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Abstract

The pathophysiology of episodic memory dysfunction after infarction is not completely understood. It has been suggested
that infarctions located anywhere in the brain can induce widespread effects causing disruption of functional networks of
the cortical regions. The default mode network, which includes the medial temporal lobe, is a functional network that is
associated with episodic memory processing. We investigated whether the default mode network activity is reduced in
stroke patients compared to healthy control subjects in the resting state condition. We assessed the whole brain network
properties during resting state functional MRI in 21 control subjects and 20 ‘first-ever’ stroke patients. Patients were scanned
9–12 weeks after stroke onset. Stroke lesions were located in various parts of the brain. Independent component analyses
were conducted to identify the default mode network and to compare the group differences of the default mode network.
Furthermore, region-of-interest based analysis was performed to explore the functional connectivity between the regions of
the default mode network. Stroke patients performed significantly worse than control subjects on the delayed recall score
on California verbal learning test. We found decreased functional connectivity in the left medial temporal lobe, posterior
cingulate and medial prefrontal cortical areas within the default mode network and reduced functional connectivity
between these regions in stroke patients compared with controls. There were no significant volumetric differences between
the groups. These results demonstrate that connectivity within the default mode network is reduced in ‘first-ever’ stroke
patients compared to control subjects. This phenomenon might explain the occurrence of post-stroke cognitive dysfunction
in stroke patients.
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Introduction

The majority of stroke survivors suffer from post-stroke

cognitive impairment. These cognitive deficits after infarction

are usually well explained by size and location of the infarction [1].

However, occasionally the post-stroke cognitive symptoms cannot

be explained by the location of the infarction, rather they are

attributable due to impairment of cortical regions remote from the

lesion. A possible explanation for these remote effects can be the

disruption of neuronal input vital to the function of that remote

cerebral region or of a certain network [2,3]. An illustration of

such a remote stroke effect is our recent finding of reduced medial

temporal lobe (MTL) functionality in stroke patients with an

impaired episodic memory performance, but without an infarction

in the MTL [4]. To date, the underlying pathophysiology for this

reduced functionality is not known.

The MTL is a part of the default mode network (DMN) that

also comprises of posterior cingulate cortex, medial prefrontal

cortex and bilateral parietal cortices [5–7]. The cortical regions of

the DMN frequently deactivate during active tasks [8], while

during wakeful resting condition they are active [9]. This network

is important in episodic memory processing [6,10] and is altered in

neurodegenerative diseases, like Alzheimer’s disease [6] and mild

cognitive impairment [11]. This supports the notion that this

underlying network is disrupted in disorders affecting episodic

memory processing. This network is also implicated in self-

referential and reflective activity, and to internal and external

stimuli. We therefore investigated, as an extension of our previous

study [4], the functional connectivity of the DMN in stroke

patients during resting state condition, in order to investigate the

brain network properties.

A novel approach in understanding the intrinsic state of brain

activity is the study of the spatiotemporal patterns of the blood-

oxygen level-dependent (BOLD) fluctuations in the task-indepen-

dent condition [12]. Several spatially distinct cortical regions

exhibit similar temporal properties of the spontaneous ongoing

BOLD fluctuations that determine the so-called resting state

network (RSN) [13]. These temporally synchronized cortical

regions are considered to be functionally connected, mediated by

the direct and indirect anatomical connections [14,15]. The DMN

is a robust RSN that has been consistently demonstrated in both

healthy control subjects and patients.
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In this study, we performed independent component analysis

(ICA) to identify the resting-state DMN and region-of-interest

(ROI) analysis to examine the inter-regional functional connec-

tivity between the regions of DMN as the independent component

may not capture all the variance of the data. We hypothesized that

patients following an infarction would have an altered DMN

compared to the control subjects. More specifically, the functional

connectivity between the key regions involved in DMN (including

MTL) would be reduced in the patient group compared with

controls.

Materials and Methods

Study Population
Acute ischemic stroke patients, admitted at the Department of

Neurology of the Radboud University Nijmegen Medical Centre

between September 2005 and May 2007, were considered for

enrollment in this study. The selection of patients and controls has

been described in detail before [4]. In short, patients were eligible

when diagnosed with acute stroke, defined as sudden occurrence

of acute neurological symptoms that can only be explained by

occlusion of a specific artery with a compatible ischemic lesion

visible on CT or MRI-scan. Exclusion criteria were age above 75

years, pre-existent cognitive decline as assessed by the short

Informant Questionnaire on cognitive decline in elderly (IQ-

CODE) [16] and concurrent cognitive dysfunction defined as a

score less than twenty-four on mini mental state examination

(MMSE) [17], history of concomitant neurological disease,

presence of disease or use of medication that could affect cognition

or MRI disruptions, history of drug or alcohol abuse, presence of

severe white matter lesions (defined as a score $2 in two or more

regions as assessed by Age-Related White Matter Changes scale

[18]), clinical or radiological evidence of a previous infarction,

aphasia and MRI contraindications. These exclusion criteria were

chosen to reduce the probability of reduced pre-stroke DMN

activity in stroke patients. Healthy control subjects closely matched

to the patient group for age, gender and education participated in

this study [4]. Control subjects were excluded if they had pre-

existent cerebrovascular disease such as silent brain infarctions

and/or pre-existent cognitive problems, that could affect episodic

memory function and DMN activity [4].

Neuropsychological Assessment
All subjects underwent an extensive neuropsychological assess-

ment between six and eight weeks after stroke onset that included

an MMSE, IQCODE, Hospital Anxiety Depression Scale [19],

California verbal learning test (CVLT) [20] and standard

neurological examinations. Furthermore, clinical severity of all

patients was rated according to the National Institute of Health

Table 1. Peak voxels for the default mode network component.

Location CS Anatomy Hemisphere MNI T

x y z

Parietal 9438 Precuneus/posterior cingulate gyrus R/L 24 260 16 30.03

996 Inferior parietal lobe R 52 258 18 14.64

887 Inferior parietal lobe L 250 270 24 9.61

Frontal 1483 Middle prefrontal gyrus R/L 4 60 4 12.61

287 Superior frontal gyrus R 22 32 48 10.64

373 Superior frontal gyrus L 226 26 46 9.43

Temporal 575 Medial temporal lobe R 26 228 214 7.13

302 Medial temporal lobe L 228 230 214 7.79

286 Middle temporal gyrus R 64 24 218 10.51

119 Middle temporal gyrus* L 264 212 216 5.49

Peak voxels of the regions for the independent component depicting the default mode network. These peak voxels were used for the region of interest (ROI) based
analysis.
*Left middle temporal gyrus was only significant at a lower threshold; this was obtained at a threshold of P,0.001 false-discovery rate (FDR) corrected. CS = Cluster size,
R = Right, L = Left, MNI =Montreal Neurological Institute.
doi:10.1371/journal.pone.0066556.t001

Table 2. Demographic and neuropsychological
characteristics of stroke and control subjects.

Stroke (n=20) Control (n = 21)

Age, years (SD)a 55.1 (11.8) 51.3 (13.7)

Education (range)b 5 (4–7) 5 (2–7)

Gender, males (%)c 13 (65.0) 11 (52.4)

Right handedness (%)c 81 89

Left-sided infarction (%) 53 NA

MMSEb 28 (25–30) 29 (28–30)

Anxietyb 5 (0–14) 4 (0–12)

Depressive symptomsb 4 (0–14) 4 (0–13)

CVLT – delayed recall (SD)a 8.7 (4.9) 12.3 (2.0)

Modified Barthel indexa 20 (0.0) 20 (0.0)

Modified Rankin scale 1 (0–3) NA

NIHSS score 2 (1–16) NA

Values represent means (SD), median (range), or proportion (%). Stroke patients
performed significantly worse on MMSE (p = 0.038) and CVLT-delayed recall
score (p = 0.034). On other neuropsychological tests, no significant differences
were found. Education score of 5 means 10–11 years of education. MMSE =Mini
Mental State Examination, CVLT = California Verbal Learning Test,
NIHSS =National Institutes of Health Stroke Scale. NA=not applicable.
aIndependent-samples t test.
bMann-Whitney test.
cChi-square analysis.
doi:10.1371/journal.pone.0066556.t002
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Stroke Scale (NIHSS) at admission. Functional and physical status

was determined by the modified Barthel index [21] and modified

Rankin Scale [22].

Magnetic Resonance Imaging
Magnetic resonance imaging was performed on a 1.5 Tesla

Siemens Magneton Sonata scanner (Siemens Medical Solutions,

Erlangen, Germany) which included T1 3D magnetization-

prepared rapid gradient-echo (MPRAGE) imaging (time repetition

[TR] = 2.25 sec, time echo [TE] = 3.68 msec, flip angle

[FA] = 15u, 176 1 mm slices, 2566256 matrix, field of view

[FoV] = 256 mm) and resting state data using a gradient-echo

echo planar imaging (EPI) sequence (TR = 2.4 sec, TE = 30 msec,

FA = 90u, 35 slices, 64664 matrix, voxel size = 3.563.564.0 mm3,

300 volumes, FoV = 224 mm). All participants were scanned on

the same scanner.

All patients underwent MRI scanning nine to twelve weeks after

stroke onset. Twelve minutes of resting state scanning was

performed before the n-back working memory paradigm. The

results of the N-back paradigm have been published [4] and will

not be reported in this study. Subjects were instructed to close their

eyes, think of nothing in particular and relax while avoiding falling

asleep. None of the subjects reported falling asleep during

scanning.

Data Analysis
Image processing and statistical analysis was performed using

the statistical parametric mapping software SPM5 (http://www.fil.

ion.ucl.ac.uk/spm/). The first five resting state images were

discarded because of the possible spin saturation effects.

Remaining images were motion corrected and the mean image

was coregistered to each subject’s T1-weighted image. Subse-

quently, the images were normalized to the Montreal Neurological

Institute (MNI) T1 template and resampled at an isotropic voxel

size of 2 mm. To reduce the effects of low and high non-neuronal

noise, the images were then temporally band-pass filtered between

0.01 Hz and 0.1 Hz using fifth order Butterworth filter. Finally,

the images were spatially smoothed using a Gaussian kernel of

8 mm full width at half maximum (FWHM).

Independent Component Analysis
The independent component analysis (ICA) was performed

using Group ICA of fMRI Toolbox (GIFT, http://icatb.

sourceforge.net/version 2.0c) [23] to identify the task-independent

network activity in the group of the subjects. ICA is a model-free

method that can identify distinct components capturing spatially

independent and temporal synchronous patterns of the resting

state data and, as such, can distinguish different RSN’s. The

analyses were conducted on the data of both control subjects and

patients together to identify RSN’s common to both groups.

Twenty independent components were estimated as the optimal

number of components. Group maps were obtained using one-

sample t-tests using a threshold of P,0.05 family wise error

(FWE)-corrected for multiple comparisons. For the group

comparisons, two sample t-tests were applied with a height and

extent threshold of P,0.05 [24], corrected at the whole-brain

level, masked by the group maps (thresholded at P,0.05,

uncorrected) to ensure that only voxels involved in the specific

resting state network are evaluated. The default mode component

was selected using the GIFT toolbox in which all components were

spatially correlated with DMN spatial template. This template was

generated by WFU Pick-atlas [25], which included Brodmann’s

area 7, 10, 39, 23 and 31. The component with the highest spatial

correlation was considered as the default mode component [6]. In

this study, we investigated DMN because of our a priori hypothesis

that stroke patients would have reduced DMN activity. Also, we

calculated the power spectral density of the time course of the

DMN with fast Fourier transform for every subject to test whether

the differential spatial pattern of the DMN was due to the

alterations in the frequency distribution of the time course. The

component containing the cerebellum was considered a control

component for which we did not expect to find any group

differences, as there were no infarctions in the cerebellum.

ROI-based Analysis
ROI-based analyses were performed to investigate the inter-

regional functional connectivity of the default mode network to

examine the direct functional connectivity between the pre-

specified region and other regions. Various non-neural fluctu-

ations were removed from the data, through multiple regression

technique [7], which included the six motion parameters, the

quadratic and cubic effects of the motion parameters [26], the

mean time course of the white matter and cerebrospinal fluid

along with their temporal derivatives. The ROI’s were

determined by the results of the group-analysis of independent

component depicting the DMN (Table 1). A sphere of 6 mm

was created centered on the peak voxels of every region.

Subsequently, the first eigenvariate of the time course within

these ROI’s was extracted and Pearson’s correlation coefficients

was calculated for every pair-wise region, which were then

converted to z-values by applying a Fisher’s r-to-z transforma-

tion. The differences in correlation between the groups were

determined by applying two-sample t-test with a threshold of

P,0.05 on the pair-wise region that was significantly different

from zero using one-sample t-test at the threshold of P,0.05

[27]. To control for the multiple comparisons, FDR-correction

(with a q-value of 0.05) was applied.

Brain Morphology
Automated segmentation was conducted on the high-resolution

T1-weighted anatomical image using SPM5. Independent two-

tailed t-tests were performed on the gray matter, white matter,

cerebrospinal fluid and total intracranial volumes to determine the

statistical significance for the group comparisons. In addition,

optimized voxel-based morphometry [28] was carried out to

investigate the regional volumetry differences of the gray matter

between stroke and control subjects. The segmented, normalized

and modulated, gray matter images were smoothed using a

Gaussian kernel of 8 mm FHWM. Analysis of covariate

(ANCOVA) was then applied including total intracranial volume,

age, gender and education as nuisance variables. The group

differences were statistically assessed by two-sample t-test using a

threshold of P,0.05 FDR-corrected. Furthermore, manual

segmentation was conducted using the interactive software

program ‘ITK-SNAP’ (http://www.itksnap.org) to estimate the

hippocampal volumes more precisely. This was done in a

standardized way according to the previously published protocol

[29]. Intraclass interrater correlation coefficients were 97% and

96% for the left and right hippocampus respectively.

Statistical Analysis for Clinical Data
Independent t-tests were applied on the normal distributed

baseline characteristics and neuropsychological scores, Chi-square

tests for nominal data and Mann-Whitney U-analyses for the non-

Gaussian distributed data.

Altered DMN in Stroke Patients
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Ethics Statement
The study protocol was approved by the medical ethics

committee region Arnhem-Nijmegen and all the participants gave

written informed consent according to the Declaration of Helsinki.

None of the participants had a compromised capacity or ability to

consent, which was established by neurological examination.

Results

Study Population Characteristics
Data were available of 49 subjects, of whom eight subjects were

excluded because of the use of different resting state protocol

(n = 7) and absence of resting state data (n = 1). Twenty-one

healthy control subjects (52% male; mean age 51 years SD 12) and

twenty stroke patients (65% male; mean age 55 years SD 14) were

included. Table 2 presents the demographic and neuropsycholog-

ical characteristics of the study population. Stroke patients

performed significantly worse than the control subjects only on

the delayed recall task of the CVLT and on the MMSE.

Infarctions were located in the internal capsule (four left and

one right), in the corona radiata (one left and three right), in the

thalamus (one left and one right), in the occipital lobe (two left and

two right), in the brainstem (four) and in the parietal lobe (one

right).

Figure 1. Group analyses of the independent component analysis revealing seven distinct resting state networks (default mode,
dorsal attention, auditory, frontal, sensorimotor lateral and medial visual network).
doi:10.1371/journal.pone.0066556.g001
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ICA
The group analyses of the independent components revealed

seven distinct RSN’s (Fig. 1). These RSN’s resembles the RSN’s

previously found in other studies [13,30]. The component

depicted by Fig. 2 had the highest spatial correlation with the

DMN spatial template, which was generated by the WFU pick-

atlas. The mean z-scores of the default mode network differed

significantly between control subjects and patients (p,0.01,

adjusted for age and gender). For the group comparison of the

DMN (Fig. 2c), stroke subjects showed decreased functional

connectivity in the medial prefrontal cortex, posterior cingulate

cortex and left MTL. Decreased functional connectivity was also

seen in the right medial temporal lobe with the same height

threshold but with a lower extent threshold (figure not shown). An

increased functional connectivity in stroke subjects is observed in

the left lingual gyrus. Furthermore, a positive correlation was

observed between the functional connectivity of the left MTL

within the DMN and the performance of the delayed recall task of

CVLT in control subjects (b= 0.700, p = 0.018), adjusted for age,

gender and education. No correlation was however found in stroke

subjects. Furthermore, no significant differences in frequency

characteristics were observed between the control and stroke

subjects (Fig. 3). As expected, we did not find any group differences

for the control component reflecting the cerebellum.

ROI-based Analyses
For every pair-wise region, the correlation coefficients were

calculated after removing the non-neural BOLD fluctuations. This

resulted in correlation matrices and corresponding graphs for

visualization of the matrices for both control and stroke subjects

(Fig. 4). The regions of the DMN in control subjects were strongly

connected with each other, whereas a reduction of functional

connectivity was observed in stroke subjects. Stroke patients

showed a significantly reduced functional connectivity in several

pair-wise regions, among others the posterior cingulate cortex,

medial prefrontal cortex and the left MTL (p,0.05 uncorrected).

Using FDR-correction for multiple comparisons, significant

reduction in functional connectivity was found between right

middle temporal cortex and right superior frontal cortex, and left

middle temporal cortex and right superior frontal cortex in stroke

patients when compared to control subjects. In the opposite

contrast, there were no stronger correlations in stroke subjects

compared to the control subjects. Correlation analyses using

Pearson’s partial correlation revealed a non-significant positive

trend between right temporal lobe and right superior frontal lobe

(r = 0.43) and between left temporal lobe and right superior frontal

lobe (r = 0.46) and a negative trend between posterior cingulum

and right superior frontal lobe (r =20.51) with the CVLT-delay

recall score, adjusted for age, gender and education.

Brain Morphology
There were no significant differences of the total intracranial,

gray matter, white matter and CSF volume between control and

stroke subjects (Table 3). VBM analyses revealed no statistically

regional gray matter volume differences between the control and

stroke subjects. Furthermore, the manual obtained hippocampal

volumes did not differ significantly between the two groups.

Discussion

We found a decreased functional connectivity in posterior

cingulate, medial prefrontal and left MTL within the DMN in

‘first-ever’ stroke patients compared to the control subjects. In

addition, reduced inter-regional functional connectivity between

these regions was observed when comparing stroke patients with

healthy control subjects.

Several methodological issues in this study need to be

considered. A potential limitation of functional connectivity

analyses is the contribution of physiological noise, such as cardiac

and respiratory pulsations, on the functional connectivity [31–33].

Since we did not record the heartbeat and respiration pulsations

during the scanning, we were not able to remove these fluctuations

from our resting state data. However, we do not consider it

plausible for these fluctuations to cause the differences we have

found in the DMN in stroke patients. First, both the controls and

patients were naı̈ve to the MRI scanning and environment in the

experimental setting. Second, we performed ICA that can separate

the physiological noises from the neural network [13,34]. Still, the

residual effects of this noise may be present in the default mode

component. Third, we confirmed the ICA results indirectly by

applying ROI-based analyses in which we removed as much as

possible the non-neural noises [33]. Second limitation is the use of

ICA. We observed several significantly different regions within the

DMN in the contrast control versus stroke subjects. This does not

necessarily mean - though unlikely - that the connectivity is less in

stroke patients, as independent component may not capture all

Figure 2. Resting state functional connectivity of the default
mode. Spatial maps of the default mode network for control subjects
(A) and for stroke subjects (B). (C) Resting state functional connectivity
differences between control and stroke subjects. Stroke subjects
showed decreased functional connectivity in the posterior cingulate
gyrus, medial prefrontal cortex and left medial temporal lobe. The
statistical maps are superimposed onto the spatially normalized and
averaged group T1-images.
doi:10.1371/journal.pone.0066556.g002

Altered DMN in Stroke Patients

PLOS ONE | www.plosone.org 5 June 2013 | Volume 8 | Issue 6 | e66556



variance of the data. To overcome this problem, we performed

ROI-based analysis on the full time course. This analysis revealed

decreased inter-regional functional connectivity in stroke patients,

which supports indirectly the results of ICA. Third, the BOLD

signal can be reduced in patients with stroke [35]. However, it

seems unlikely to us that this could explain the results. No

significant group-differences were found for the control compo-

nent and the frequency distribution of the time course was not

different between the groups. Furthermore, the hemodynamic

response is normalized within few days after stroke [36]. Fourth,

the presence of white matter lesions could affect the DMN activity,

even though patients with low extent of white matter lesions were

included in this study to reduce this possibility. Fifth, due to the

cross-sectional nature of the study design, no causal relationship

could be inferred. Also, the observed differences between the

control subjects and stroke patients are small in regard with the

multiple comparisons that have been carried out. The a prior

hypothesis that the stroke patients would have reduced DMN

activity, was tested using relatively liberal cut-off p-values. These

values were selected in order to minimize the type II error and are

commonly used in patient studies [6]. Also, a positive correlation

has been found between functional connectivity in left MTL with

CVLT delayed recall in control subjects and not in stroke patients.

This could be explained by the small sample size of stroke

population with various size and location of the infarction leading

to differential influences on the default mode network. Another

issue is that we selected ‘first-ever’ stroke patients irrespective of

the size and location of the infarction. On the one hand, this study

design limits the ability to the investigate the relationship between

infarction location and whole-brain resting state connectivity, on

the other hand this approach makes our results highly general-

izable to the general stroke population. Strong elements of our

study are that the alterations of the DMN in stroke patients were

not caused by morphological changes in the cortical regions or by

alterations of the frequency characteristics of the time course of the

default mode component. There were also no differences in

environmental factors such as anxiety and depression, concurrent

general cognitive decline, or by pre-existing cognitive impairment

as assessed by IQCODE, between the groups.

In terms of the interpretation of our findings, the altered

functional connectivity is commonly considered to reflect the

occurrence of the cognitive disturbances in various brain disorders

[37]. DMN consists of regions that frequently exhibit a decrease in

BOLD activity during goal-directed tasks [8] and show greater

deactivation with increasing task difficulty [38]. During episodic

memory retrieval, these regions are activated rather than

deactivated [10,39]. In the resting state condition, several studies

showed reduction of DMN activity in patients with neurodegen-

erative diseases, who have reduced episodic memory function,

when compared to the healthy control subjects [6,11,40].

Furthermore, MTL is a part of the DMN that has a key role in

episodic memory processing [41]. This has been shown in healthy

subjects and in patients with surgical removal of the MTL who are

incapable of forming new episodic memories [42]. Another part of

DMN is the posterior cingulate cortex that is related to the

memory function and is believed to be a key node in the DMN [5].

These findings suggest that DMN is involved in episodic memory

processing. In this study, stroke patients, who had reduced episodic

memory function compared to healthy subjects, also have a

reduction of the MTL and posterior cingulate cortex activity. A

left-right asymmetry of decreased connectivity of the MTL was

observed, with more decreased connectivity in the left MTL in

stroke patients. This is in line with studies reporting the

involvement of left MTL in verbal memory processing [43,44].

Moreover, the degree of coactivation of left MTL correlated

significantly with CVLT delayed recall score (a quantitative

measure of the episodic memory) in control subjects. Although a

non-significant positive trend was observed in stroke patients, the

current results cannot fully support the notion that the disruption

of DMN activity in stroke patients is related to episodic memory

performance. One could argue that ‘normal’ episodic memory

performers would show similar DMN activity when compared to

Figure 3. Average power spectrum (6 SEM) of the time course of the independent component that belongs to the default mode
network is shown for both control and stroke subjects. The highest power density was observed in the low frequency domain (0.01–0.04 Hz)
for both groups. No significant differences in frequency characteristics were observed between the control and stroke subjects.
doi:10.1371/journal.pone.0066556.g003
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control subjects. In the present study, however, we were unable to

reliably investigate the differences between ‘normal’ with ‘im-

paired’ episodic memory performers, and with control subjects,

due to the small sample size. Our findings, though, indirectly

suggest that reduced DMN activity could be the underlying

substrate of our finding of a reduced MTL functionality during the

working-memory task in these stroke patients [4].

Theoretical explanations for widespread effects of local struc-

tural damage have been postulated for long time. This is referred

to as ‘disconnection’ syndrome [45]. Recently, support for this

theoretical idea comes from both computational lesion modeling

studies and empirical studies in patients. Lesion modeling studies

in human brain have shown that the impact of the lesions can have

a profound effect on the spontaneous, anatomical remote ongoing

BOLD activity that can result in widespread dynamical effects

[46]. Results from patient studies also confirmed that the structural

damage could lead to alterations of the functional connectivity

pattern exerting its effect to other cortical regions [47,48]. Also,

several studies have shown that the resting state activity is

correlated with post-stroke symptoms, such as motor problems

[49], the degree of post-stroke depression [36] and behavioral

Figure 4. Region of interest (ROI) based analysis for the control and stroke subjects. The top panel displays the correlation coefficients
matrices for every pair-wise region. The bottom panel displays the graph visualization of the correlation coefficient matrices thresholded at r.0.15.
The bottom right represents the significant differences between control and stroke subjects; blue lines depicting stronger correlations in control with
respect to stroke subjects at the threshold P,0.05, overlaid on the graph visualization of the stroke patients. In the opposite contrast, no stronger
functional correlations were found in stroke subjects. mPFC=medial prefrontal cortex, PCC=posterior cingulate cortex, LIPar = left inferior parietal
cortex, RIPar = right inferior parietal cortex, LspFr = left superior frontal cortex, RspFr = right superior frontal cortex, Ltemp= left middle temporal
cortex, Rtemp= right middle temporal gyrus, LMTL= left medial temporal lobe, RMTL= right medial temporal lobe.
doi:10.1371/journal.pone.0066556.g004

Table 3. Volumetric data for the two study groups.

Stroke (n=20) Control (n =21)

Total intracranial volume, mL 1405 (6128) 1336 (6121)

Gray matter* 48 (62.85) 49 (62.85)

White matter* 30 (62.51) 30 (62.56)

Cerebrospinal fluid* 22 (62.98) 21 (63.87)

Left hippocampus* 0.24 (60.03) 0.25 (60.03)

Right hippocampus* 0.26 (60.03) 0.26 (60.03)

No significant differences in brain volumetry were found between stroke and
control subjects. Values represent means (6 SD).
*Values are percentage to the total intracranial volume (6 SD).
doi:10.1371/journal.pone.0066556.t003
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performances [50]. In the latter study, authors found that the

behavioral performances were correlated with the strength of the

functional connectivity within the damaged hemisphere and more

importantly, with the strength of the interhemispheric functional

connectivity [50]. This supports the notion that lesions can affect

the remote non-lesioned brain areas. As DMN is widely connected

with others major hubs (regions with high number of connections)

in the cortex [51], virtually every local structural damage in the

brain can lead to the disruption of the DMN and the

accompanying clinical symptoms. In a systematic review, this is

further corroborated by the frequent finding of post-stroke

memory dysfunction, without an association between the location

of the stroke lesion and the occurrence of memory dysfunction

[52]. Here, we observed that the DMN is different in stroke

patients supporting the concept of disconnection syndrome. Stroke

lesions might thus be responsible for the alterations of the DMN

and, as such, could account for the underlying pathophysiological

explanation for impaired cognitive performance, which cannot

solely be explained by the location of the stroke lesion.

Conclusion
This study complements the emerging evidence that infarctions

not only result in focal neurological symptoms dependent on their

location, but can also induce widespread effects in remote regions.

Altered DMN connectivity in stroke patients might underlie

reduced episodic memory after stroke. To further support these

findings, future studies should incorporate stroke patients without

impaired episodic memory function as extra validation. Future

studies should also evaluate other resting state networks, which

could be disrupted due to the effects of stroke lesions and should

incorporate follow-up of patients in order to determine long-term

consequences of such lesions on the functional and structural

connectivity network and cognitive function, which can give us

valuable information about the neural plasticity and functional

recovery. This is important for the practitioners to identify stroke

patients at risk for post-stroke dementia and to determine adequate

medical treatment and/or cognitive or physical rehabilitation [53]

that might be beneficial for the patients.

Author Contributions

Conceived and designed the experiments: AMT LS GF DGN MR FEdL.

Performed the experiments: LS MR GF FEdL. Analyzed the data: AMT

DGN FEdL. Contributed reagents/materials/analysis tools: AMT LS ES.

Wrote the paper: AMT DGN FEdL.

References

1. Damasio H, Damasio AR (1989) Lesion analysis in Neuropsychology: New

York: Oxford University Press.

2. Young MP, Hilgetag CC, Scannell JW (2000) On imputing function to structure
from the behavioural effects of brain lesions. Philos Trans R Soc Lond B Biol Sci

355: 147–161.

3. Kaiser M, Martin R, Andras P, Young MP (2007) Simulation of robustness

against lesions of cortical networks. Eur J Neurosci 25: 3185–3192.

4. Snaphaan L, Rijpkema M, van Uden I, Fernandez G, de Leeuw FE (2009)
Reduced medial temporal lobe functionality in stroke patients: a functional

magnetic resonance imaging study. Brain 132: 1882–1888.

5. Greicius MD, Krasnow B, Reiss AL, Menon V (2003) Functional connectivity in

the resting brain: a network analysis of the default mode hypothesis. Proc Natl
Acad Sci U S A 100: 253–258.

6. Greicius MD, Srivastava G, Reiss AL, Menon V (2004) Default-mode network

activity distinguishes Alzheimer’s disease from healthy aging: evidence from
functional MRI. Proc Natl Acad Sci U S A 101: 4637–4642.

7. Fox MD, Snyder AZ, Vincent JL, Corbetta M, Van Essen DC, et al. (2005) The
human brain is intrinsically organized into dynamic, anticorrelated functional

networks. Proc Natl Acad Sci U S A 102: 9673–9678.

8. Shulman GL, Fiez JA, Corbetta M, Buckner RL, Miezin FM, et al. (1997)
Common blood flow changes across visual tasks.2. Decreases in cerebral cortex.

Journal of Cognitive Neuroscience 9: 648–663.

9. Raichle ME, MacLeod AM, Snyder AZ, Powers WJ, Gusnard DA, et al. (2001)

A default mode of brain function. Proc Natl Acad Sci U S A 98: 676–682.

10. Buckner RL, Snyder AZ, Shannon BJ, LaRossa G, Sachs R, et al. (2005)
Molecular, structural, and functional characterization of Alzheimer’s disease:

evidence for a relationship between default activity, amyloid, and memory.

J Neurosci 25: 7709–7717.

11. Sorg C, Riedl V, Muhlau M, Calhoun VD, Eichele T, et al. (2007) Selective
changes of resting-state networks in individuals at risk for Alzheimer’s disease.

Proc Natl Acad Sci U S A 104: 18760–18765.

12. Fox MD, Raichle ME (2007) Spontaneous fluctuations in brain activity observed
with functional magnetic resonance imaging. Nat Rev Neurosci 8: 700–711.

13. Beckmann CF, DeLuca M, Devlin JT, Smith SM (2005) Investigations into
resting-state connectivity using independent component analysis. Philos

Trans R Soc Lond B Biol Sci 360: 1001–1013.

14. Koch MA, Norris DG, Hund-Georgiadis M (2002) An investigation of
functional and anatomical connectivity using magnetic resonance imaging.

Neuroimage 16: 241–250.

15. Vincent JL, Patel GH, Fox MD, Snyder AZ, Baker JT, et al. (2007) Intrinsic

functional architecture in the anaesthetized monkey brain. Nature 447: 83–86.

16. de Jonghe JF, Schmand B, Ooms ME, Ribbe MW (1997) [Abbreviated form of
the Informant Questionnaire on cognitive decline in the elderly]. Tijdschr

Gerontol Geriatr 28: 224–229.

17. Folstein M, Folstein S, McHugh PR (1973) Clinical predictors of improvement

after electroconvulsive therapy of patients with schizophrenia, neurotic reactions,
and affective disorders. Biol Psychiatry 7: 147–152.

18. Wahlund LO, Barkhof F, Fazekas F, Bronge L, Augustin M, et al. (2001) A new

rating scale for age-related white matter changes applicable to MRI and CT.

Stroke 32: 1318–1322.

19. Zigmond AS, Snaith RP (1983) The hospital anxiety and depression scale. Acta

Psychiatr Scand 67: 361–370.

20. Delis DC, Kramer J, Kaplan E, Ober BA (1987) California verbal learning test.

Research edition edn.: New York: The Psychological Corporation Harcourt

Brace Jovanovich Inc.

21. Mahoney FI, Barthel DW (1965) Functional Evaluation: The Barthel Index. Md

State Med J 14: 61–65.

22. van Swieten JC, Koudstaal PJ, Visser MC, Schouten HJ, van Gijn J (1988)

Interobserver agreement for the assessment of handicap in stroke patients.

Stroke 19: 604–607.

23. Calhoun VD, Adali T, Pearlson GD, Pekar JJ (2001) A method for making

group inferences from functional MRI data using independent component

analysis. Hum Brain Mapp 14: 140–151.

24. Poline JB, Worsley KJ, Evans AC, Friston KJ (1997) Combining spatial extent

and peak intensity to test for activations in functional imaging. Neuroimage 5:

83–96.

25. Maldjian JA, Laurienti PJ, Kraft RA, Burdette JH (2003) An automated method

for neuroanatomic and cytoarchitectonic atlas-based interrogation of fMRI data

sets. Neuroimage 19: 1233–1239.

26. Lund TE, Norgaard MD, Rostrup E, Rowe JB, Paulson OB (2005) Motion or

activity: their role in intra- and inter-subject variation in fMRI. Neuroimage 26:

960–964.

27. Wang K, Liang M, Wang L, Tian L, Zhang X, et al. (2007) Altered functional

connectivity in early Alzheimer’s disease: a resting-state fMRI study. Hum Brain

Mapp 28: 967–978.

28. Good CD, Johnsrude IS, Ashburner J, Henson RN, Friston KJ, et al. (2001) A

voxel-based morphometric study of ageing in 465 normal adult human brains.

Neuroimage 14: 21–36.

29. Geuze E, Vermetten E, Bremner JD (2005) MR-based in vivo hippocampal

volumetrics: 1. Review of methodologies currently employed. Mol Psychiatry 10:

147–159.

30. Damoiseaux JS, Rombouts SA, Barkhof F, Scheltens P, Stam CJ, et al. (2006)

Consistent resting-state networks across healthy subjects. Proc Natl Acad

Sci U S A 103: 13848–13853.

31. Raj D, Anderson AW, Gore JC (2001) Respiratory effects in human functional

magnetic resonance imaging due to bulk susceptibility changes. Phys Med Biol

46: 3331–3340.

32. Dagli MS, Ingeholm JE, Haxby JV (1999) Localization of cardiac-induced signal

change in fMRI. Neuroimage 9: 407–415.

33. Birn RM, Diamond JB, Smith MA, Bandettini PA (2006) Separating respiratory-

variation-related fluctuations from neuronal-activity-related fluctuations in

fMRI. Neuroimage 31: 1536–1548.

34. De Luca M, Beckmann CF, De Stefano N, Matthews PM, Smith SM (2006)

fMRI resting state networks define distinct modes of long-distance interactions in

the human brain. Neuroimage 29: 1359–1367.

35. Pineiro R, Pendlebury S, Johansen-Berg H, Matthews PM (2002) Altered

hemodynamic responses in patients after subcortical stroke measured by

functional MRI. Stroke 33: 103–109.

Altered DMN in Stroke Patients

PLOS ONE | www.plosone.org 8 June 2013 | Volume 8 | Issue 6 | e66556



36. Lassalle-Lagadec S, Sibon I, Dilharreguy B, Renou P, Fleury O, et al. (2012)

Subacute default mode network dysfunction in the prediction of post-stroke
depression severity. Radiology 264: 218–224.

37. Greicius M (2008) Resting-state functional connectivity in neuropsychiatric

disorders. Curr Opin Neurol 21: 424–430.
38. McKiernan KA, Kaufman JN, Kucera-Thompson J, Binder JR (2003) A

parametric manipulation of factors affecting task-induced deactivation in
functional neuroimaging. J Cogn Neurosci 15: 394–408.

39. Vincent JL, Snyder AZ, Fox MD, Shannon BJ, Andrews JR, et al. (2006)

Coherent spontaneous activity identifies a hippocampal-parietal memory
network. J Neurophysiol 96: 3517–3531.

40. Rombouts SA, Barkhof F, Goekoop R, Stam CJ, Scheltens P (2005) Altered
resting state networks in mild cognitive impairment and mild Alzheimer’s

disease: an fMRI study. Hum Brain Mapp 26: 231–239.
41. Eichenbaum H (2001) The hippocampus and declarative memory: cognitive

mechanisms and neural codes. Behav Brain Res 127: 199–207.

42. Squire LR (2009) The legacy of patient H.M. for neuroscience. Neuron 61: 6–9.
43. Hermann BP, Seidenberg M, Schoenfeld J, Davies K (1997) Neuropsychological

characteristics of the syndrome of mesial temporal lobe epilepsy. Arch Neurol
54: 369–376.

44. Nyberg L, McIntosh AR, Houle S, Nilsson LG, Tulving E (1996) Activation of

medial temporal structures during episodic memory retrieval. Nature 380: 715–
717.

45. Geschwind N (1965) Disconnexion syndromes in animals and man. I. Brain 88:

237–294.
46. Honey CJ, Sporns O (2008) Dynamical consequences of lesions in cortical

networks. Hum Brain Mapp 29: 802–809.

47. Corbetta M, Kincade MJ, Lewis C, Snyder AZ, Sapir A (2005) Neural basis and
recovery of spatial attention deficits in spatial neglect. Nat Neurosci 8: 1603–

1610.
48. He BJ, Snyder AZ, Vincent JL, Epstein A, Shulman GL, et al. (2007) Breakdown

of functional connectivity in frontoparietal networks underlies behavioral deficits

in spatial neglect. Neuron 53: 905–918.
49. Golestani AM, Tymchuk S, Demchuk A, Goodyear BG, Group V-S (2013)

Longitudinal evaluation of resting-state FMRI after acute stroke with
hemiparesis. Neurorehabil Neural Repair 27: 153–163.

50. Carter AR, Astafiev SV, Lang CE, Connor LT, Rengachary J, et al. (2010)
Resting interhemispheric functional magnetic resonance imaging connectivity

predicts performance after stroke. Ann Neurol 67: 365–375.

51. Hagmann P, Cammoun L, Gigandet X, Meuli R, Honey CJ, et al. (2008)
Mapping the structural core of human cerebral cortex. PLoS Biol 6: e159.

52. Snaphaan L, de Leeuw FE (2007) Poststroke memory function in nondemented
patients: a systematic review on frequency and neuroimaging correlates. Stroke

38: 198–203.

53. Tuladhar AM, de Leeuw FE (2010) Poststroke dementia–what’s in a name? Nat
Rev Neurol 6: 63–64.

Altered DMN in Stroke Patients

PLOS ONE | www.plosone.org 9 June 2013 | Volume 8 | Issue 6 | e66556


