 
over time. Low- dynamic nodes (i.e., rigid core) mainly consisted of 
sensorimotor and visual regions, whereas high- dynamic nodes (i.e., 
flexible periphery) mostly contained multimodal association areas 
(Bassett et al., 2011, 2013). The remaining nodes (i.e., the “bulk”) 
mostly included frontal and temporal regions, including the hippo-
campus (Bassett et al., 2013). Subjects with a more rigid core and 
more flexible periphery were better able to learn a motor task than 
subjects with a less rigid core and flexible periphery (Bassett et al., 
2013). Recent insights suggest that the “bulk” becomes more im-
portant for controlling different brain states linked to cognitive pro-
cesses when the brain is damaged (i.e., a possible compensatory role) 
(Betzel,	Gu,	Medaglia,	Pasqualetti,	&	Bassett,	2016).	From	this	per-
spective, it could be speculated that our results reflect an exagger-
ation of the contrast between core and periphery dynamics in MS, 
such that MS patients with preserved memory functioning already 
had or have developed lower hippocampal dynamics than those with 
impaired memory. This hypothesis is all the more interesting, as we 
did	not	observe	any	group-	level	differences	in	dFC	between	patients	
and controls.

An alternative explanation for our results could be that lower 
hippocampal	dFC	is	beneficial	during	encoding,	by	maintaining	more	
stable connections with remote brain regions. However, in HCs 
we	found	that	for	visuospatial	memory	 lower	sFC	of	the	right	hip-
pocampus was a significant predictor, whereas in MS an opposite 
relationship was found, suggesting that the interplay between func-
tional measures and behavior might be altered in MS. Interestingly, 
a previous study that observed altered dynamics of parietal and 
prefrontal regions at rest in minimally disabled relapsing- remitting 
MS patients did not show a relationship with a clinical outcome mea-
sure (Expanded Disability Status Scale), possibly explained by limited 
variation in physical disability due to selection bias (Leonardi et al., 
2013). Important to take into account are large differences in opera-
tionalization of dynamics and task paradigms across studies, making 
comparisons between studies challenging.

The observation that associations between learning and memory 
performance	and	hippocampal	dFC	were	content-	specific	 in	 terms	
of lateralization further supports our idea that dynamics are neces-
sary to better understand cognitive (dys)functioning in MS patients. 
Furthermore,	we	showed	that	dFC	of	the	thalamus,	a	structure	that	
is often affected in MS, was not a significant predictor for memory 
function	 (Kipp	 et	al.,	 2015).	 NGMV	 did	 remain	 in	 the	model	 next	
to hippocampal measures when predicting visuospatial memory, 
while NWMV was not a significant predictor for memory function. 
Furthermore,	dFC	of	the	hippocampus	was	not	a	significant	predictor	
for average cognitive functioning. Together, these analyses highlight 
the specificity of the present results linking dynamic hippocampal 

measures to memory performance and also show that the relation-
ship	between	dFC	and	cognition	is	spatially	modulated	by	the	spe-
cific	 cognitive	 domain	 (visual	 vs	 verbal	 learning	 and	memory).	 For	
visuospatial	 learning	 and	 memory,	 dFC	 of	 the	 right	 hippocampus	
remained	in	the	model	together	with	sFC	of	the	right	hippocampus.	
That	 sFC	 remained	 in	 the	model	might	 be	 explained	 by	 the	 fMRI	
paradigm we used, which was more visuospatially than verbally ori-
ented, and may have rendered the relationship between functional 
measures and visuospatial memory outside the scanner conceptu-
ally	 stronger	 to	 that	with	 verbal	memory.	 For	 verbal	 learning	 and	
memory, left hippocampal volume remained in the prediction model 
besides	dFC	of	the	left	hippocampus.	Both	dFC	and	sFC	of	the	left	
hippocampus were moderately correlated with each other in the MS 
group.	However,	only	dFC	was	included	in	the	final	model	predicting	
verbal memory, which suggests that it explains more variance than 
sFC.	Although	lateralization	was	observed,	the	spatial	exploration	of	
the	relative	importance	of	dFC	with	respect	to	learning	and	memory	
on	top	of	stationary	measures	revealed	that	dFC	between	the	hip-
pocampus and especially visual and frontal cortices were important 
for both verbal and visuospatial memory.

Unfortunately, we were not able to investigate dynamics of 
the hippocampus with the entire brain, as image acquisition was 
optimized toward the hippocampus (i.e., the part superior to the 
cingulate cortex was not included). Although no significant group 
differences were found in terms of the number and location of brain 
regions	that	were	excluded	in	the	sFC	and	dFC	analysis,	our	study	
would have been more complete if we could have included superior 
cortical regions as well. Nevertheless, we do not expect a large ef-
fect of partial brain coverage on our present results, as we averaged 
dFC	of	 the	hippocampus	over	all	 its	 connections	 for	each	 subject	
and were thus relatively insensitive to spatial effects. Second, we 
did not perform lesion filling, as our main focus was on functional 
brain measures. Hence, the volumetric measures might not be as 
accurate compared to lesion- filled measures. Third, eight patients 
had secondary progressive MS, whereas all others had relapsing- 
remitting MS. Unfortunately, this small size of the secondary pro-
gressive MS group did not allow us to investigate possible effects of 
disease phase on hippocampal and behavioral measures. However, 
one can imagine that a patient’s disease course might affect hip-
pocampal	dFC	and	memory	performance,	and	perhaps	mediate	the	
link	between	both.	Fourth,	we	decided	not	to	 include	the	number	
of hippocampal lesions in the regression analyses because of the 
following reasons: (1) one patient did not have a DIR image, which 
would further reduce our already small sample size (not favorable 
from a statistical perspective); (2) the number of predictors would 
increase, which is, again, not favorable in combination with a de-
crease in sample size, and; (3) hippocampal atrophy can be more 
accurately measured than hippocampal lesion load (i.e., hippocam-
pal lesions are difficult to measure in volume on 1.5T and were 
therefore	 counted).	 Finally,	 the	 present,	 explorative,	 study	 may	
suffer from multiple testing problems when predicting learning and 
memory performance. By only including predictors relevant for the 
dependent variable and using a stepwise approach with forward 
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selection, we believe we minimized the influence of multiple testing 
on the validity of our results.

Future	studies	should	investigate	the	effect	of	disease	course	on	
dFC	and	its	link	with	cognitive	functioning	in	a	larger	sample,	but	also	
the exact interplay between conventional brain measures (including 
hippocampal	 lesions)	 and	 dynamic	 brain	 measures.	 Furthermore,	
other cognitive paradigms should be investigated to see whether 
the present findings are specific for the fMRI task we used and the 
cognitive domain that was tested outside the scanner. It would also 
be interesting to investigate dynamics and cognition across different 
neurological diseases, to see whether patterns of increased and de-
creased dynamics in relation to cognitive functioning are universal 
or disease- specific.

To conclude, brain dynamics have not yet been explored exten-
sively in MS, but seem to be an important feature of the biological 
mechanisms underlying learning and memory (dys)function. That 
is,	lower	task-	related	dFC	of	the	hippocampus,	in	combination	with	
larger	volume	or	higher	sFC,	is	related	to	better	verbal	and	visuospa-
tial learning and memory performance outside the MR scanner in 
MS. This study highlights the relevance of brain dynamics on top of 
other, more traditional, MRI measures to understand cognitive (dys)
function in MS.
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