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Brain plasticity after stroke
Stroke is the main cause of adult disability in the world. Hampered blood flow to 
part of the brain, most often caused by thromboembolic occlusion of a (major) brain 
artery, results in cerebral ischemia, followed by loss of neuronal function and 
consequent impairment of body parts that are represented in the affected brain 
area. However, most patients exhibit a certain degree of recovery in the following 
weeks and months. This spontaneous functional recovery at later stages has been 
ascribed to brain plasticity, which refers to the capability of the brain to compensate 
for loss of function through reorganization of neuronal networks. Plasticity after 
brain injury, that may improve behavior, involves both functional and structural 
changes of neuronal networks (see for reviews Lee and van Donkelaar 1995; Nudo 
1999; Kreisel et al. 2006).  These alterations may be based on unmasking or 
strengthening of existing pathways and/or by formation of new neuronal 
connections (see for reviews Keyvani and Schallert 2002; Carmichael 2003; Dancause 
2006). Yet, it remains largely unclear in what manner structural and functional 
modifications of neuronal circuitry are interrelated in post-stroke brain 
reorganization and to what degree these factors may lead to functional improvement. 
Knowledge about the association between long-term functional recovery and 
different aspects of brain plasticity may provide leads for the development of 
therapeutic interventions aimed at brain repair chronically after stroke.
Much of the progress in understanding brain reorganization after stroke has 
been derived from animal studies (see for reviews Nudo 1999; Carmichael 2003). 
Experimental stroke models, such as the well-established method of transient 
focal cerebral ischemia in the rat by intraluminal occlusion of the middle cerebral 
artery (Longa et al. 1989), allow for controllable experimental settings and 
optimal combination of different techniques, such as whole-brain imaging, 
invasive electrophysiological recordings, and post mortem histology. Earlier 
electrophysiological and histological studies in animal stroke models have 
provided considerable insights into post-stroke plasticity of neuronal circuitry 
at a regional and cellular level (Lee and van Donkelaar 1995; Nudo 1999). 
Neuroimaging modalities, in particular magnetic resonance imaging (MRI) can 
add valuable information by multiparametric and repetitive whole-brain 
measurements of functional and structural changes in large-scale neuronal 
networks (see for reviews Dijkhuizen and Nicolay 2003; Van der Linden et al. 
2007; Fox and Raichle 2007). 

MRI of brain reorganization
Over the years MR imaging methodologies have been increasingly applied to 
assess stroke pathophysiology and brain reorganization. MRI relies on detection 
of MR signals from the highly abundant water protons in tissues. Its versatility 
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stems from the ability to sensitize MRI acquisitions to distinct parameters, 
such as proton density, MR relaxation times (T1, T2), susceptibility contrast, 
diffusion, perfusion and flow. This enables multi-parametric imaging studies 
on different pathological events as well as remodeling processes that are 
involved in the evolution of stroke-affected tissue. In particular T2-, diffusion- 
and perfusion-weighted MRI are effective methods to detect early changes in 
brain tissue and perfusion status after stroke (Baird and Warach 1998; 
Dijkhuizen and Nicolay 2003), and prospective MRI trials have shown that 
identification of a mismatch between the areas of diminished perfusion and 
reduced tissue water diffusion might provide a criterion for selection of patients 
who will benefit from recanalization therapies (Neumann-Haefelin and 
Steinmetz 2007). In recent years MRI has also been applied to assess functional 
and structural reorganization in the brain in relation to recovery after stroke 
at later stages. Different functional and structural MRI methods that may be 
used for studies on brain plasticity with a focus on application in experimental 
stroke models are discussed below.

Functional MRI
Functional MRI (fMRI) is based on detection of MR signals that are associated 
with neuronal activation. Typically fMRI measures hemodynamic changes in 
response to increase in neuronal activity upon cognitive, visual, sensory or 
motor stimulation. MRI methods that have been employed are blood 
oxygenation level-dependent (BOLD) MRI, which is susceptible to magnetic 
properties of blood; arterial spin labeling (ASL) techniques, which are based 
on detection of signal from magnetically labeled endogenous arterial water; 
and dynamic susceptibility contrast-enhanced and steady state susceptibility 
contrast-enhanced MRI, which measure signal changes after intravascular 
injection of an exogenous paramagnetic contrast agent. These different MRI 
approaches can be utilized for detection of neuronal activation-induced 
changes in blood oxygenation (BOLD fMRI), cerebral blood flow (CBF) (ASL-
based fMRI) or cerebral blood volume (CBV) (contrast-enhanced fMRI) 
(Mandeville and Rosen 2002; Harel et al. 2006). A detailed review of the 
principles of these distinct fMRI techniques can be found in a book chapter by 
Mandeville and Rosen (2002).
The first reports on the use of fMRI to non-invasively investigate changes in 
activation patterns in stroke patients appeared in the mid to late 1990s  
(see Cramer and Bastings for a review (2000)). Cramer et al. (1997) and Cao et al. 
(1998) conducted pioneering fMRI studies on stroke subjects who had recovered 
from hemiparesis. BOLD MRI acquisition during finger tapping revealed 
activation-induced signal increases in peri-infarct regions, secondary 
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sensorimotor areas and the contralesional hemisphere, which were more 
extensive than in controls. From then on numerous BOLD fMRI studies have 
demonstrated post-stroke rearrangement of ipsi- and contralesional functional 
brain fields in patients recovering from hemiparesis, aphasia or hemianopia 
(Cramer and Bastings 2000; Rijntjes and Weiller 2002; Calautti and Baron 2003). 
These patient fMRI studies have provided important details on changes in 
functional activation patterns. Yet variations in lesion size and location, co-
morbidities, differences in the post-stroke time of fMRI acquisition, head motion, 
incomplete datasets, etc. complicate systematic examination of functional brain 
reorganization after stroke.
Contrary to most patient fMRI studies, fMRI experiments in animal stroke 
models can be performed under highly controllable and reproducible 
conditions. Furthermore, results from animal fMRI studies may be directly 
correlated with more invasive measurements (e.g., electrophysiological 
recordings and (immuno)histochemistry), which may aid in elucidation of the 
basis of (altered) fMRI responses. A detailed overview of advantages and issues 
of fMRI in laboratory animals can be read in a review by Van der Linden et al. 
(2007). A number of studies have applied fMRI to analyze changes in functional 
brain activation in animal stroke models (Reese et al. 2000; Abo et al. 2001; 
Dijkhuizen et al. 2001; Sauter et al. 2002; Dijkhuizen et al. 2003; Kim et al. 2007; 
Kim et al. 2008; Weber et al. 2008). In general, the experimental protocol 
consisted of an electrical forelimb stimulation paradigm in rats, which under 
normal conditions gives rise to a robust response in the sensorimotor cortex 
(see figure 1). Animal fMRI studies are often conducted at high magnetic field 
strengths (≥ 7 T) (Abo et al. 2001; Kim et al. 2007; Kim et al. 2008; Weber et al. 
2008) and/or with contrast-enhanced CBV-weighted fMRI (Reese et al. 2000; 
Abo et al. 2001; Dijkhuizen et al. 2001; Sauter et al. 2002; Dijkhuizen et al. 2003; 
Kim et al. 2007; Kim et al. 2008), which significantly improve sensitivity and 
specificity to detect activation responses (Mandeville and Rosen 2002; Harel 
et al. 2006). Despite the common use of BOLD fMRI in human studies, BOLD 
signal intensity changes are typically on the order of only a few percents. 
Increased fMRI sensitivity can be achieved by acquisition at higher magnetic 
field strengths (horizontal bore MR systems for animal imaging up to field 
strengths of 14.1 T are available), or by enhancement with an exogenous 
contrast agent, as reviewed by Mandeville and Rosen (2002) and Harel et al. 
(2006). Steady state contrast-enhanced MRI requires injection of a (super)
paramagnetic blood pool contrast agent. Although this decreases the signal-
to-noise ratio in brain MR images, the contrast-to-noise ratio for fMRI can be 
significantly increased as compared to BOLD techniques. The technique is 
largely CBV-dependent since the relatively high concentration of the 
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paramagnetic blood pool agent minimizes contribution of a BOLD effect to 
the CBV measurement, which also eliminates unwanted signal from large, 
remote vessels.
Consistent with patient fMRI papers, fMRI studies in experimental stroke models 
have reported diminished activation in the ipsilesional sensorimotor cortex 
(Reese et al. 2000; Abo et al. 2001; Dijkhuizen et al. 2001; 2003; Weber et al. 2008), 
enhanced contralesional activation (Abo et al. 2001; Dijkhuizen et al. 2001; 2003) 
and reinstatement of perilesional activity at later stages (Dijkhuizen et al. 2001; 
2003; Weber et al. 2008). Figure 1 shows examples of shifts in cerebral responses 
to somatosensory stimulation in a rat stroke model detected with contrast-
enhanced CBV-weighted fMRI.
Functional MRI studies in rats after permanent or transient unilateral middle 
cerebral artery (MCA) occlusion have shown that the fMRI-detected activation 

0 50 100 150  (s)

-5

0

5

10

15

-5

0

5

10

15

-5

0

5

10

15

Δ
C

B
V 

(%
 o

f b
as

el
in

e)

fMRI during forelimb stimulation in rats

14 days post-stroke

3 days post-stroke

-log P 15 3

control

Figure 1. Left: T2-weighted MR images of a rat brain slice overlaid by statistical activation maps 
calculated from contrast-enhanced CBV-weighted fMRI in combination with an electrical forelimb 
stimulation paradigm as described by Dijkhuizen et al. (2001). Right: Time-course of CBV changes 
in the right sensorimotor cortex in response to left forelimb stimulation (the stimulation period is 
indicated by the black bar) (mean ± SD, n = 6). Left forelimb stimulation induced significant activation 
responses in the right sensorimotor cortex in control rats. At 3 days after right-sided stroke, activation 
responses in the right, ipsilesional sensorimotor cortex were largely absent, however, responses 
were found in the left, contralesional hemisphere. After 14 days, partial restoration of activation was 
detected in the right, ipsilesional sensorimotor cortex. The unilateral stroke lesion is characterized 
by increased T2-weighted signal intensity in the right somatosensory cortex and lateral striatum.
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response to forelimb stimulation could be absent in the representational 
somatosensory cortex despite normal appearance on diffusion- and T2-weighted 
MR images (Reese et al. 2000; Dijkhuizen et al. 2001; 2003). This indicates that 
intact structural integrity around a stroke lesion does not necessarily imply 
preservation of neuronal function, and demonstrates the significance of fMRI 
to detect tissue dysfunction in lesion borderzones. Notably, it is possible that 
activation responses in perilesional cortical tissue recur. Dijkhuizen et al. (2001; 
2003) and Weber et al. (2008) have shown that preservation or reinstatement of 
activation within the ipsilesional sensorimotor cortex is associated with 
functional recovery after transient MCA occlusion in rats, which agrees with 
results from fMRI studies in recovering hemiparetic stroke patients (Calautti 
and Baron 2003).
A rise in contralesional fMRI activity after unilateral cerebral ischemia has been 
demonstrated in some rat studies (Abo et al. 2001; Dijkhuizen et al. 2001; 2003), 
and the relative degree of activation in the contralesional hemispheres 
corresponded with the extent of tissue injury in the ipsilesional sensorimotor 
cortex (Dijkhuizen et al. 2003). Recruitment of contralateral counterparts of 
damaged functional fields may hypothetically contribute to functional recovery. 
On the other hand contralesional activity may be a direct pathophysiological 
consequence (e.g., due to broad disinhibition). Thus the actual functional 
significance of enhanced activation in the unaffected hemisphere, which may 
be organizational unspecific (Dijkhuizen et al. 2001; 2003), remains unclear and 
requires further research.
Although fMRI has become a well-established tool in neuroscience research, it 
remains important to realize that the fMRI-based measurement of hemodynamic 
responses to neuronal activation relies on intact neurovascular coupling and 
cerebrovascular reactivity, which may be affected after cerebral ischemic injury. 
Moreover, fMRI studies in animals require the use of anesthetics that may 
influence neurovascular coupling. Nevertheless fMRI is certainly feasible with 
anesthesia protocols that preserve functional-metabolic coupling (Ueki et al. 
1992; Weber et al. 2006), and with the addition of tests to evaluate electrical 
activity and vascular responsiveness, the interpretation of fMRI data can be 
significantly improved. For example Dijkhuizen et al. measured the hemodynamic 
response to a CO2 inhalation challenge with CBV-weighted MRI and detected a 
significant vasodilatory effect in perilesional sensorimotor cortex where stimulus-
induced fMRI responses were absent. This implies that the loss of fMRI-detected 
activation was not simply the result of local deficient vasoreactivity (Dijkhuizen 
et al. 2001; 2003). A tight coupling between the degrees of fMRI responses and 
evoked potentials was observed by Weber et al. in a longitudinal fMRI study on 
rats recovering from stroke (Weber et al. 2008). These authors demonstrated that 
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reemergence of fMRI activation in the intact ipsilesional somatosensory cortex 
was accompanied by restoration of electrical activity.
Besides elucidation of neural correlates of spontaneous functional recovery, 
fMRI may also provide a means to evaluate effects of treatment strategies on 
(restoration of) brain tissue function after stroke. Sauter et al. have demonstrated 
that prevention of ischemic damage to the primary somatosensory cortex by 
administration of a Ca2+ antagonist after permanent MCA occlusion in rats was 
accompanied by recovery of neuronal responses to electrical forelimb 
stimulation (Sauter et al. 2002). In studies on the therapeutic efficacy of late 
treatment with neuroprotective agents in a rat stroke model, Kim and colleagues 
reported enhanced fMRI activity in the perilesional somatosensory cortex in 
albumin- and lithium-treated animals, even though lesion size was not different 
from control animals (Kim et al. 2007; Kim et al. 2008). Correspondingly, 
hyperactivity in the ipsilesional hemisphere, coinciding with improved motor 
performance, has been observed in a patient fMRI study after administration 
of fluoxetine (Pariente et al. 2001).

Alternative functional MRI approaches
Traditional fMRI studies, as described above, focus on the brain’s activation 
response to somatosensory stimuli or execution of a task. However, there are 
alternative fMRI approaches to study neuronal activity and excitability in the 
post-stroke brain. 
Pharmacological MRI (phMRI), which measures hemodynamic changes 
associated with cerebral activity in response to centrally acting pharmacological 
agents (Steward et al. 2005; Wise and Tracey 2006), has been applied to detect 
functionally comprised brain tissue after stroke (Reese et al. 2002). It was shown 
that the cerebral activation response to systemic administration of bicuculline, 
a GABAA antagonist, was strongly diminished after unilateral MCA occlusion 
in rats as compared to controls. In theory, phMRI may allow evaluation of 
upregulation of specific neurotransmitter receptor systems associated with brain 
plasticity after stroke. However, to our knowledge this has not yet been 
demonstrated experimentally.   
A method that computes changes in spatial functional correlations within 
various neural networks, without the need of stimulating a specific functional 
system, has been introduced as resting-state fMRI (rs-fMRI) (Biswal et al. 
1995). This technique aims to detect baseline brain activity related to ongoing 
neuronal signaling at ‘rest’ and is carried out by low-pass filtering of 
spontaneous BOLD MRI signals. Rs-fMRI can identify temporal correlations 
of low frequency BOLD signal fluctuations (< 0.1 Hz) between different brain 
areas, indicative of functional connectivity. In a pioneering rs-fMRI study in 



16

Chapter 1

neglect patients, He et al. illustrated dynamic changes in connectivity between 
attentional networks from acute to chronic stages after stroke (He et al. 2007). 
In rats recovering from transient unilateral stroke we first conducted a pilot 
rs-fMRI study. Functional connectivity maps were computed by voxel-wise 
calculation of correlations of spontaneous low frequency BOLD signals 
between sensorimotor network regions. Figure 2 shows maps of mean 
functional connectivity between the contralesional forelimb region of the 
primary somatosensory cortex and the rest of the brain. Before stroke there 
was strong BOLD signal correlation with particularly the ipsi- and contralateral 
primary and secondary sensorimotor cortices. At 3 days after unilateral 
subcortical stroke, functional connectivity with the ipsilesional sensorimotor 
cortex was significantly reduced. After 10 weeks, however, interhemispheric 
functional connectivity was largely restored, which coincided with significant 
behavioral recovery. 
The above-described phMRI and rs-fMRI as well as other unconventional fMRI 
techniques, such as magnetic-source MRI (Xiong et al. 2003; Petridou et al. 2006) 
and activity-induced manganese-dependent MRI (Lin and Koretsky 1997; Aoki 
et al. 2004), are emergent functional imaging methods that, alongside traditional 
fMRI, might provide additional insights into reorganization of functional fields 
after cerebrovascular injury.

pre-
stroke

3 days
post-
stroke

70 days
post-
stroke

S1fl

z’0.375 2

Resting-state fMRI of functional connectivity in rat brain

Figure 2. Maps of mean functional brain connectivity of left (contralesional after stroke) forelimb 
region of the primary somatosensory cortex (S1fl) in rats before, 3, and 70 days after a 90 minutes 
right MCA occlusion-induced subcortical lesion (n = 5). Functional connectivity maps are 
thresholded at a Fisher-transformed correlation coefficient (z’) of 0.375, and overlaid on a T2-
weighted multislice anatomical rat brain template. Loss of functional connectivity with the 
ipsilesional sensorimotor cortex was evident at 3 days, while functional connectivity was restored 
at 10 weeks after stroke. Courtesy of Kajo van der Marel, Image Sciences Institute, University 
Medical Center Utrecht.
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Structural MRI
The previous section describes MRI methods for measurement of brain activity, 
which can be applied to identify altered patterns of brain activation after stroke. 
Changes in functional brain responses are often closely linked to modification 
of neuronal, glial and endothelial structures. As a multi-parametric imaging tool, 
MRI allows complementary assessment of structural changes that are associated 
with brain injury and repair after stroke, as will be discussed below. 

Ischemic damage to brain tissue can be identified with T2- and diffusion-weighted 
MRI, which are established imaging methods for detection of stroke lesions in 
the clinic and laboratory. Acute ischemia-induced cellular swelling, or cytotoxic 
edema, leads to significant reduction of the apparent diffusion coefficient (ADC) 
of tissue water, while vasogenic edema and chronic tissue degeneration combined 
with fluid accumulation result in T2 prolongation and ADC increase (Dijkhuizen 
and Nicolay 2003). The potential of MRI to assess structural restorative changes 
related to post-stroke plasticity has been considerably less widely explored. In 
recent years, however, MRI methods such as diffusion tensor imaging (DTI) and 
manganese-enhanced MRI (MEMRI) have been successfully employed to 
investigate neuroanatomical reorganization after stroke.

Diffusion Tensor Imaging
DTI enables the assessment of the three-dimensional displacement of tissue 
water, mathematically characterized by an effective diffusion tensor consisting 
of nine matrix elements (Basser et al. 1994). The principles of DTI have been 
described in many review papers; see for example Basser and Jones (2002)  and 
Mori and Zhang (2006).  In brief, the diffusion tensor can be estimated by MRI 
with diffusion-weighting gradients in multiple directions. Computational 
diagonalization of the diffusion tensor yields three orthogonal principal 
diffusivities (eigenvalues) and its three principal coordinate directions 
(eigenvectors), which can be used to calculate scalar indices such as the direction-
independent mean diffusivity and the fractional anisotropy (FA). The spatial 
characteristics of water diffusion in brain tissue are affected by anatomical 
barriers like cell membranes and myelinated fibers. Consequently the diffusion 
of water molecules will not be equal in all directions or, in other words, 
anisotropic. Calculations of diffusion anisotropy and the principal diffusion 
direction can be used to model fiber architecture in the human or animal brain, 
visualized by orientation-based color-coded FA maps or 3-dimensional fiber 
tractography images (see figure 3) (Mori and Zhang 2006).
So far, specific issues in terms of data acquisition (long scan times; motion 
sensitivity; noise susceptibility) and analysis (non-Gaussian diffusion; tract 
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reconstruction difficulties due to complex topography of fiber bundles) have 
limited the widespread exploitation of DTI in stroke studies. Nevertheless, 
DTI has the potential to assess particular pathological processes in gray and 
white matter areas, such as axonal degeneration and demyelination, that are 
not straightforwardly measured with more conventional (MR) imaging 
methods. Studies that have longitudinally conducted DTI in patients and 
animal models have reported elevated FA and reduced mean diffusivity acutely 
after stroke onset, pointing toward cytotoxic edema along with increased 
tortuosity of the swollen tissue, chronically followed by an increase in mean 
diffusivity and a decrease of FA, which was particularly prominent in affected 
white matter (Sotak 2002; Liu et al. 2007). In a non-human primate stroke 
model, reduced FA was shown to be correlated with the amount of myelin 
damage at chronic stages after transient or permanent MCA occlusion in non-
human primates (Liu et al. 2007).

DTI of white matter architecture 
in post-stroke rat and human brain

Figure 3. Top row: T2-weighted MR image and fiber tracking image of a rat brain treated with 
neuroprogenitor cells after unilateral stroke, showing tracking of axonal projections in the lesion 
borderzone. The marker c represents the ischemic core. Bottom row: FA, fiber direction, and fiber 
tracking image of a horizontal brain slice from a stroke patient, illustrating orientation changes in 
the lesion boundary. Both fiber direction and fiber tracking images show that tracking of axonal 
projections circumscribes the lesion boundary (white arrows). Red, green and blue colors represent 
x, y, and z directions, respectively, on the fiber direction image. Details of the experimental protocols 
can be found in Jiang et al. (2006). Courtesy of Dr. Quan Jiang, Henry Ford Health Sciences Center.
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A growing amount of data suggests that DTI may also inform on alterations 
in brain connections associated with neuroplasticity. For instance, structural 
repair or remodelling of neuronal projections resulting in increased density of 
(myelinated) fibers, would theoretically give rise to higher FA. In fact a 
progressive increase of FA in non-lesioned white matter has been found in 
patients during the first two years after stroke (Wang et al. 2006). This was 
hypothesized to represent ongoing improvement of the integrity of normal 
appearing white matter as a result of remyelination processes. Recent studies 
on neuronal repair after experimental cerebral ischemia have also shown an 
increase in FA in perilesional white matter at chronic time-points (Jiang et al. 
2006; Ding et al. 2008b; van der Zijden et al. 2008b). Jiang et al. (Jiang et al. 2006) 
and Ding et al. (Ding et al. 2008b) observed that FA rises progressively along 
the ischemic lesion boundary, which was significantly enhanced in rats treated 
with neural progenitor cells (Jiang et al. 2006) (figure 3) or sildenafil (Ding et 
al. 2008b). Histological examination in these studies revealed a high density 
of axons and myelin in areas with elevated FA. Van der Zijden et al. described 
a temporal profile of FA increase over a period of 9 weeks that followed an 
initial decline at 3 days after transient MCA occlusion in rats (van der Zijden 
et al. 2008b). This particular pattern was specifically observed in areas consisting 
of white matter, i.e. the internal capsule and corpus callosum. These data 
suggest that white matter integrity may improve after initial loss. However, 
other processes such as gliosis, i.e. proliferation of glial cells, may also occur 
in ischemic lesion borderzones and could affect diffusion anisotropy. In the 
near future additional experimental studies are required to establish to what 
extent diverse structural modifications in post-stroke brain, which include 
neuronal restructuring and glial scar formation, contribute to changes in DTI 
parameters. 

Manganese-enhanced MRI 
Besides DTI, MRI provides another interesting tool termed manganese-enhanced 
MRI (MEMRI) for assessment of neuronal networks. This method makes use of 
paramagnetic Mn2+ as a Ca2+ analogue that can enter neurons through Ca2+-
channels. In tissue, manganese shortens the local T1, giving rise to an increase 
in signal intensity on T1-weighted MR images. Under normal conditions 
endogenous manganese is present in only trace amounts, hence MEMRI typically 
involves application of exogenous manganese. The manganese-induced increase 
in longitudinal relaxation rate, R1 (1/T1), is proportional to the local manganese 
concentration (Silva et al. 2004), hence the amount of manganese accumulation 
after injection can be estimated from the difference between pre- and post-
contrast R1 (ΔR1). 
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Several variations of MEMRI have been introduced for experimental studies on 
the brain. First, enhanced cytoarchitectural information may be attained after 
systemic administration of manganese, which is selectively taken up in specific 
brain regions (Silva et al. 2004). This approach may, for instance, enable 
identification of different cortical layers with MRI. Second, as briefly mentioned 
in the above section on fMRI, Mn2+ can be used to demonstrate Ca2+ influx upon 
neuronal activation, thereby providing an alternative tool for functional imaging 
(Aoki et al. 2004). This method, however, is hampered by the prerequisite to open 
the blood-brain barrier for sufficient manganese distribution to the brain. Third, 
MEMRI can be used to trace neuronal tracts, which has been the most commonly 
employed MEMRI technique (Pautler 2004), as will be discussed below.
In the late 1990s Pautler et al. were the first to demonstrate that injection of 
manganese into a specific neuroanatomical system is followed by neuronal 
uptake, axonal transport and sometimes transsynaptic transfer along connective 
pathways (Pautler et al. 1998). Since then MEMRI has evolved into a unique in 
vivo tract tracing method to map neuronal network connections in laboratory 
animals (Pautler 2004). Its success has also led to MEMRI-based tract tracing 
studies for measurement of changes in neuronal connectivity in experimental 
stroke models (Allegrini and Wiessner 2003; van der Zijden et al. 2007; van der 
Zijden et al. 2008a). Experiments by van der Zijden et al. focused on 
characterization of the spatiotemporal pattern of manganese enhancement after 
stereotaxic injection of MnCl2 solution in perilesional tissue after transient 
unilateral MCA occlusion in rats (van der Zijden et al. 2007; van der Zijden et al. 
2008a) (see figure 4). Compared to controls, MnCl2 injection in the intact 
sensorimotor cortex at the border of a 2-week old unilateral ischemic lesion was 
followed by delayed and diminished manganese-induced ΔR1 in ipsilateral 
subcortical structures that are part of the sensorimotor network, i.e., the striatum, 
thalamus and substantia nigra (van der Zijden et al. 2007). Yet when the same 
experiment was done at more chronic time-points, i.e. 10 weeks after stroke, the 
degree of manganese accumulation in these regions was the same as in sham-
operated animals (van der Zijden et al. 2008a). Furthermore, significantly 
increased manganese build-up was detected in contralateral subcortical areas. 
These post-stroke time-dependent differences in manganese enhancement 
profiles within the sensorimotor network correlated with the accumulation 
pattern of a conventional neuroanatomical tract tracer as detected by 
immunohistochemistry (van der Zijden et al. 2007; van der Zijden et al. 2008a). 
This confirms that the MEMRI findings were associated with changes in neuronal 
connectivity. The initial reduction and subsequent increase of manganese 
enhancement in the ipsilateral striatum, thalamus and substantia nigra suggest 
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that a disturbed thalamocortical-corticothalamic circuit may restore or renew 
its connections at later stages. The enhanced manganese accumulation in the 
contralateral hemisphere probably reflects increased manganese transfer in 
crossing white matter tracts, pointing toward increased interhemispheric 
connectivity. These signs of structural plasticity as detected with in vivo MEMRI-
based neuroanatomical tract tracing correspond with histological evidence of 
unmasking or new formation of connections with perilesional areas in 
experimental stroke models (Carmichael 2003).  
Despite the exclusive opportunities for serial, 3-dimensional, in vivo neuronal 
tracing with MEMRI, there are some noteworthy limitations. First, spatial 
resolution of MEMRI is currently limited to about 100 μm, while much more 
detailed anatomical information can be achieved with microscopical analysis of 
conventional tracers. Second, although neuronal uptake and subsequent axonal 
transport likely represent the major mechanisms responsible for manganese 
enhancement in the brain, other processes such as passive diffusion in interstitial 
fluid, reabsorption in blood and cerebrospinal fluid, as well as glial uptake, may 
complicate the use of manganese as a pure neuronal tract tracer (Watanabe et al. 
2004). Third, the major drawback of manganese for brain studies is its 
neurotoxicity at high concentrations or after chronic exposure (Pal et al. 1999), 
which is the main reason why MEMRI-based neuronal tracing has not been 
applied in human studies. Nonetheless, Canals et al. have recently shown that 
intracortical injection of a low dose of MnCl2 at a very slow rate did not lead to 
neuronal and glial injury and improved the efficiency of tracing neuronal 
connections (Canals et al. 2008). Without a doubt such improvements in 

MEMRI-based neuronal tract tracing in rat brain

70 days post-stroke

control smCx

Th SNSt

R1 (s-1)0.2 2.2

Figure 4. R1 (= 1/T1) maps of consecutive coronal rat brain slices at 4 days after MnCl2 injection in 
the right sensorimotor cortex (smCx) as described by van der Zijden et al. (2008a). Top row: 4 weeks 
after sham-operation. Bottom row: 10 weeks after 90 minutes right MCA occlusion. Manganese-
induced R1 increase is evident in regions of the sensorimotor network, i.e.  sensorimotor cortex 
(smCx), striatum (St), thalamus (Th) and substantia nigra (SN). At 10 weeks after stroke increased 
manganese accumulation is detectable in contralateral subcortical areas. The unilateral stroke lesion 
is characterized by reduced R1.
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experimental protocols will further expand the prospects of in vivo MEMRI-
based neuronal tract tracing experiments in a wide range of neuroscience 
research areas, including assessments of structural plasticity after stroke.

In conclusion, MRI offers a versatile tool to evaluate the spatiotemporal pattern 
of functional and structural changes after stroke in both clinical and experimental 
settings. The techniques discussed above demonstrate the ability of MRI to detect 
(changes in) brain activity and neuroanatomical connectivity, but its potential 
stretches even further. Recent experimental studies have shown that MR methods 
can also inform on angiogenesis (with T2*-weighted MRI (Ding et al. 2008a) or 
steady-state contrast-enhanced MRI (Lin et al. 2008)) and metabolic alterations 
(with 1H/13C MR spectroscopic imaging (van der Zijden et al. 2008c)) in recovering 
post-stroke tissue. Thus in the coming years it is to be expected that various MR 
techniques will play an increasing role in the elucidation of structural and 
functional reorganization in the brain. The availability of MRI in experimental 
and clinical settings will further promote translational research on brain plasticity 
and may aid in monitoring of existing and novel therapeutic strategies to 
improve brain repair.

Aims And outline of the thesis

The above described MR techniques allow in vivo, multi-parametric and 
longitudinal assessment of both physiological and morphological changes in 
the recovering brain. Therefore, MRI can be valuable to increase our insights 
into functional and structural changes in neuronal networks that contribute 
to improved behavioral outcome. Evidently, elucidation of the underlying 
neuronal mechanisms may guide the development and optimization of 
rehabilitative therapies. In the studies described in this thesis, we applied a 
combination of multiple MRI methods and behavioral experiments in an 
animal model of stroke to acquire information on the correlation between 
reorganization processes in the brain and post-stroke recovery of function. In 
addition, this experimental setting allowed direct electrophysiological and 
histological validation of MRI findings.  Our investigations focused on 
sensorimotor function and networks, since these are generally affected after 
cerebral ischemia and easily assessable in rats. 
The main objective of this thesis was to elucidate the spatiotemporal pattern of 
neuronal reorganization within the sensorimotor network and the link between 
its functional and structural characteristics in relation to behavioral improvement 
after stroke. To that aim, serial functional and structural MRI measurements of 
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the changes in sensorimotor network connectivity were combined with 
behavioral testing in a rat model of transient focal cerebral ischemia. 
In Chapter 2 the influence of isoflurane, a frequently applied volatile anesthetic, 
on BOLD rs-fMRI signals was investigated.  The temporal properties of 
spontaneous BOLD signal alterations as well as the spatial correlation of low-
frequency BOLD signal fluctuations in sensorimotor brain regions of healthy 
rats were assessed under very light, mild and deep levels of isoflurane anesthesia. 
This study allowed discernment of an optimal level of isoflurane anesthesia for 
identification of synchronized low-frequency BOLD signaling between 
functionally related areas. 
In Chapter 3, the aim was to determine i) the impact of unilateral stroke on 
intra- and interhemispheric functional connectivity, and ii) the correlation 
between the temporal patterns of functional connectivity and neurological 
function. Therefore, the time course of rs-fMRI-based functional connectivity 
within and between bilateral sensorimotor network was measured and correlated 
with sensorimotor function in rats recovering from stroke. 
In Chapter 4, rs-fMRI was combined with MEMRI to allow concurrent mapping 
of functional and structural connectivity, respectively, at a chronic time point 
after stroke in rats. The goal was to evaluate whether restoration or enhancement 
of interhemispheric and contralesional intrahemispheric functional connectivity 
at chronic stages after stroke was associated with improved neuroanatomical 
connectivity between bilateral sensorimotor cortices and within the contralesional 
sensorimotor cortex. 
In Chapter 5, the aim was to determine whether regaining of function after stroke 
is associated with i) perilesional remodeling of neuronal connectivity, or ii) large-
scale reorganization of the bilateral cortical sensorimotor network. Furthermore, 
our goal was to identify whether temporal changes in synchronization of bilateral 
signals are associated with structural modifications. Therefore, serial rs-fMRI 
and DTI in combination with network analysis were used to measure functional 
and structural network alterations in the sensorimotor cortices and main white 
matter tracts of rats recovering from stroke.  
The goal of Chapter 6 was to assess the functional transmission between bilateral 
sensorimotor cortices in relation to structural integrity of callosal white matter 
integrity, subacutely and chronically after stroke. To that aim, we measured 
BOLD activation in the perilesional sensorimotor cortex in response to direct 
electrical stimulation of the contralesional primary motor cortex, which we 
related to fractional anisotropy in the corpus callosum.      
In Chapter 7, the findings described in chapters 2-6 are discussed, and some 
pitfalls and possible future directions are outlined.
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AbstRACt

Spontaneous fluctuations in the blood oxygenation level-dependent (BOLD) 
magnetic resonance imaging (MRI) signal during resting state are increasingly 
studied in healthy and diseased brain in humans and animal models. Yet, the 
relationship between functional brain status and the characteristics of 
spontaneous BOLD fluctuations remains poorly understood. In order to obtain 
more insights into this relationship and, in particular, the effects of anesthesia 
thereupon, we investigated the spatial and temporal correlations of spontaneous 
BOLD fluctuations in somatosensory and motor regions in rat brain at different 
inhalation levels of the frequently applied anesthetic isoflurane. We found that 
the temporal scaling, characterized by the Hurst exponent (H), showed persistent 
behavior (H > 0.5) at 0.5-1.0% isoflurane. Furthermore, low-pass filtered 
spontaneous BOLD oscillations were significantly correlated in bilateral 
somatosensory and bilateral motor cortices, reflective of interhemispheric 
functional connectivity. Under 2.9% isoflurane anesthesia, the temporal scaling 
characteristics approached those of Gaussian white noise (H = 0.5), the relative 
amplitude of BOLD low frequency fluctuations declined, and cross-correlations 
of these oscillations between functionally connected regions decreased 
significantly. Loss of interhemispheric functional connectivity at 2.9% isoflurane 
anesthesia was stronger between bilateral motor regions than between bilateral 
somatosensory regions, which points to distinct effects of anesthesia on 
differentially organized neuronal networks. Although we cannot completely 
rule out possible contribution from hemodynamic signals with a non-neuronal 
origin, our results emphasize that spatiotemporal characteristics of spontaneous 
BOLD fluctuations are related to the brain’s specific functional status and 
network organization, and demonstrate that these are largely preserved under 
light to mild anesthesia with isoflurane.

intRoduCtion

MRI measurements of spontaneous blood oxygenation level-dependent (BOLD) 
signal fluctuations allow the assessment of resting state brain activity, and 
hence may provide significant information on overall brain function (Biswal 
et al. 1995; Fox and Raichle 2007; Rogers et al. 2007; Auer 2008). Synchronization 
of the low-frequency part of spontaneous BOLD oscillations is believed to 
reflect functional connectivity, a measure of spatiotemporal correlation between 
distinct brain regions (Biswal et al. 1995; Fox and Raichle 2007; Rogers et al. 
2007; Auer 2008). 



31

Features of BOLD fluctuations in rat brain under isoflurane anesthesia

However, the relationship between functional brain status and characteristics 
of spontaneous BOLD fluctuations remains incompletely understood.
To elucidate the physiological origin and the functional significance of resting 
state functional MRI (fMRI) signals, several studies have assessed BOLD 
fluctuations under altered states of neural activity. For example, coherent 
spontaneous BOLD signal oscillations were found to be preserved in various 
states of unconsciousness, e.g. during light sleep (Fukunaga et al. 2006; 
Horovitz et al. 2008) or under anesthesia (Vincent et al. 2007). On the other 
hand, loss of interhemispheric resting state functional connectivity has been 
observed in healthy sevoflurane-anesthetized subjects (Peltier et al. 2005) and 
α-chloralose-anesthetized rats (Lu et al. 2007). Loss of interhemispheric 
connectivity was also found in a resting state fMRI study on a minimally 
conscious patient (Salvador et al. 2005). This suggests that, although there 
may be coherent network activity reflective of basic functional brain 
organization, the spatial correlation pattern of spontaneous fMRI signal 
oscillations is related to the level of neural activity. This may be particularly 
relevant for resting state fMRI studies that are conducted under anesthesia, 
such as in patients and animal models.
Our aim was to characterize the effect of different levels of a frequently applied 
volatile anesthetic, isoflurane, on the temporal properties of spontaneous 
BOLD signal alterations and the spatial correlation of BOLD low-frequency 
fluctuations signals in sensorimotor brain regions in rats. Concordant with a 
loss of coherence of neuronal signals in the brain, we hypothesized that 
increased isoflurane anesthesia levels would reduce the fractal properties of 
BOLD signal time series, characterized by the Hurst exponent (H) (Fadili and 
Bullmore 2002; Maxim et al. 2005), as well as the functional connectivity within 
sensorimotor networks. 

methods

Animals
All animal procedures were approved by the local ethical committee of Utrecht 
University and met governmental guidelines. Eight male Wistar rats, weighing 
250−280 g, were included in the study. Prior to MRI, rats were anesthetized 
with 4% isoflurane for endotracheal intubation, followed by mechanical 
ventilation with 1.8% isoflurane in air/O2 (2:1). We monitored end-tidal CO2 
and adjusted the ventilation frequency between 52 and 59 beats per minute to 
prevent hypo- or hypercapnia.
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MRI data acquisition
MRI measurements were performed on a 4.7 T, 40-cm horizontal bore MR system 
(Varian, Palo Alto, CA, USA) with a gradient-coil insert (internal diameter, 125 
mm; maximum gradient strength, 500 mT/m; rise time, 110 μs) (Magnex 
Scientific, Oxford, UK). A Helmholtz volume coil (diameter, 90 mm) and an 
inductively coupled surface coil (diameter, 25 mm) were used for signal excitation 
and detection, respectively. Rats were placed in a MR-compatible stereotaxic 
holder and immobilized with earplugs and a toothholder.
Multi-echo T2-weighted MRI (repetition time (TR) = 3000 ms; echo time (TE) = 
17.5 ms; echo train length = 8; field-of-view (FOV) = 32 × 32 mm2; acquisition 
matrix = 128 × 128; 19 1-mm slices) was conducted for anatomical information. 
BOLD MRI was conducted with a gradient-echo echo planar imaging sequence 
(flip angle = 50°; TR = 1000 ms; TE = 19 ms; FOV = 32 × 32 mm2, acquisition 
matrix = 64 × 64, zero-filled to 128 × 128; 13 1-mm slices; 600 acquisitions; total 
acquisition time = 10 min). Three successive resting state fMRI measurements 
were performed with end-tidal isoflurane at 1%, 2.9%, and 0.5%, respectively. 
Time intervals of 15 minutes were incorporated to allow for transition to the 
next isoflurane level. During MRI, blood oxygen saturation and heart rate were 
monitored. Body temperature was maintained at 37.0 ± 0.5 °C.

Data preprocessing
For optimal stability of the resting state fMRI time series signal, we removed 
the first 30 images. To correct for interscan motion, the remaining 570 images 
were realigned to the first volume using statistical parametric mapping (SPM2, 
http://www.fil.ion.ucl.ac.uk/spm/). To reduce potential non-neuronal 
contributions and to improve the specificity of functional connectivity 
assessment (Fox et al. 2009), linear drift was de-trended and other spurious 
variations were removed using multiple regression with the head motion 
parameters and whole-brain mean signal as regressors. The removal of the 
global brain signal has been put forward as an effective data preprocessing step 
to suppress cardiac- and respiratory-related BOLD signal variance (Fox et al. 
2009). The functional images were coregistered with the T2-weighted anatomical 
images. On coregistration of a stereotaxic rat brain atlas (Paxinos and Watson 
2005) to the anatomical image of each rat, six bilateral regions of interest (ROIs) 
were selected: primary motor cortex (M1), secondary motor cortex (M2), 
forelimb region of the primary somatosensory cortex (S1FL), secondary 
somatosensory cortex (S2), ventral posterolateral thalamic nucleus (VPL) and 
caudate putamen (CPu) (see Figure 1).
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Data analysis: temporal characteristics of BOLD signals
Biological systems, such as the brain, have fractal properties in space and time 
(Havlin et al. 1999; Wright et al. 2001; Goldberger et al. 2002). Fractal signals 
are typically long-memory processes with a slowly decaying autocorrelation 
function (Bullmore et al. 2004). In the frequency domain, this corresponds with 
a 1/f-like spectral density function, with the lower frequencies having greater 
power; the slope of the straight line fitted to the logarithm of the periodogram 
is defined as the spectral exponent γ, i.e. S(ƒ)=ƒ-γ or log S(ƒ)=-γ log ƒ. The 
spectral exponent γ is related to the fractal dimension D (D=(3-γ)/2) and the 
Hurst exponent H (H=(γ+1)/2) of the process (Bullmore et al. 2004). H = 0.5 
corresponds to classical Gaussian white noise. If 0 < H < 0.5, the autocovariance 
is negative and the signal is anticorrelated, whereas, if 0.5 < H < 1, the 
autocovariance is positive and the signal has long memory or positive 
autocorrelation over long time lags. 
There are alternative estimators of H in the wavelet domain with low bias and 
high efficiency (Fadili and Bullmore 2002; Maxim et al. 2005). The band-pass 
property of wavelet filters implies that, for a discrete signal with a 1/f-like power 
spectrum, the wavelet coefficients at each scale are decorrelated and coefficients 
at different scales are uncorrelated for any wavelet basis (Wornell and Oppenheim 
1992). Therefore, at each scale j = 1, 2, …. J, the wavelet coefficients of the discrete 
wavelet transform can be regarded as independent identically distributed 
Gaussian variables with zero mean and variance σ2

j. The quantity σ2
j  is a linear 

function of j, and an estimate of H may be obtained by regression of the  
log-variance of the wavelet coefficients with respect to scale (Maxim et al. 2005).
Using the wavelet maximum likelihood estimator (Maxim et al. 2005), we 
calculated the H value of the average BOLD time series for each ROI during 

Figure 1. Regions of interest (ROIs) depicted on coronal slices from a stereotaxic average rat brain 
MRI template. M1, primary motor cortex; M2, secondary motor cortex; S1FL, forelimb region of the 
primary somatosensory cortex; S2, secondary somatosensory cortex; CPu, caudate putamen; VPL, 
ventral posterolateral thalamic nucleus.
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ventilation with different isoflurane concentrations to see whether the temporal 
scaling properties of the spontaneous BOLD signal were dependent on the level 
of anesthesia.

Data analysis: spatial characteristics of low-frequency BOLD signals
To investigate spatial correlations of spontaneous low-frequency BOLD 
fluctuations, the fMRI waveform of each voxel was temporally band-pass filtered 
(0.01 Hz < f < 0.08 Hz). To quantify functional connectivity, we first calculated 
the Pearson’s correlation coefficients between two low-pass-filtered BOLD signal 
time series, and then transformed the r value to the Z value using Fisher’s r to 
Z transformation. For each ROI, we analyzed two kinds of functional connectivity: 
(1) within the ROI: the mean of the Z values between the low-frequency BOLD 
fluctuations of each voxel within the ROI and the average low-frequency BOLD 
signal time series of the ROI; (2) between bilateral ROIs: the Z value between 
the average low-frequency BOLD oscillations of the left and right ROIs. For each 
ROI, we also measured the mean relative amplitude of the low-frequency BOLD 
fluctuations by calculating the standard deviation of the low-pass-filtered BOLD 
signal time series (SDLFBF).
To assess the correlations between the spatial and temporal characteristics of the 
BOLD signals, we calculated the linear correlation coefficient between the 
functional connectivity (Z value of cross-correlation between the average low-
frequency BOLD time series signals of the left and right ROIs) and the 
representative H value of each pair of bilateral ROIs (measured by averaging 
the Hurst exponents of the two reference signals (average time series of the left 
and right ROIs, respectively)). For adequate statistical power, all data points 
acquired at different isoflurane levels were included.

Statistics
All data are presented as the mean ± SD. One-way repeated-measures ANOVA 
and post hoc Tukey’s least-significant difference (LSD) test were used to analyze 
differences in H, Z and SDLFBF values between different anesthesia levels. P < 
0.05 was considered to be significant.

Results

Successful transition to different levels of anesthesia was confirmed by significant 
changes in heart rate (410 ± 33, 402 ± 33, 371 ± 31 beats per minute at 0.5%, 1.0% 
and 2.9% isoflurane, respectively). 
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Temporal characteristics of BOLD signals
Figure 2 shows BOLD time series and corresponding Hurst exponent (H) values 
from a typical rat at different isoflurane anesthesia levels. For all voxels outside the 
brain, H values were 0.50 ± 0.05, 0.51 ± 0.06 and 0.51 ± 0.05 under 0.5%, 1.0% and 
2.9% isoflurane, respectively, suggesting that the background noise was white. The 
mean signal of the left and right S1FL demonstrated H > 0.5 at all three anesthesia 
levels. However, with increasing anesthesia levels, H decreased significantly and 
approached the level of Gaussian white noise, which is shown in Figure 3 for all 
left and right ROIs. At 2.9% isoflurane, H values approximated 0.5 and were 
significantly lower than at 0.5% isoflurane in cortical ROIs and the CPu. 

Spatial characteristics of low frequency BOLD signals
Low-frequency BOLD oscillations in left and right cortical ROIs were 
correlated significantly at 0.5% and 1.0% isoflurane anesthesia, as shown for 
M1 in Figure 4. The displayed functional connectivity maps were calculated 
from the cross-correlation between the average BOLD time series of one of the 
unilateral M1 ROIs and all voxels within the brain. The maps clearly demonstrate 
functional connectivity between seed region M1 and other sensorimotor cortical 
regions (M1, M2, S1, S2) in both hemispheres at low anesthesia levels. At the 
higher anesthesia level, interhemispheric connectivity was clearly reduced. In 
fact, the number of voxels having a significant correlation with the reference 
time course decreased in both hemispheres. 

Figure 2. Mean blood oxygenation level-dependent (BOLD) signal time series and corresponding 
Hurst exponents (H) in left (top) and right (bottom) forelimb region of the primary somatosensory 
cortex (S1FL) at three isoflurane anesthesia levels (0.5%, dark gray lines; 1.0%, light gray lines; 2.9%, 
black lines) from a randomly selected rat.
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Figure 3. Hurst exponents (H) (mean ± SD, n = 8) calculated from blood oxygenation level-dependent 
(BOLD) signal time series for each region of interest (ROI) at 0.5% (white bars), 1.0% (gray bars) and 
2.9% (black bars) isoflurane anesthesia. *P < 0.05 vs. 0.5%. M1, primary motor cortex; M2, secondary 
motor cortex; S1FL, forelimb region of the primary somatosensory cortex; S2, secondary 
somatosensory cortex; CPu, caudate putamen; VPL, ventral posterolateral thalamic nucleus.

Figure 4. Maps of functional connectivity with left (A) or right (B) primary motor cortex (M1) in a 
randomly selected rat anesthetized with different isoflurane percentages. Rows diplay T2-weighted 
MR images of consecutive coronal brain slices from posterior to anterior (left to right). Color coding 
denotes voxels with significant correlation with the reference low-frequency blood oxygenation 
level-dependent (BOLD) fluctuations in left or right M1 (Z > 0.2, P < 10-5). 
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Figure 5 shows group results from functional connectivity analyses as calculated 
from cross-correlation coefficients for low-frequency BOLD signals. Functional 
connectivity within all ROIs was significantly reduced at the highest anesthesia 
percentage (except for VPL where BOLD signal-to-noise ratio was relatively 
low). Functional connectivity between bilateral ROIs also decreased towards 
higher isoflurane levels. A significant loss of interhemispheric functional 
connectivity under 2.9% isoflurane, relative to 0.5% isoflurane, was measured 
for bilateral M1, M2 and CPu. At the group level, we also found that SDLFBF in 
the ROIs declined significantly with increasing anesthesia levels (P < 0.05).
Cross-correlation coefficients between bilateral ROIs were correlated significantly 
with the averaged Hurst exponent of the two ROIs (P < 0.05). The linear 
correlation coefficients were 0.65, 0.57, 0.50, 0.75, 0.52 and 0.45 for M1, M2, S1FL, 
S2, CPu and VPL, respectively. 

Figure 5. Functional connectivity (Z values of cross-correlations between low-frequency blood 
oxygenation level-dependent (BOLD) fluctuations; mean ± SD, n = 8) within left (white bars) and 
right (gray bars) regions of interest (ROIs), and between bilateral ROIs (black bars), at three different 
isoflurane anesthesia levels (%). *P < 0.05 vs. 0.5%. M1, primary motor cortex; M2, secondary motor 
cortex; S1FL, forelimb region of the primary somatosensory cortex; S2, secondary somatosensory 
cortex; CPu, caudate putamen; VPL, ventral posterolateral thalamic nucleus.
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disCussion

The analysis of spontaneous activity during BOLD MRI is becoming a popular 
method to investigate brain function in health and disease. However, the effect 
of altered functional status of the brain, such as under anesthesia, on spontaneous 
BOLD signal fluctuations is still largely unclear. Our study attempted to 
characterize spatial and temporal correlations of spontaneous BOLD signal 
fluctuations in rat brain under different levels of isoflurane ventilation to gain 
an insight into the relationship between anesthesia and resting state fMRI signals 
in the brain. 
First, the temporal characteristics of the BOLD signal time series were evaluated 
by calculation of the Hurst exponent (H), which may reflect hemodynamic 
features associated with long-term trends in neuronal activity. Recent resting 
state fMRI studies have described long memory processes in the human brain 
(Maxim et al. 2005; Wink et al. 2006), and H values of time series from human 
fMRI data have been shown to positively correlate with the degree of neural 
activity (Thurner et al. 2003). In our study on anesthetized rat brain, H was close 
to 0.5 for all voxels outside the brain, whereas we observed persistent behavior 
of spontaneous BOLD fluctuations (H > 0.5) in brain ROIs at 0.5% and 1.0% 
isoflurane anesthesia. It is important to realize that various non-physiological 
and non-neuronal physiological signals can also cause BOLD fluctuations. 
Nevertheless, we found that H values in voxels outside the brain were around 
0.5 (Gaussian white noise) and stable across different anesthesia levels. This 
suggests that machine noise and other environmental disturbances were not the 
origin of the persistent scaling behavior in the brain signal, and that there was 
still meaningful spontaneous neurophysiological activity at isoflurane levels 
corresponding to light anesthesia. This is consistent with electrophysiology 
experiments, which have demonstrated that activation, as measured with 
electroencephalography (EEG), can be elicited in rats at isoflurane levels below 
one minimum alveolar concentration (MAC) (for rats 1.0 MAC corresponds to 
1.4-1.5 volume % (Mazze et al. 1985)) (Orth et al. 2006). When isoflurane was 
increased to 2.9%, H was approximately 0.5 in all brain ROIs, which suggests 
that the underlying mechanisms of spontaneous activity are disrupted under 
deeper anesthesia, causing spontaneous BOLD signals to be indistinguishable 
from background noise. This is in agreement with the finding of EEG suppression 
to isoelectricity with periodic burst activity at isoflurane levels above 1 MAC in 
rats (Russell et al. 1994). Nonetheless, it should be noted that direct vasomotor 
effects of isoflurane could also influence the pattern of spontaneous BOLD 
oscillations. As a vasodilator, isoflurane increases cerebral blood volume and 
cerebral blood flow (CBF), which may affect the relationship between 



39

Features of BOLD fluctuations in rat brain under isoflurane anesthesia

hemodynamics and neuronal activity. Yet, coupling of cerebral glucose utilization 
and CBF has been shown to be maintained between 0 and 1.0 MAC isoflurane, 
albeit shifted towards higher CBF levels (Maekawa et al. 1986; Lenz et al. 1998). 
At 2.0 MAC (circa 2.9 volume %), the relationship between CBF and metabolism 
is reduced in some brain areas, but largely present in the majority of the brain, 
including the cortex (Lenz et al. 1998). Furthermore, a significant correlation has 
been found between CBF oscillations and the pattern of electrocortical activity 
in isoflurane-anesthetized rats, which persisted when isoflurane levels were 
increased above 1 MAC, despite a clear drop in the frequencies of electrical 
bursts and spontaneous CBF waves (Golanov et al. 1994). Nevertheless, we 
cannot rule out the possibility that isoflurane-induced modification of vascular 
oscillations with a non-neuronal, myogenic origin may contribute to the detected 
changes in H in the brain. For example, the observed decrease in amplitude of 
the low-frequency BOLD fluctuations with increasing isoflurane levels may be 
partly caused by suppression of vasomotor dynamics.
Second, our data on the spatiotemporal synchronization of spontaneous BOLD 
oscillations indicate that resting state functional connectivity of bilateral 
homologous regions in rats is preserved under 0.5% and 1.0% isoflurane 
anesthesia. This is in accordance with previous studies in < 1.0 MAC isoflurane-
anesthetized monkeys (Vincent et al. 2007) and rats (Kannurpatti et al. 2008), 
as well as medetomidine-sedated rats (Pawela et al. 2008; Zhao et al. 2008), 
indicating that the spatial coherence of the low-frequency part of the 
spontaneous BOLD fluctuations is largely maintained in lightly to mildly 
anesthetized animal brain. Furthermore, we detected a decline of functional 
connectivity between bilateral sensorimotor ROIs with higher doses of 
isoflurane anesthesia, which agrees with the loss of interhemispheric EEG 
synchronization as measured in rat frontal cortex with increasing isoflurane 
levels (Hudetz 2002). Similar resting state fMRI findings have been reported 
for sevoflurane-anesthetized human subjects (Peltier et al. 2005) and 
α-chloralose-anesthetized rats (Lu et al. 2007). Lu et al. (2007) found that the 
cross-correlation between low-frequency BOLD fluctuations in the left and 
right forelimb regions of the somatosensory cortex decreased at higher infusion 
doses of α-chloralose. Interestingly, we found that loss of interhemispheric 
functional connectivity at 2.9% isoflurane anesthesia was stronger between 
bilateral motor regions, than between bilateral somatosensory regions. The 
anesthetic effect of isoflurane has been linked to disruption of functional 
interaction within the corticothalamocortical circuit (Alkire 2008). Since 
descending corticothalamic connections outnumber their ascending 
thalamocortical counterparts (Jones 1985), we speculate that functional 
disconnection between the thalamus and cortex may have a larger impact on 
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the coherence of signals in motor cortical regions. In addition, loss of signal 
synchronization between bilateral cortical regions may be caused by disruption 
of structural interhemispheric connection through the corpus callosum. A 
significant decline in glucose utilization at 2.0 MAC isoflurane has been 
detected in rat corpus callosum (Maekawa et al. 1986). In rats, callosal 
connectivity is higher between bilateral M1 regions than between bilateral S1 
regions (Záborszky and Wolff 1982; Canals et al. 2008). Thus, metabolic 
depression of interhemispheric corticocortical connectivity at high isoflurane 
levels may also have accounted for the observed larger loss of functional 
connectivity between bilateral motor regions. 
In addition to the above-described anesthesia-induced reduction in functional 
connectivity between homologous ROIs, we also found that the degree of local 
functional connectivity within ROIs was inversely related to the anesthesia 
level. Although our finding of an anesthesia dose-dependent decline in 
interhemispheric connectivity agrees with the article by Lu et al. (2007), these 
authors observed maintained intrahemispheric synchronization across 
α-chloralose doses. This may be explained by distinctive effects of the different 
anesthetic agents. Isoflurane anesthesia above 1 MAC depresses the cerebral 
metabolic rate (Maekawa et al. 1986; Lenz et al. 1998) and EEG activity in 
sensorimotor cortex (Russell et al. 1994), and our data suggest that this is 
accompanied by reduced coherence of low-frequency BOLD oscillations. The 
loss of intra- and interhemispheric functional connectivity concurs with the 
above-described H values being close to 0.5, and the degree of functional 
connectivity between bilateral ROIs was shown to correlate with the average 
H of the two ROIs. This implies that spontaneous BOLD fluctuations under 
moderate to deep anesthesia approximate meaningless noise, resulting in spatial 
decoherence in the brain. 

ConClusion

In this work, we evaluated the alterations in temporal and spatial properties of 
spontaneous BOLD signal fluctuations under different isoflurane anesthesia 
levels in rats. We found that the persistent behavior and spatial coherence of 
spontaneous BOLD oscillations were maintained at 0.5% and 1.0% isoflurane. 
Together with an increase in the anesthetic level, the temporal scaling properties 
approached that of trivial white noise, and the spatial coherence also decreased. 
This suggests that resting state fMRI characteristics that are reflective of intrinsic 
brain organization are largely preserved at light to mild levels of anesthesia with 
isoflurane, but disappear under deeper anesthesia. 
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AbstRACt

Despite the success of functional imaging to map changes in brain activation 
patterns after stroke, spatio-temporal dynamics of cerebral reorganization in 
correlation with behavioral recovery remain incompletely characterized. Here, 
we applied resting-state functional magnetic resonance imaging (rs-fMRI) 
together with behavioral testing to longitudinally assess functional connectivity 
within neuronal networks, in relation to changes in associated function after 
unilateral stroke in rats. Our specific goals were a) to identify temporal alterations 
in functional connectivity within the bilateral cortical sensorimotor system, and 
b) to elucidate the relationship between those alterations and changes in 
sensorimotor function. Our study revealed considerable loss of functional 
connectivity between ipsi- and contralesional primary sensorimotor cortex 
regions, alongside significant sensorimotor function deficits in the first days 
post-stroke. The interhemispheric functional connectivity restored in the 
following weeks, but remained significantly reduced up to ten weeks after stroke 
in animals with lesions that comprised subcortical and cortical tissue, while 
transcallosal neuroanatomical connections were preserved. Intrahemispheric 
functional connectivity between primary somatosensory and motor cortex areas 
was preserved in the lesion borderzone, and moderately enhanced 
contralesionally. The temporal pattern of changes in functional connectivity 
between bilateral primary motor and somatosensory cortices correlated 
significantly with the evolution of sensorimotor function scores. Our study i) 
demonstrates that post-stroke loss and recovery of sensorimotor function is 
associated with acute deterioration and subsequent retrieval of interhemispheric 
functional connectivity within the sensorimotor system, and ii) underscores the 
potential of rs-fMRI to assess spatio-temporal characteristics of functional brain 
reorganization that may underlie behavioural recovery after brain injury. 

intRoduCtion

Stroke is one of the main causes of disability worldwide. Nevertheless, acute 
neurological deficits may partially resolve at later stages. Spontaneous restitution 
of lost function after stroke has been associated with brain plasticity, which refers 
to the ability of the brain to compensate for loss of function through reorganization 
of neuronal networks. Functional and structural brain reorganization after stroke 
has been demonstrated in several animal and human studies (see for reviews 
Nudo 1999; Kreisel et al. 2006). In recent years, neuroimaging modalities, in 
particular functional magnetic resonance imaging (fMRI), have been successfully 



47

Resting-state functional connectivity after stroke

applied to in vivo, whole-brain assessment of changes in functional activation 
patterns in stroke patients (Cramer and Bastings 2000; Rijntjes and Weiller 2002; 
Calautti and Baron 2003) and experimental stroke models (Dijkhuizen et al. 2001, 
2003; Weber et al. 2008). Such fMRI papers have reported loss of activation 
responses in the ipsilesional hemisphere, sometimes combined with enhanced 
contralesional activation, at early stages after unilateral stroke, while 
reinstatement of activity in ipsilesional regions has been frequently observed at 
later stages. In previous studies, we observed widespread contralesional 
activation in response to stimulation of the impaired limb at acute and subacute 
time-points after stroke in rats with large lesions involving cortical and subcortical 
tissue (Dijkhuizen et al. 2001, 2003). Functional recovery was mainly associated 
with the preservation or restoration of normal unilateral ipsilesional activation 
(Dijkhuizen et al. 2001, 2003; Weber et al. 2008). PET and fMRI studies in stroke 
patients have also demonstrated that improved motor recovery goes together 
with enhanced activity of the remaining intact ipsilesional motor network, 
whereas sustained involvement of contralesional motor regions is associated 
with poor recovery (see for a review Calautti and Baron 2003). Nevertheless, the 
precise spatio-temporal pattern of reorganization within specific neural networks 
in relation to recovery of related functions remains mostly unresolved.
Post-stroke fMRI studies have been mostly confined to detection of explicit 
task- or stimulus-induced activation responses in selective functional areas. An 
alternative, relatively new fMRI approach, i.e. resting-state fMRI (rs-fMRI), may 
allow more extensive assessment of changes in organization of whole functional 
networks (Fox and Raichle 2007; Auer 2008). Rs-fMRI aims to detect baseline 
brain activity related to ongoing neuronal signaling at ‘rest’, and is carried out 
by low-pass filtering of spontaneous blood oxygenation level-dependent (BOLD) 
fMRI signals (Biswal et al. 1995). Analogous to PET (Horwitz et al. 1984) and 
electrophysiological measurements (Engel et al. 1991) of clear temporal correlation 
between neuronal activity in connected brain areas under resting state conditions, 
synchronization of low frequency (<0.1 Hz) BOLD signal fluctuations between 
different brain regions is believed to reflect functional connectivity. Validation 
studies have shown that significant temporal correlation of low frequency BOLD 
oscillations is particularly found in regions with strong neuroanatomical 
connections (Vincent et al. 2007; Honey et al. 2009). Moreover, simultaneous rs-
fMRI and electroencephalogram recordings have revealed that synchronized 
low frequency BOLD signals within functional networks are associated with 
distinct electrophysiological signatures (Laufs et al. 2003; Lu et al. 2007; He et al. 
2008; Shmuel and Leopold 2008). Since rs-fMRI does not require specific 
stimulation or active task execution, it allows arbitrary assessment of functional 
connectivity within various neuronal networks in a single experiment. 
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Hence, rs-fMRI provides an ideal tool to study the dynamics of changes in 
organization of functional networks in diseased brain under relatively stable 
and non-invasive conditions.
The goal of our study was to characterize the dynamics of functional connectivity 
changes within the bilateral sensorimotor network of rats recovering from 
experimental stroke. We hypothesized that loss and recovery of sensorimotor 
functions correlate with weakening and strengthening of functional connectivity 
between certain sensorimotor regions in the brain. To that aim, we conducted 
serial rs-fMRI along with repeated behavioural testing after unilateral stroke in 
rats, and searched for potential correlations between the pattern of functional 
connectivity changes within the sensorimotor system and loss and recovery of 
sensorimotor function. 

methods

Stroke model
All animal procedures were approved by the Utrecht University Ethical Committee 
on Animal Experiments, and experiments were carried out in accordance with 
the guidelines of the European Communities Council Directive.
A total of seventeen male Wistar rats, weighing 250-280 g, were included in the 
study. Rats were anesthetized with 4% isoflurane for endotracheal intubation, 
followed by mechanical ventilation with 2.0% isoflurane in air/O2 (2:1). Blood 
oxygen saturation and heart rate were continuously monitored during surgical 
procedures. Body temperature was maintained at 37.0 ± 0.5 °C.
Transient focal cerebral ischemia was induced by 90-min occlusion of the right 
middle cerebral artery (tMCA-O) with an intraluminal filament (Longa et al. 
1989). In brief, a 4.0 polypropylene suture (Ethicon, Piscataway, NJ, USA) with 
a silicon-coated tip (tip   diameter of approximately 0.4 mm) was introduced 
into the right external carotid artery and advanced through the internal carotid 
artery until a slight resistance was felt, indicating that the MCA was occluded. 
After 90 min, the filament was withdrawn from the internal carotid artery to 
allow reperfusion. We have previously demonstrated significant hypoperfusion 
and successful subsequent reperfusion, as well as substantial ischemic tissue 
damage with this intraluminal filament model (Dijkhuizen et al. 1997, 2003).
During surgery, a total of 5 ml saline was administered by subcutaneous 
injection to compensate for loss of water and minerals. Before and eight hours 
after surgery, rats received a subcutaneous injection of 0.03 mg/kg 
buprenorphine (Temgesic®, Schering-Plough, Utrecht, The Netherlands) for 
post-surgical pain relief. 
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Behavioral tests
Two behavioral tests were used to measure sensorimotor function. First, six 
different motor, sensory and tactile tests were applied (van der Zijden et al. 
2008a), which provided an overall sensorimotor performance score (SPS) on a 
scale of 0 to -20 points, with -20 as maximum deficit score. These tests included 
measurement of spontaneous activity during one minute, gait disturbances such 
as circling towards the paretic side, degree or absence of pathological postural 
reflexes when held by the tail, degree of asymmetry in resistance between left 
and right lateral push, degree of asymmetry in grasping strength onto a rod 
between left and right forepaw, and degree or absence of forelimb placing onto 
a table rim after stimulation of the vibrissae. Second, an adhesive removal test 
was performed (Schallert et al. 2000). A small circular sticky tape (Herma Labels, 
Germany) with a diameter of 12 mm was attached to the distal radial region of 
the wrist of the left or right forelimb, and the removal time (in seconds) was 
measured for each forelimb with a maximally allowed removal time of 60 s. 
During three days prior to tMCA-O, rats were trained to remove adhesives from 
the left or right forepaw within 1 s. 
SPS and adhesive removal time difference (from baseline measurement) from 
the affected left and unaffected right forepaw were scored a few hours before 
(= day 0) and at 1, 3, 7, 14, 21, 28, 42, 56 and 70 days after stroke. 

Structural and functional MRI
Structural MRI and rs-fMRI measurements were done at two days before 
tMCA-O (= day -2) and at 3, 7, 21 and 70 days after stroke. 
After behavioral testing rats were anaesthetized with 4% isoflurane for 
endotracheal intubation, followed by mechanical ventilation with 1.8% isoflurane 
in air/O2 (2:1) during MRI experiments (ventilation rate: 52-59 min-1). MRI 
measurements were conducted on a 4.7 T horizontal bore MR system (Varian, 
Palo Alto, CA, USA) with use of a Helmholtz volume coil (90 mm diameter) and 
an inductively coupled surface coil (25 mm diameter) for signal excitation and 
detection, respectively. Rats were placed in a MR-compatible stereotactic holder 
and immobilized with earplugs and a tooth-holder. During MRI, blood oxygen 
saturation and heart rate were continuously monitored by a pulse oximeter 
(8600V, Nonin Medical Inc., Plymouth, MN, USA) with the probe positioned on 
a hindpaw. In addition, expired CO2 was continuously monitored with a 
capnograph (Multinex 4200, Datascope Corp., Fairfield, NJ, USA), and body 
temperature was maintained at 37.0 ± 0.5 °C using a feed-back controlled heating 
pad. End-tidal CO2 levels were kept within the normal range, equivalent to 
arterial pCO2 levels between 35 and 45 mmHg (calculated from previous 
calibration measurements), by adjusting ventilation volume and/or rate. 
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First, multi-echo multi-slice T2-weighted MRI (repetition time (TR)/echo time 
(TE) = 3000/17.5 ms; echo train length = 8; 19 coronal slices; field-of-view (FOV) 
= 32 × 32 mm2; acquisition matrix = 128 × 128; voxel resolution = 0.25 × 0.25 × 
1.0 mm3) was conducted to assess ischemic lesion size and location. Then, for at 
least 15 minutes, end-tidal isoflurane was reduced to 1%. At this level of 
isoflurane anesthesia, coupling of cerebral glucose utilization and cerebral blood 
flow is maintained (Maekawa et al. 1986; Lenz et al. 1998). Furthermore, in other 
experiments we found preservation of coherence of low-frequency BOLD signal 
fluctuations between bilateral homologous sensorimotor regions at 0.5 and 1.0% 
isoflurane, which diminished at 2.9% isoflurane (unpublished data). Subsequently, 
rs-fMRI was conducted during 10 minutes with a T2*-weighted gradient echo 
EPI sequence (50° flip angle; TR/TE = 1000/19 ms; 13 coronal slices; FOV =  
32 × 32 mm2; acquisition matrix = 64 × 64; voxel resolution = 0.5 × 0.5 × 1.0 mm3; 
600 BOLD images). 

Neuronal tract tracing
In a subset of animals, we conducted neuronal tract tracing with manganese-
enhanced MRI (van der Zijden et al. 2007) or dual immunohistochemical staining 
of biotinylated dextran amine (BDA) and Phaseolus vulgaris leucoagglutinin 
(PHA-L), after the structural and functional MRI experiments. 
First, for manganese-enhanced MRI, gradient echo T1-weighted MRI (TR/TE = 
60-6000/2.5 ms; 19 coronal slices; FOV = 32 × 32 mm2; acquisition matrix = 128 
× 128; voxel resolution = 0.25 × 0.25 × 1.0 mm3) was conducted to obtain baseline 
measurements of tissue R1 (1/T1) at 70 days post-stroke (directly following the 
final rs-fMRI session). 
At 72 days after tMCA-O, animals were anesthetized by subcutaneous injection 
of a mixture of 0.55 mg/kg midazolam (Dormicum®, Roche Ltd., Basel, 
Switzerland), and 0.315 mg/ml fentanylcitrate and 10 mg/ml fluanisone (0.55 
mg/kg) (Hypnorm®, VetaPharma Ltd., Leeds, UK) and positioned in a stereotactic 
holder with earplugs and a toothholder. Blood oxygen saturation and heart rate 
were continuously monitored, and body temperature was maintained at 37.0 ± 
0.5°C. For manganese-enhanced MRI rats received an injection of 0.2 μl 1 M 
MnCl2 in phosphate-buffered saline (PBS) (infusion rate: 0.05 μl/min) into the 
contralesional primary motor cortex (M1) at 0.5 mm anterior and 2.5 mm lateral 
to bregma, and 1.5 mm below the dura mater as described by van der Zijden et 
al. (2007). Another group of rats received 10% BDA (10.000 MW, lysine fixable, 
InvitrogenTM, Carlsbad, CA, USA) in 0.01 M PBS (pH 7.4), and 5% PHA-L (Vector 
Laboratories Inc., Burlingame, CA, USA) in 0.05 M Tris-buffered saline (TBS) in 
the contralesional M1 by iontophoresis at 0.0 mm anterior and 2.0 mm lateral to 
bregma for BDA, and at 2.0 mm anterior and 3.0 mm lateral to bregma for 
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PHA-L. Therefore, a glass micropipette with an internal tip diameter of 
approximately 40 μm was lowered at 1.5 mm below the dura mater, followed 
by 7 s on/off pulsed positive 10 μA DC currents for 15 min (adapted from 
Dolleman-Van der Weel et al. (1994)). 
At 2 days after manganese injection, in vivo post-contrast T1-weighted MRI was 
done as described above. At 13 days after administration of BDA and PHA-L, 
rats were euthanized by an intraperitoneal injection of 120 mg/kg pentobarbital 
(Euthanimal®, Alfasan, Woerden, The Netherlands). Transcardial perfusion-
fixation was performed promptly by infusion with 180 ml PBS followed by 180 
ml 4% paraformaldehyde in 0.1 M PBS. At 24 h after fixation in 4% 
paraformaldehyde at 4 °C, brain tissue was immersed in 30% sucrose in 0.05 M 
PBS and 0.05% sodiumazide until equilibrium. Coronal sections of 40-60 μm 
thickness were cut frozen on a sliding microtome and collected in 0.05 M PBS 
with 30% sucrose and 0.05% sodiumazide. Subsequently, incubations were 
conducted on free-floating sections under gentle agitation at room temperature. 
First, for labelling of PHA-L, sections were rinsed (3 ×10 min in 0.05 M TBS at 
pH 7.6) and incubated for 30 min in 3% H2O2 in TBS, followed by 1 h pre-
incubation in 5% normal goat serum (NGS) in TBS containing 0.1% Triton X-100 
(TBS-TX). Subsequently, sections were incubated overnight in rabbit anti-PHA-L 
(Dako Denmark A/S, Glostrup, Denmark) (1:2000 in TBS-TX, 0.1% NGS and 
0.1% bovine serum albumin). After rinsing, sections were incubated in 
biotinylated goat-anti-rabbit (Dako Denmark A/S, Glostrup, Denmark) (1:1000 
in TBS-TX and 1% NGS) for 1 h. This allowed dual association of immunolabeled 
PHA-L and BDA with avidin-biotin-peroxidase complex (ABC, Dako Denmark 
A/S, Glostrup, Denmark), followed by reaction with nickel-enhanced 
diaminobenzidine tetrahydrochloride (DAB-Ni) (Sigma-Aldrich, St. Louis, MO, 
USA) to enhance staining. The steps for the DAB-Ni staining included: (1) 3 × 
10 min rinsing in TBS; (2) 60 min incubation in ABC; (3) 2 × 8 min rinsing in TBS; 
(4) 2 × 8 min rinsing in 0.01 M sodiumacetate at pH 6.5; (5) 10 min incubation 
in DAB-Ni solution (1 ml of 4 mg DAB in 10 ml Tris-HCl buffer, 8 ml of 0.01 M 
sodiumacetate, 1 ml of  3% nickel ammonium sulphate and 8.3 μl 30% H2O2); (6) 
4 × 8-min rinsing in TBS; (7) overnight air drying, dehydration and cover-slipping 
with Entallan (Merck, Darmstadt, Germany). Whole brain photographs (using 
a Sony 3 CCD-Color Video Camera) of stained sections were made under light 
microscopy (Leica Microsystems GmbH, Wetzlar, Germany) for qualitative 
assessment.

Experimental groups
Inclusion and group assignments were based on SPS and adhesive removal times 
at day 1 post-stroke, and size and location of ischemic lesions on T2-weighted 
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images at day 3 post-stroke, respectively. Based on previous findings, we 
excluded animals with SPS above -2 or adhesive removal times within 10 s at 
day 1 post-stroke because of minor stroke injury (n = 3). Animals with only a 
subcortical lesion on T2-weighted images at day 3 were assigned in Group I (n 
= 5), while animals with a lesion involving both subcortical and cortical tissue 
were assigned in Group II (n = 9). A subset of animals in Groups I (n = 2 × 1 for 
manganese-enhanced MRI and BDA/PHA-L staining, respectively) and II (n = 
2 × 2 for manganese-enhanced MRI and BDA/PHA-L staining, respectively) 
was used for neuronal tract tracing. 

Data analysis
Motion-correction with FLIRT (FMRIB FSL, www.fmrib.ox.ac.uk/fsl) and spatial 
smoothing (with a 1 mm full width at half-maximum Gaussian kernel) were 
applied on the rs-fMRI time series. Non-physiological artefacts and physiological 
noise in the BOLD fMRI signals were minimized by several steps of linear 
regression before low band-pass filtering, in accordance with a recent study by 
Weissenbacher et al. (2009). Linear regressions were applied against the rigid-
body realignment parameters, white matter signals from the internal capsule, 
cerebrospinal fluid signals from the lateral ventricles, and the global mean signal 
of all voxels within a brain mask. Inclusion of these computed regressors in the 
analysis of rs-fMRI signals minimizes potential BOLD fluctuations of non-
neuronal origin and thereby increases the specificity of neuronal functional 
connectivity measurements (Weissenbacher et al. 2009; Fox et al. 2009). 
Subsequently, low-frequency BOLD fluctuations were extracted by applying a 
band-pass filter with 0.01 < f < 0.1 Hz (Cordes et al. 2001; Pawela et al. 2008), 
using AFNI software (R.W. Cox, http://afni.nimh.nih.gov/afni). For functional 
connectivity analysis the first and last 50 s of BOLD fMRI acquisition were 
discarded to exclude saturation effects and band-pass filter-induced artefacts, 
respectively. Functional connectivity was measured as the correlation coefficient 
r between low frequency BOLD fluctuations in different voxels or regions-of-
interest (ROIs) outside the lesion area. For variance stabilization, r was Fisher-
transformed according to z’= ln((1+r)/(1-r))/2. Whole-brain functional 
connectivity maps were obtained by voxel-wise calculation of z’ with the mean 
time series signal from a seed region as reference. Brain voxels inside the ischemic 
lesion were excluded by masking out the lesion, as delineated on T2 maps at 3 
days post-stroke (segmentation tool: FSL FAST (http://www.fmrib.ox.ac.uk/
fsl)). Group mean functional connectivity maps, overlaid on an anatomical brain 
template, were obtained by averaging across subjects.
For quantification of functional connectivity between specific functional fields, 
we calculated z’ between mean signals of selected ROIs. To this end, T2-weighted 
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MR images were registered with an affine transformation to a MRI dataset of a 
reference brain, which was matched to a 3D model of a rat brain atlas (Paxinos 
and Watson 2005). Bilateral ROIs were selected within the cortical sensorimotor 
network according to the stereotaxic coordinates of the atlas, and included the 
forelimb region of the primary somatosensory cortex (S1fl) and M1 (see figure 
1). We also selected a non-sensorimotor region, i.e. the primary visual cortex 
(V1). ROIs were projected onto the multi-slice rs-fMRI time series. 
Interhemispheric functional connectivity was calculated between bilateral 
homologous ROIs. In addition, intrahemispheric functional connectivity was 
calculated between S1fl and M1 in both the right (ipsilesional) and left 
(contralesional) hemisphere.  Pre- and post-manganese R1 maps were registered 
to the rat brain atlas in the same way as described above. ΔR1 maps were 
computed by subtracting pre- from post-manganese R1 maps. To assess 
transhemispheric neuronal tracer transport from the injection site, i.e. 
contralesional M1, we measured manganese-induced ΔR1 in the corpus callosum 
(CC) and ipsilesional M1 and S1fl (ROIs selected according to the stereotaxic 
coordinates of the atlas).   

Statistics 
Linear mixed model analysis was performed on sensorimotor function scores 
and functional connectivity between groups and time points. The factors group, 
time and interaction (group × time) were set as fixed effects, and subject (rat) 
was set as random effect. Post hoc Bonferroni correction was used to test all 
pairwise comparisons between groups and time points per group. 
Linear mixed model analysis was also used to calculate correlation between 
sensorimotor function and interhemispheric functional connectivity. 
Following normalization based on standard deviations, standardized regression 
coefficients between normalized behavioral scores (SPS and adhesive removal 
time difference) and normalized interhemispheric z’ values (for bilateral S1fl, 
M1 and V1) were calculated by linear regression. SPSS software (version 16.0, 
SPSS Inc., Chicago, IL, USA) was used for all statistical analyses. Values are 
shown as mean ± SD. P < 0.05 was considered significant. 

Results

Stroke lesion
T2 maps at 3 days after tMCA-O showed clear hyperintensity in the subcortical 
caudate putamen in five animals (Group I), while nine animals demonstrated 
prolonged T2 in both subcortical (caudate putamen) and cortical tissue (primary 
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and secondary somatosensory cortices) (Group II) (see incidence maps of 
manually outlined lesions on T2 maps at 3 days post-stroke in figure 1).  

Sensorimotor function
Time courses of the SPS and adhesive removal time difference are depicted in 
figures 2A and 2B, respectively. Sensorimotor function was significantly reduced 
in both groups in the first three days after stroke (low SPS and large time 
difference) and recovered thereafter. After 7 days post-stroke, SPS and adhesive 
removal time were not significantly different from baseline in Group I animals. 
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Figure 2. Time-course of sensorimotor functions. A, B, Mean (± SD) Sensorimotor Performance Score 
(SPS, in points from 0 to -20) (A), and time difference of adhesive removal from left affected forelimb 
(in s) (B), at different time points after tMCA-O for Groups I (dotted lines) and II (solid lines). *P < 
0.05, vs. pre; #P < 0.05, vs. Group I.

Group IA

Group IIB

100

20

%

100

11

%

Figure 1. Lesion incidence maps. A, B, Color-coded local incidence of T2-based lesion, from 20 to 
100 % for Group I (n = 5) (A), and from 11 to 100 % for Group II (n = 9) (B), overlaid on consecutive 
coronal rat brain slices from a T2-weighted template. Lesion areas with clear T2 prolongation were 
manually outlined on T2 maps at 3 days post-stroke. The ROIs M1 (primary motor cortex) (= dark 
blue), S1fl (forelimb region of the primary somatosensory cortex) (= light blue) and V1 (primary 
visual cortex) (= purple) are depicted on the template. Green areas in Group II are voxels with 
lesioned tissue that overlap with S1fl and V1 regions (B), and were excluded from the functional 
connectivity analysis by prior lesion segmentation. 
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Adhesive removal time in Group II animals had normalized from day 42 
onwards, while SPS showed a similar pattern of recovery but remained 
significantly lowered. Except for an initial delay early after surgery at post-
stroke day 1 in Group II, no significant change in adhesive removal time 
difference was measured when the adhesive was applied to the right, unimpaired 
forelimb. 

Functional connectivity
Figures 3A and 3B show mean functional connectivity maps for Groups I and 
II, respectively. The structurally intact right, ipsilesional S1fl was chosen as 
seed ROI. Two days before stroke, both groups demonstrated significant 
correlation of the time courses of low-frequency BOLD signals, i.e. strong 
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Figure 3. Functional connectivity with right S1fl. A, B, Mean functional connectivity maps of Groups 
I (A) and II (B), calculated from a seed in the structurally intact right, ipsilesional S1fl before and at 
different time points after tMCA-O. Maps display Fisher-transformed correlation coefficients (z’) 
ranging from 0.1 to 0.8 and -0.1 to -0.8 for positive and negative correlations, respectively, overlaid 
on consecutive coronal rat brain slices from a T2-weighted template. 
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functional connectivity, between right S1fl (seed region) and other sensorimotor 
cortical areas (e.g., primary and secondary motor cortices, fore- and hindlimb 
regions of the primary somatosensory cortex, and secondary somatosensory 
cortex) in both hemispheres. Similar results were found with right M1 as seed 
ROI (see supplementary figure 1). 
At all time points after tMCA-O, intrahemispheric functional connectivity of 
right, ipsilesional S1fl with M1 remained intact in both groups. Furthermore, 
there was no significant difference in this intrahemispheric functional connectivity 
between time-points, for the ipsi- (figure 4A) as well as contralesional hemisphere 
(figure 4B). However, a significant group effect was found in contralesional 
intrahemispheric functional connectivity between S1fl and M1, which was higher 
in Group II than in Group I (F = 4.84, P = 0.033). 
Interhemispheric functional connectivity between the right, ipsilesional S1fl and 
left, contralesional sensorimotor cortex was diminished at 3 and 7 days after 
stroke in Group I animals (figure 3A), and at 3, 7 and 21 days after stroke in 
Group II animals (figure 3B). Moreover, negative correlations were found in the 
contralesional sensorimotor cortex of Group II animals (figure 3B). Similar 
findings were observed on functional connectivity maps with right, ipsilesional 
M1 as seed ROI (supplementary figure 1). 
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Figure 4. Intrahemispheric connectivity between S1fl and M1. A, B, Mean (± SD) intrahemispheric 
functional connectivity (z’) between S1fl and M1, in the right ipsilesional (A) and left contralesional 
hemisphere (B), for Groups I (dotted lines) and II (solid lines), before and at different time points 
after tMCA-O. Linear mixed model analysis demonstrated a significantly increased functional 
connectivity between S1fl and M1 in the contralesional hemisphere in Group II as compared to 
Group I (P < 0.05) (B).
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Figure 5 shows the temporal profile of interhemispheric connectivity between 
right and left homologous ROIs. At 3 days after stroke the loss of interhemispheric 
functional connectivity was particularly evident for the sensorimotor ROIs S1fl 
(figure 5A) and M1 (figure 5B) in Group II animals, where z’ was significantly 
reduced compared to pre-stroke and compared to Group I animals. 
Interhemispheric functional connectivity between the right and left V1 areas 
was also significantly reduced at 3 days after stroke in Group II (figure 5C). 
At later time-points, interhemispheric functional connectivity increased, but 
remained significantly reduced for bilateral M1 in Group II up to 70 days 
after stroke. 
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Supplementary Figure 1. Functional connectivity with right M1. A,B, Mean functional connectivity 
maps of Groups I (A) and II (B), calculated from a seed in the structurally intact right, ipsilesional 
M1 before and at different time points after tMCA-O. Maps display Fisher-transformed correlation 
coefficients (z’) ranging from 0.1 to 0.8 and -0.1 to -0.8 for positive and negative correlations, 
respectively, overlaid on consecutive coronal rat brain slices from a T2-weighted template. 
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Neuroanatomical connectivity
Administration of neuronal tracer into contralesional M1 at 10-11 weeks after stroke 
in a subset of Group I and II animals, resulted in apparent accumulation in contra- 
and ipsilesional sensorimotor regions. Figure 6A shows the ΔR1 map of a coronal 
brain slice of an animal from Group II at 2 days after manganese injection. Increase 
of R1 due to manganese accumulation was most obvious in the contralesional 
sensorimotor cortex and caudate putamen, i.e. ipsilateral to the injection site. 
Significant manganese transfer to the ipsilesional hemisphere was evident from 
the R1 increase in the CC and ipsilesional M1 and S1fl in both groups (figure 6B). 
Clear R1 changes were absent inside the lesion territory. Intact transhemispheric 
neuroanatomical connectivity was confirmed by immunohistochemical staining 
for BDA and PHA-L, which demonstrated clear buildup of the anterograde tracers 
in the CC and ipsilesional M1 and S1fl (figure 6C). 
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Figure 5. Interhemispheric connectivity 
between bilateral brain regions. A-C, Mean 
(± SD) interhemispheric functional 
connectivity (z’) between right and left S1fl 
(A), M1 (B) and V1 (C), for Groups I (dotted 
lines) and II (solid lines), before and at 
different time points after tMCA-O. *P < 0.05, 
vs. pre; #P < 0.05, vs. Group I.



59

Resting-state functional connectivity after stroke

Correlation between sensorimotor function and functional brain 
connectivity
Table 1 shows the regression coefficients and corresponding P values for the 
correlations between the profiles of sensorimotor function scores and 
interhemispheric functional connectivity (z’) values per group. In both groups, 
the temporal pattern of changes in SPS and adhesive removal time difference 
(for the affected forelimb) correlated significantly with the time-course of changes 
in interhemispheric functional connectivity between right and left S1fl, and 
between right and left M1. This relationship was absent for the non-sensorimotor 
region V1. 
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Figure 6. Neuroanatomical connectivity with contralesional M1 at chronic post-stroke stage. A, ΔR1 
map of a coronal brain slice from a Group II rat at 74 days after tMCA-O. Manganese-induced R1 increase 
is evident in the contralesional sensorimotor cortex, contralesional caudate putamen, corpus callosum, 
and ipsilesional S1fl and M1 at 2 days after MnCl2 injection in the left, contralesional M1. ΔR1 was 
negligible inside the lesion. B, ΔR1 (s-1; mean (± SD)) in CC and right, ipsilesional M1 and S1fl, calculated 
from the difference between tissue R1 before and 2 days after manganese injection in contralesional M1 
in rats from Group I (white bars) and II (black bars) at 72 days post-stroke. C, Coronal brain section 
from a Group II rat at 85 days after tMCA-O, immunohistochemically stained for BDA and PHA-L at 
13 days after iontophoretic injections in left, contralesional M1. Staining of the anterograde tracers is 
clearly visible in the contralesional sensorimotor cortex, transcallosal tracts and the ipsilesional M1 and 
S1fl. Remaining tissue within the lesion was detached during tissue preparation.
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disCussion

In this experimental stroke study, we combined behavioral testing of sensorimotor 
function with rs-fMRI of functional connectivity within the sensorimotor cortical 
network in rats, to elucidate longitudinal transformations in bilateral neural 
network organization and alterations in associated functions. First, we found that 
sensorimotor function decline was paralleled by loss of coherence of low-
frequency BOLD fluctuations in ipsi- and contralesional primary sensorimotor 
cortical regions, at (sub)acute stages after stroke. This reduction of interhemispheric 
functional connectivity was most significant in animals with subcortical and 
cortical tissue damage. Yet, the loss of interhemispheric functional connectivity 
was evident in cortical areas outside the ischemic lesion territory, and also present 
in animals with only subcortical injury. Second, at chronic stages, sensorimotor 
function recovered and its temporal profile correlated significantly with changes 
in functional connectivity between ipsi- and contralesional sensorimotor cortical 
areas. These findings suggest that synchronization of neuronal signals in bilateral 
homologous sensorimotor regions is associated with and may contribute to 
restoration of sensorimotor function in subjects recovering from unilateral cortical 
and/or subcortical stroke. 

Table 1. Correlation between behavioral scores and interhemispheric functional connectivity

Sensorimotor function Group Interhemispheric functional connectivity

S1fl M1 V1

SPS I r 0.762 0.504 0.218

P <0.01* <0.01* 0.13

II r 0.754 0.862 0.221

P <0.01* <0.01* 0.23

Adhesive removal I r 0.909 0.537 -0.010

time difference P <0.01* 0.03* 0.94

II r 0.755 0.886 0.153

P <0.01* <0.01* 0.35

Standardized regression coefficients (r) with corresponding P values as calculated from linear mixed 
model analysis of the temporal profiles of Sensorimotor Performance  Scores (SPS) or adhesive 
removal time differences (for the affected left forelimb) vs. the time courses of interhemispheric 
functional connectivity (z’) between right and left S1fl, M1 or V1. *P < 0.05.



61

Resting-state functional connectivity after stroke

Interhemispheric functional connectivity
The observed (sub)acute distortion of interhemispheric functional connectivity 
of the ipsilesional sensorimotor cortex reflects a bilateral imbalance of 
synchronized spontaneous neuronal signalling, which could be explained by 
different stroke-induced alterations in the ipsi- and contralesional hemisphere. 
In correspondence with a disturbed functional status of ipsilesional neuronal 
tissue, task- and stimulus-associated fMRI studies in stroke patients and animal 
models have found significantly reduced activation responses in the cortical 
lesion borderzone or ipsilesional cortex (after subcortical stroke) at early post-
stroke stages (Dijkhuizen et al. 2001, 2003; Tombari et al. 2004; Jaillard et al. 2005; 
Weber et al. 2008). Furthermore, depressed glutamatergic neurotransmitter 
metabolism has been measured in cortical tissue at the border of subacute 
ischemic lesions (van der Zijden et al. 2008b). Concurrent with loss of perilesional 
acitivity after cortical stroke, functional imaging studies have observed increases 
in contralesional responsiveness (Cramer and Bastings 2000; Dijkhuizen et al. 
2001, 2003; Rijntjes and Weiller 2002; Calautti and Baron 2003), which could be 
due to diminished GABAergic transhemispheric inhibition (Witte et al. 2000). In 
addition, a recent task-related fMRI study in stroke patients demonstrated that 
loss of normal interhemispheric balance of M1 activation during movement of 
the affected hand, correlated with poor motor performance (Calautti et al. 2007). 
Likewise, longitudinal PET and fMRI studies have shown a more physiological 
balance of M1 activation over time in conjunction with motor recovery (Calautti 
et al. 2001; Ward et al. 2003). 
On the other hand, loss of excitatory input from lesioned neuronal tissue may 
cause attenuation of activity in intact, connected regions in the ipsi- and 
contralesional hemispheres. This phenomenon is known as diaschisis and may 
involve all kinds of (transient) remote effects on electrical activity, blood flow 
and metabolism (Feeney and Baron 1986; Andrews 1991). In the light of post-
stroke diaschisis, contralesional activity may have also been depressed and 
contributing to the observed reduced interhemispheric communication at early 
post-stroke stages. In line with our findings, interhemispheric activation 
imbalance has recently been found in a 2-deoxyglucose autoradiography study 
in rats after photothrombotic stroke (Jablonka et al. 2010). In the first week after 
stroke, whisker stimulation-induced 2-deoxyglucose uptake was decreased in 
the lesioned hemisphere, while elevated in homologous areas of the 
contralesional cortex. 
Changes in interhemispheric functional connectivity in our stroke model were 
not restricted to the sensorimotor system. We also detected a significant decrease 
of correlation between low frequency BOLD signals in left and right V1 in rats 
with subcortical and cortical ischemic injury after three days. This suggests that 
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large lesions can lead to extensive functional disconnection in the brain.
As described above, diverse ipsi- and contralesional events can be responsible 
for loss of neuronal synchronization between bilateral homologous sensorimotor 
cortical regions after stroke. Still, at later time-points interhemispheric functional 
connectivity recovered, which points toward reinstatement of bilateral neuronal 
communication. This may reflect the disappearance of temporary interruption 
of synchronization through direct callosal connections, in conformity with the 
concept of transient transhemispheric diaschisis (Andrews 1991). Alternatively, 
the resolution of asynchronous signalling of the bilateral sensorimotor regions 
may be related to restoration of initial unilateral disruption of the cortico-
thalamo-cortical circuit. In accordance, in an earlier manganese-enhanced MRI 
study we have observed reestablishment of neuroanatomical connectivity of the 
perilesional sensorimotor cortex with subcortical regions at more than two weeks 
after tMCA-O (van der Zijden et al. 2008a). In addition, we measured increased 
transhemispheric corticocortical transport of manganese, which further upholds 
the reemergence of interhemispheric functional connectivity at chronic time 
points after stroke. Tracing experiments in the current study clearly demonstrated 
effective transfer of the neuronal tracers, manganese, BDA and PHA-L from 
contralesional M1 through the corpus callosum towards ipsilesional M1 and 
S1fl, at 10-12 weeks after tMCA-O in both experimental groups. This confirms 
that neuronal tissue in ipsilesional M1 and S1fl was preserved, and that 
transcallosal connectivity between these regions and the contralesional 
sensorimotor cortex was intact.   

Intrahemispheric functional connectivity
In contrast to the biphasic changes in interhemispheric functional connectivity, 
we found no significant changes over time in intrahemispheric functional 
connectivity within the ipsilesional sensorimotor cortex. This seems in 
contradiction with above described loss of neuronal activity in this region. 
However, synchronization of neuronal signals may still be preserved between 
closely interconnected somatosensory and motor regions. Effectively, maintenance 
of intrahemispheric corticocortical communication could provide an important 
foundation for further recovery of structurally intact, but functionally suppressed 
ipsilesional tissue. In the contralesional hemisphere, we found an overall group 
effect of increased intrahemispheric connectivity between S1fl and M1 in animals 
with large (cortical and subcortical) lesions in the opposite hemisphere. Plastic 
changes in the homologous contralesional sensorimotor cortex, such as higher 
turnover rates of synaptic spines (Takatsuru et al. 2009), synaptogenesis and 
dendritic growth (Jones et al. 1996), could lead to improved efficacy of synaptic 
connections. Such contralesional remodeling could play a critical role in 
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reorganization of functional activity within bilateral neural networks and, for 
instance, may be related to possible active compensation with the intact forelimb 
during sensorimotor recovery of the affected forelimb.

Correlation with behavioral recovery
Our rs-fMRI study in rats reveals a strong correlation between sensorimotor 
function and the degree of interhemispheric functional connectivity of the 
sensorimotor cortices. Importantly, this correlation was specific for the resting-
state functional connectivity of the sensorimotor network, as no correlation was 
found with changes in functional connectivity between the primary visual 
cortices. Our findings are in agreement with results from He et al. (2007), who 
reported initial disruption of interhemispheric functional connectivity in the 
structurally intact posterior parietal cortex of spatial neglect patients, which 
correlated with impaired attentional processing, followed by restoration at later 
time-points. Their study and ours underline the importance of intact 
interhemispheric neuronal communication for improvement of behavioral 
outcome after cerebral injury. We speculate that this relationship is not 
unidirectionally causal, since improved behaviour and functioning are believed 
to further stabilize and strengthen synaptic connections (Holtmaat and Svoboda 
2009), leading to consolidation of neuronal networks in brains recovering from 
stroke injury. In fact, repeated behavioural testing in our study may have 
contributed to the functional improvement as well as return towards more 
normal interhemispheric connectivity and synchronization. A recent rs-fMRI-
based study on effective motor network connectivity in stroke patients 
demonstrated that behavioral improvement after training of the impaired upper 
extremity is accompanied by increased influence of the affected premotor cortex 
upon the unaffected premotor cortex (James et al. 2009). Improved insights into 
the relationship between behavioural recovery and interhemispheric 
communication may provide support for novel therapeutic interventions aimed 
at rebalancing of neuronal activity across hemispheres by means of brain 
stimulation (Nowak et al. 2009). 

Limitations of rs-fMRI
Functional connectivity measurements with rs-fMRI are based on the coherence 
of slow fluctuations of the BOLD signal, which is an indirect measure of 
synchronization of neuronal activities. It is important to note that the computed 
correlation strength between low frequency BOLD oscillations in different brain 
regions does not inform on the degree of local neuronal activity.
Various external factors, such as CO2 (Biswal et al. 1997) and anesthesia levels 
(Vincent et al. 2007; Lu et al. 2007), may influence the magnitude and coherence 
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of low frequency BOLD fluctuations. Hence, we closely monitored expired 
CO2 percentage and maintained normocapnia by adjusting the ventilation rate 
and/or volume when necessary. Furthermore, rats were lightly anesthetized 
with 1% isoflurane, which preserves spatial and temporal correlations of 
spontaneous BOLD signal fluctuations (our unpublished data). 
Respiratory and cardiac signals can also intervene with the resting-state BOLD 
signal in the brain (Auer 2008). To correct for potential aliasing of physiological 
noise with the neuronal BOLD oscillations, we applied global mean signal 
regression and linear regression with signal from ventricular and white matter 
ROIs prior to correlation analysis (Weissenbacher et al. 2009). Removal of the 
global mean signal has been shown to enhance the detection of system-specific 
positive, but it also more strongly reveals negative or low correlations (Fox et al. 
2009; Murphy et al. 2009; Weissenbacher et al. 2009). In our study, significant 
negative correlations were found between the ipsilesional sensorimotor cortex 
and non-sensorimotor areas and between the ipsi- and contralesional sensorimotor 
cortices, at three and seven days after stroke in rats with relatively large lesions. 
Although there may be a biological basis of anti-correlated networks (Fox et al. 
2009), we found no significant negative correlations when global mean signal 
regression was omitted (data not shown). This suggests that the observed negative 
correlations between brain regions most likely represent very low correlations 
of low frequency BOLD fluctuations, which advocates cautious interpretation.

ConClusion

In conclusion, our rs-fMRI study in rats recovering from unilateral stroke 
revealed a correlation between the patterns of changes in sensorimotor function 
and changes in interhemispheric functional connectivity between bilateral 
sensorimotor cortical regions. Intrahemispheric functional connectivity between 
the primary somatosensory and motor cortices remained intact in the ipsilesional 
hemisphere, despite the significant deficits in sensorimotor function. In the 
contralesional hemisphere, the intrahemispheric connectivity between these 
regions was enhanced in animals with unilateral subcortical and cortical damage. 
We believe that these improvements and consolidations of intra- and 
interhemispheric functional connectivity in the sensorimotor cortices may play 
a critical role in subserving recovery of somatosensory and motor functions after 
stroke. Our study further demonstrates the potential of rs-fMRI to serially assess 
patterns of functional reorganization within neuronal networks in animal models 
of neurological disorders.
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AbstRACt

This study demonstrates significant correlation between functional connectivity, 
as measured with resting-state functional MRI, and neuroanatomical connectivity, 
as measured with manganese-enhanced MRI, in rats at ten weeks after unilateral 
stroke and age-matched controls. Reduced interhemispheric functional 
connectivity between the contralesional primary motor cortex (M1) and 
ipsilesional sensorimotor cortical regions was accompanied by decrease of 
transcallosal manganese transfer from contralesional M1 to the ipsilesional 
sensorimotor cortex after large unilateral stroke. Increased intrahemispheric 
functional connectivity in the contralesional sensorimotor cortex was associated 
with locally enhanced neuroanatomical tracer uptake, which underlines the 
strong link between functional and structural reorganization of neuronal 
networks after stroke.

intRoduCtion

Most patients recovering from stroke exhibit a certain degree of spontaneous 
restoration of function, which may be related to rearrangement of neuronal 
networks in adjacent and remote regions with respect to the ischemic lesion. 
Task- or stimulus-induced functional imaging studies in stroke patients and 
animal models have provided evidence for shifts of activation patterns in ipsi- 
and contralesional sensorimotor cortices in relation to sensorimotor recovery 
(Calautti and Baron 2003; Dijkhuizen et al. 2003), which may be based on 
unmasking or strengthening of existing pathways and/or by formation of new 
connections (Nudo 1999; Dancause 2006). Resting-state functional MRI (rs-
fMRI), which assesses temporal correlation of spontaneous low-frequency 
blood oxygenation level-dependent (BOLD) signals between brain areas as a 
measure of functional connectivity (Biswal et al. 1995), has recently shown that 
patients and rats with a unilateral infarction exhibit initial loss and subsequent 
restitution of interhemispheric functional connectivity, in parallel with changes 
in functional status (He et al. 2007; van Meer et al. 2010). Furthermore, increased 
intrahemispheric functional connectivity in the contralesional primary 
sensorimotor cortex was observed in rats with large unilateral lesions (van 
Meer et al. 2010). 
The goal of the current study was to elucidate whether the restoration or 
enhancement of inter- and intrahemispheric functional connectivity at chronic 
stages after unilateral stroke are associated with improved neuroanatomical 
connectivity. Therefore, we combined rs-fMRI with manganese-enhanced MRI 
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(MEMRI), which allows in vivo mapping of the paramagnetic neuroanatomical 
tracer manganese (Pautler et al. 1998), at ten weeks after experimental unilateral 
stroke in rats, to directly relate measures of functional and structural connectivity 
in reorganized cortical sensorimotor regions.

methods

Stroke model
All animal procedures were approved by the Animal Experiments Committee 
of the University Medical Center Utrecht and Utrecht University.
A total of 18 male Sprague Dawley rats, weighing 280 to 320 g, were included. 
Eleven rats underwent transient unilateral focal cerebral ischemia by 90-min 
occlusion of the right middle cerebral artery with an intraluminal filament, as 
previously described (van Meer et al. 2010). In brief, a 4.0 polypropylene suture 
(Ethicon, Piscataway, NJ, USA) with a silicon-coated tip was introduced into the 
right external carotid artery and advanced through the internal carotid artery 
until a slight resistance was felt, indicating that the middle cerebral artery was 
occluded. After 90 min, the filament was withdrawn from the internal carotid 
artery to allow reperfusion. Seven healthy rats served as controls. 

Magnetic Resonance Imaging
Magnetic resonance imaging was performed at 70 days after stroke, when 
recovery of sensorimotor function had reached a plateau (van Meer et al. 2010; 
van der Zijden et al. 2008). During MRI, rats were anaesthetized and mechanically 
ventilated with 1 to 2% isoflurane in air/O2 (2:1). End-tidal CO2 levels were kept 
within normal range by adjusting ventilation volume and/or rate. MRI 
measurements were conducted on a 4.7 T horizontal bore MR system (Varian, 
Palo Alto, CA, USA). First, multi-echo multi-slice T2-weighted MRI (repetition 
time (TR)/echo time (TE) = 3600/15 ms; echo train length = 12; voxel resolution 
= 0.25 × 0.25 × 1.0 mm3) and gradient echo three-dimensional (GE3D) MRI (TR/
TE = 6/2.58 ms; flip angle = 40°; voxel resolution = 0.23 × 0.31 × 0.31 mm3) were 
conducted for assessment of ischemic lesion size and location, and for registration 
purposes, respectively. Then, for at least ten minutes, end-tidal isoflurane was 
reduced to 1%, followed by rs-fMRI with a gradient echo, echo planar imaging 
sequence (TR/TE = 500/19 ms; flip angle = 35°; voxel resolution = 0.5 × 0.5 × 
1.5 mm3; 1200 BOLD images). Subsequently, T1-weighted MRI (Look-Locker 
gradient echo; TR/TE = 5000/3.4 ms; inversion time = 10 ms; image repetition 
time = 24 × 8 ms; flip angle = 10°; voxel resolution = 0.5 × 0.5 × 0.5 mm3) was 
conducted for baseline measurement of pre-manganese tissue R1. 
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Two days after the initial MRI experiments, 90 nL 0.1 M MnCl2 was injected into 
the left (contralesional) primary motor cortex (M1) (Canals et al. 2008). Post-
manganese T1-weighted and GE3D MRI were conducted one day after MnCl2 
injection. 

Experimental groups
Stroke group assignments were based on size and location of ischemic lesions 
on T2-weighted images at 70 days post-stroke. One animal died beforehand due 
to stroke-induced cachexia. Animals with mostly subcortical tissue damage and 
intact primary somatosensory and motor cortices were assigned to Group SI (n 
= 5), while animals with a lesion involving both subcortical and primary 
somatosensory cortical tissue were assigned to Group SII (n = 5). One animal 
from Group SI and one animal from Group SII were excluded from further 
analysis because of unsuccessful MnCl2 injection. Age-matched healthy rats were 
assigned to control Group C (n = 7). 

Data analysis and statistics
GE3D images were registered nonrigidly to a reference image matched to a 3D 
model of a rat brain atlas (Paxinos and Watson 2005). Bilateral sensorimotor 
cortical regions-of-interest (ROIs), i.e. the primary and secondary motor cortex 
(M1, M2), forelimb region of the primary somatosensory cortex (S1fl) and 
secondary somatosensory cortex (S2), were projected from the atlas onto the 
rs-fMRI time-series and R1 maps. Pre-processing of rs-fMRI data included 
motion-correction, spatial smoothing and linear regression, as previously 
described (van Meer et al. 2010). Subsequently, low-frequency BOLD fluctuations 
were extracted by applying a band-pass filter with 0.01 < f < 0.1 Hz. Functional 
connectivity was calculated as the Fisher-transformed correlation coefficient z’ 
(ln((1+r)/(1-r))/2) between the mean low-frequency BOLD time-series signal in 
left M1 (seed region; 22 mm3) and other cortical sensorimotor ROIs. Group mean 
whole brain functional connectivity maps were obtained by voxel-wise 
calculation of z’ with the mean time-series signal from left M1 as reference, 
averaged across subjects. Manganese enhancement after MnCl2 injection in left 
M1 was measured in all ROIs and calculated as the difference in pre- and post-
manganese R1 (ΔR1) (van der Zijden et al. 2008). Group mean ΔR1 maps were 
obtained by averaging across subjects. 
Two-way repeated measures ANOVA with factors Group and ROI was used to 
statistically compare intra- and interhemispheric functional connectivities (z’), 
and ipsi- and contralateral ΔR1’s between groups, followed by post hoc Bonferroni 
testing. Pearson’s correlation analysis was used to test for correlation between 
functional (z’) and neuroanatomical connectivity (ΔR1) of left M1 with other 
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sensorimotor cortical ROIs. Values are shown as mean ± SD. P < 0.05 was 
considered significant. 

Results

Functional connectivity
Figure 1a shows averaged brain T2 maps for the different groups. Prolonged T2, 
indicative of ischemic tissue damage, is evident in mainly subcortical regions in 
SI rats, and in both subcortical and primary somatosensory cortical areas in SII 
rats. Figure 1b shows averaged maps of resting-state functional connectivity 
with left (contralesional) M1. In control rats, intra- and interhemispheric 
connectivity between M1 and ipsi- and contralateral sensorimotor cortex was 
clearly apparent. At ten weeks after stroke, functional connectivity of 
contralesional M1 was noticeably altered dependent on the lesion extent in the 
opposite hemisphere. Significant increase in intrahemispheric functional 
connectivity of contralesional sensorimotor cortical ROIs with contralesional 
M1 was found in SII rats as compared to controls and SI animals (figure 2a). On 
the other hand, in the same group a significant reduction of interhemispheric 
functional connectivity was detected between contralesional M1 and ipsilesional 
sensorimotor cortical ROIs as compared to Groups C and SI (figure 2a).

Structural connectivity
MEMRI demonstrated clear manganese accumulation in the ipsilateral 
sensorimotor cortex, caudate putamen and thalamus in all groups at one day 
after injection in left (contralesional) M1 (figure 1c). There were no significant 
group differences in total brain uptake of manganese, as measured from mean 
ΔR1 in whole rat brain tissue (ΔR1 = 0.038 ± 0.020, 0.032 ± 0.021 and 0.040 ± 0.008 
s-1, for Groups C, SI and SII, respectively). At ten weeks after stroke, manganese 
enhancement was increased in the contralesional sensorimotor cortex. A Group 
× ROI interaction effect of significantly elevated manganese build-up in 
contralesional sensorimotor cortical ROIs was found for SI and SII rats (figure 
2b). Increased manganese enhancement was particularly observed in 
contralesional M2 of SII animals.
Manganese accumulation was relatively low in the right (ipsilesional) hemisphere, 
contralateral to the injection site. Still, SII rats demonstrated a significant 
interaction effect of reduced manganese build-up in ipsilesional sensorimotor 
cortical ROIs (figure 2b). 
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Figure 1. Color-coded maps of thresholded mean T2 (a), z’ (with left (contralesional) M1 as seed 
region) (b), and ΔR1 (one day after MnCl2 injection in left (contralesional) M1) (c), for Groups C, SI 
and SII, overlaid on a T2-weighted MRI template of consecutive coronal rat brain slices. The left ROIs 
M1 (primary motor cortex) (white), M2 (secondary motor cortex) (green), S1fl (forelimb region of 
the primary somatosensory cortex) (blue) and S2 (secondary somatosensory cortex) (purple) are 
delineated on the rat brain template. 
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Figure 2. Intra- and interhemispheric z’ of left (contralesional) M1 with left (contralesional) M2, S1fl 
and S2, and right (ipsilesional) M1, M2, S1fl and S2, respectively, for Groups C, SI and SII (a). Intra- 
and interhemispheric manganese-induced ΔR1 (s-1) in left (contralesional) M2, S1fl and S2, and right 
(ipsilesional) M1, M2, S1fl and S2, respectively, at one day after MnCl2 injection in left (contralesional) 
M1, for Groups C, SI and SII (b). There was a significant group effect (F(2) = 4.45; P = 0.036) of 
increased intrahemispheric z’ in contralesional ROIs for Group SII as compared to Groups C and SI. 
Besides, a significant group effect (F(2) = 10.53; P = 0.002) of decreased interhemispheric z’ in 
ipsilesional ROIs was also found for Group SII as compared to Groups C and SI. A significant Group 
× ROI effect (F(2) = 5.02; P = 0.004) of increased ΔR1 in contralesional ROIs was found for Groups SI 
and SII. A significant Group × ROI effect (F(2) = 5.23; P < 0.001) of decreased ΔR1 in ipsilesional ROIs 
was found for Group SII. *P < 0.05 vs. equivalent ROI in Group C.
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Correlation between functional and structural connectivity
Functional connectivity (z’) and manganese build-up (ΔR1) from left 
(contralesional) M1 to intrahemispheric cortical sensorimotor ROIs (M2, S1fl 
and S2) correlated significantly for all groups together (r = 0.31, P = 0.02).  
We found a trend for a correlation between z’ and ΔR1 in right (ipsilesional) 
cortical sensorimotor ROIs (M1, M2, S1fl and S2) for the pooled groups  
(r = 0.18, P = 0.08).

disCussion

In this study we combined rs-fMRI with MEMRI to elucidate the relationship 
between functional and neuroanatomical brain connectivity of the contralesional 
sensorimotor cortex in the chronic phase after experimental unilateral stroke. 

Intrahemispheric connectivity
In line with our previous study (van Meer et al. 2010), we found a significant 
increase in intrahemispheric functional connectivity within the contralesional 
sensorimotor cortex in rats with a relatively large unilateral infarction in the 
opposite (ipsilesional) sensorimotor network. In addition, we detected increased 
accumulation of the neuronal tracer manganese within the contralesional 
sensorimotor cortex of rats with large unilateral ischemic lesions, which suggests 
that the increase in functional connectivity is related to stronger local 
neuroanatomical association. The ipsilateral concentration of manganese after 
injection in the contralesional sensorimotor cortex, may be explained by enhanced 
local neuronal connectivity and diminished axonal transport to remote 
(contralateral) regions (see below). An apparent regional linkage between 
functional and structural connectivity is supported by the observed significant 
correlation between synchronized low-frequency BOLD signals (z’) and 
manganese-induced ΔR1 in intrahemispheric sensorimotor regions when data 
from all experimental groups were combined. 
The poststroke increase in neuroanatomical and functional connectivity in the 
contralesional cortex may be brought about by remodeling of neuronal 
elements, i.e. axonal sprouting, synaptogenesis and dendritic growth, which 
has been detected in various animal stroke models (reviewed in Nudo 1999; 
Dancause 2006). Likewise, in chronic human stroke patients, elevated activation 
responses to sensory stimulation of the unaffected hand have been found in 
an area of the contralesional somatosensory cortex with increased cortical 
thickness (Schaechter et al. 2006). Although not the subject of the current study, 
we speculate that reorganization of contralesional cortical tissue may be 
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induced by increased compensatory use of the unaffected limbs and/or altered 
input from the affected ipsilesional cortex.

Interhemispheric connectivity
In agreement with our previous study (van Meer et al. 2010), interhemispheric 
functional connectivity between contralesional M1 and ipsilesional sensorimotor 
cortical ROIs in rats with large subcortical and cortical infarctions was 
significantly lowered as compared to controls and rats with mainly subcortical 
tissue injury. This reflects desynchronization of signaling between the bilaterally 
homologous sensorimotor fields, which may be a direct result of extensive 
damage to the ipsilesional sensorimotor cortex. The observed negative z’ values 
in SII animals even suggest anti-correlations, but more likely point toward 
minimal correlation between interhemispheric signals, as discussed in our 
previous paper (van Meer et al. 2010). In line with the reduction in interhemispheric 
functional connectivity, we detected a significant decline in transcallosal 
manganese transport towards ipsilesional sensorimotor ROIs in SII rats. This 
seems in contrast with an earlier study where we found an increase in 
transhemispheric manganese transfer at ten weeks after stroke in the same rat 
model (van der Zijden et al. 2008). However, in that study MnCl2 was injected 
in the perilesional sensorimotor cortex, and elevated levels of manganese were 
measured in subcortical areas of the contralesional hemisphere. Furthermore, 
in this study, we used a much smaller MnCl2 dose to prevent potential manganese-
induced neurotoxicity (Canals et al. 2008), but which could have reduced the 
sensitivity to detect tracer accumulation in remote regions, opposite to the 
injection site. Evidently, the choice of an optimal dose for MEMRI experiments 
is not straightforward, as it depends on multiple factors and may vary contingent 
on the research question. 

Correlation between functional and structural connectivity
Our study demonstrates parallel changes in functional and structural 
connectivity in the ipsi- and contralesional cortical sensorimotor network after 
experimental stroke in rats. Furthermore, we detected a significant overall 
correlation between rs-fMRI-based functional connectivity and MEMRI-based 
neuroanatomical association in the contralesional (left) hemisphere for all ROIs 
and animal groups pooled together. Our findings in anesthetized rat brain 
corroborate the concept that synchronization of low-frequency BOLD 
fluctuations are closely associated with structural connectivity, as has been 
previously reported for monkey (Vincent et al. 2007) and human brains 
(Damoiseaux and Greicius 2009).
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AbstRACt

Remodeling of neuronal structures and networks is believed to significantly 
contribute to (partial) restoration of functions after stroke. However, it has been 
unclear to what extent the brain reorganizes and how this correlates with 
functional recovery in relation to stroke severity. We applied serial resting-state 
functional MRI and diffusion tensor imaging, to relate longitudinal modifications 
in functional and structural connectivity of the sensorimotor neuronal network 
to changes in sensorimotor function after unilateral stroke in rats. We found that 
gradual improvement of functions after large stroke is associated with wide-
ranging changes in functional and structural connectivity within bilateral 
neuronal networks, whereas faster recovery after medium stroke is more related 
to adaptation of perilesional tissue. This eventually leads to (partial) normalization 
of neuronal signal synchronization within the affected sensorimotor cortical 
network, as well as between the affected and unaffected sensorimotor cortices. 
Furthermore, the bilateral network configuration shifts from subacutely increased 
small-worldness towards a regular small-world topology at chronic stages, 
suggesting dynamic transformation from diffuse neuronal rearrangements to 
matured reorganized neuronal circuitry. Cortical network remodeling was 
accompanied by recovery of initially disrupted structural integrity in corticospinal 
tract regions, which, of all measured plasticity indices, correlated most 
significantly with retrieval of sensorimotor functions. 

intRoduCtion

Stroke is the main cause of adult disability in the world. Nevertheless, most 
patients exhibit a certain degree of restoration of sensorimotor function after 
acute neurological deficits. This spontaneous functional recovery has been 
attributed to brain plasticity, i.e. structural and functional adaptation of neuronal 
elements and networks. Yet, it remains incompletely understood to what extent 
the post-stroke brain reorganizes locally and globally, in what manner structural 
and functional modifications of neuronal circuitry are interrelated, and to what 
degree this may lead to functional improvement. Evidently, elucidation of the 
neuronal mechanisms that underlie post-stroke recovery may guide development 
of therapeutic strategies that enhance these processes.
During the last two decades, functional imaging studies have provided evidence 
of cerebral reorganization by displaying shifts of stimulus- or task-induced 
activation patterns in the affected (ipsilesional) and opposite (contralesional) 
brain hemispheres after clinical and experimental stroke (Calautti and Baron 
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2003; van Meer and Dijkhuizen 2010). More recently, measurement of spontaneous 
low-frequency blood oxygenation level-dependent (BOLD) fluctuations with 
resting state functional MRI (rs-fMRI) has revealed changes in interhemispheric 
synchronization of baseline neuronal signaling, which correlated with behavioral 
outcome (He et al. 2007; Carter et al. 2010; van Meer et al. 2010b). Furthermore, 
rs-fMRI combined with network analysis based on graph theory demonstrated 
a shift towards a more random topology of the motor execution network in 
recovering stroke patients (Wang et al. 2010b). Such alterations in the organization 
of functional brain networks are highly dependent on the configuration and 
flexibility (i.e. plasticity) of underlying neuronal architecture. Various forms of 
structural plasticity of neurons, such as changes in dendritic morphology, axonal 
sprouting and synaptogenesis (Carmichael 2003; Nudo 2007; Murphy and 
Corbett 2009), may lead to critical adjustments of local structural connectivity. 
In addition, studies that have applied diffusion tensor imaging (DTI), have 
reported widespread white matter remodeling, based on the observation of 
increased fractional anisotropy (FA) of water diffusion in white matter fiber 
tracts (Jiang et al. 2006; Wang et al. 2006; van der Zijden et al. 2008b; Schaechter 
et al. 2009), which may contribute to improvement of connectivity between 
remote brain areas.

Current data clearly establish the adult brain’s capacity to reorganize after 
ischemic injury. Yet, despite the accumulating evidence of alterations in neuronal 
circuits, it remains unclear whether and to what extent regaining of function 
after stroke is dependent on specific perilesional adaptation or large-scale brain 
remodeling. Furthermore, the association between functional and structural 
modifications in relation to the degree of injury in whole functional networks 
is still unknown. Therefore, we combined serial rs-fMRI, DTI and network 
analysis to characterize the dynamics of functional and structural alterations at 
a network level in sensorimotor cortices and tracts, in relation to different 
sensorimotor recovery patterns after experimental stroke. We hypothesized that 
initial, rapid functional recovery, particularly after medium stroke, is 
predominantly related to reestablishment of normal functional coherence and 
connectivity patterns in ipsilesional tissue, while more gradual recovery after 
large stroke is associated with extensive functional and structural remodeling 
in the whole bilateral sensorimotor network. 
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methods

Animal handling 
All animal procedures were approved by the Animal Experiments Committee 
of the University Medical Center Utrecht and Utrecht University, and experiments 
were carried out in accordance with the guidelines of the European Communities 
Council Directive.
Twenty-four male Sprague Dawley rats, weighing 280−320 g, were included in 
the study. Fourteen rats underwent transient focal cerebral ischemia. Ten rats 
served as age-matched controls. Behavioral testing and MRI measurements were 
done at two days before (= day −2) and at 3, 7, 21, 49, and 70 days after stroke. 
Control rats were scanned with the same time intervals as rats post-stroke. 
Rats were anesthetized with 4% isoflurane for endotracheal intubation, followed 
by mechanical ventilation with 2% isoflurane in air/O2 (2/1) during surgery, 
MRI and electroencephalogram (EEG) recordings. Blood oxygen saturation and 
heart rate were continuously monitored and body temperature was maintained 
at 37.0 ± 0.5 °C. Furthermore, during MRI, expired CO2 was continuously 
monitored with a capnograph, and ventilation volume or rate were adjusted 
when necessary.

Stroke model 
Experimental stroke was induced by 90-min occlusion of the right middle 
cerebral artery with an intraluminal filament as previously described (Longa et 
al. 1989; van Meer et al. 2010b). 

Behavioral testing 
Sensorimotor function after stroke was measured using the sensorimotor 
performance score (SPS). Six different motor, sensory and tactile tests were 
applied (van der Zijden et al. 2008a; van Meer et al. 2010b), which provided an 
overall SPS on a scale of 0 to −20 points. 

MRI 
MRI measurements were conducted on a 4.7 T horizontal bore MR system 
(Varian Inc., Palo Alto, CA, USA). A Helmholtz volume coil (90 mm diameter) 
and an inductively coupled surface coil (25 mm diameter) were used for signal 
excitation and detection, respectively. Rats were placed in an MR-compatible 
stereotactic holder and immobilized with earplugs and a tooth-holder. Multi-
echo multi-slice T2-weighted MRI (repetition time (TR)/echo time (TE) = 3600/15 
ms; echo train length = 12; nineteen 1 mm coronal slices; field-of-view (FOV)  
= 32 × 32 mm2; acquisition matrix = 256 × 128; voxel resolution = 0.25 × 0.25 × 
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1.0 mm3) was done to determine the extent of the ischemic lesion. For registration 
purposes, gradient echo 3D (GE3D) MRI (TR/TE = 6/2.6 ms; flip angle = 40°; 
FOV = 60 × 40 × 40 mm3; acquisition matrix = 256 × 128 × 128; voxel resolution 
= 0.23 × 0.31 × 0.31 mm3) was included. DTI was carried out with a four-shot 
spin-echo echo planar imaging (EPI) sequence (TR/TE = 3500/26 ms; twenty-
five 0.5 mm axial slices; FOV = 32 × 32 mm2; acquisition matrix = 64 × 64; voxel 
resolution = 0.5 × 0.5 × 0.5 mm3; diffusion-weighted images in 50 directions 
with b = 1250 s/mm2; two images without diffusion-weighting (b = 0); number 
of averages = 4). BOLD rs-fMRI was conducted during ten minutes with a 
gradient echo EPI sequence (TR/TE = 500/19 ms; flip angle = 35°; seven 1.5 
mm coronal slices; FOV = 32 × 32 mm2; acquisition matrix = 64 × 64; voxel 
resolution = 0.5 × 0.5 × 1.5 mm3; 1200 images). 
Prior to rs-fMRI, end-tidal isoflurane was reduced to 1% for ten minutes. We 
have previously shown that coherence of low-frequency BOLD signal fluctuations 
between bilateral homologous sensorimotor regions is preserved at this level of 
isoflurane anesthesia (Wang et al. 2010a). 

Histology 
Animals were sacrificed after the final MRI session, followed by transcardial 
perfusion-fixation with 4% paraformaldehyde. Brains from a subset of animals 
(N = 6) were extracted and embedded in paraffin. Luxol Fast Blue (LFB) staining 
was performed on coronal sections of 8 μm according to the protocol described 
at http://www.ihcworld.com. 

EEG recording 
In a separate group of rats EEGs were recorded epidurally from the left and 
right primary motor cortices (according to the rat stereotaxic atlas (Paxinos and 
Watson 2005)) at 2 days before, and 3 and 21 days after stroke (N = 8). EEG 
signals were acquired during ten minutes using a home-built 10-channel 
amplifier at a sampling rate of 1000 Hz per channel, and band-pass filtered 
between 0.1 and 250 Hz. An analog-to-digital converter (NI USB-6211 DAQ) 
and LabWindowsTM software (National Instruments Corp., Austin, TX, USA) 
were used for data acquisition. The Fisher-transformed correlation coefficients 
(z’ = ln((1+r)/(1−r))/2) between temporal fluctuations of the EEG signals from 
left and right cortices were calculated for the delta (1−5 Hz), theta (5−8 Hz), 
alpha (8−15 Hz), beta (15−30 Hz) and gamma (30−250 Hz) frequency bands. 
Three rats died before day 3 due to severe stroke-induced cachexia. The five 
remaining rats displayed exclusively subcortical stroke lesions on T2-weighted 
MRI at 3 days post-stroke.
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Image registration
Non-rigid image registration was performed with elastix (Klein et al. 2010)  
(http://elastix.isi.uu.nl) to align GE3D images with a T2-weighted anatomical 
rat brain template. Affine-only registration within each data set was performed 
for the T2-weighted MRI and rs-fMRI scans. 

Lesion segmentation
Stroke lesions characterized by T2 prolongation were manually outlined on T2 
maps by two independent neuroscientists. The overlapping area was assigned 
as lesioned tissue.

Signal coherence and functional connectivity analysis 
Pre-processing of rs-fMRI data included spatial smoothing with an isotropic 
Gaussian kernel of 1.0 mm FWHM, rigid-body motion correction using FLIRT 
(FMRIB FSL, http://www.fmrib.ox.ac.uk/fsl) and linear regression against i) 
rigid-body realignment parameters, ii) derivatives of realignment parameters, 
and iii) global mean signal. Blocks of nine scans with > 0.05 mm translational 
or > 2.5 ° rotational motion were discarded from further analysis. The same 
number of data points (i.e., 400 scans) was removed in corresponding time blocks 
for all data sets. Low-frequency BOLD fluctuations were obtained from the 
functional time series with a band-pass filter at 0.01 < f < 0.1 Hz. 
Pre-processed rs-fMRI data at the first time point from all animals were 
temporally concatenated to create a single 4D data set. Next, probabilistic 
independent component analysis (PICA) (Beckmann et al. 2005) was performed 
(using MELODIC software (FMRIB FSL, http://www.fmrib.ox.ac.uk/fsl)), to 
identify a group-averaged functional network that included the bilateral 
sensorimotor cortex (SMCX). We found that analysis with seven components 
yielded a component of which the anatomical pattern most ideally matched with 
the bilateral sensorimotor cortices (see Supplementary Figure 1). Thresholding 
at Z = 4 provided left and right SMCX areas, which were used as regions-of-
interest (ROIs) for further analyses. 
Whole-brain functional connectivity (FC) maps were obtained by voxel-wise 
calculation of the Fisher-transformed correlation coefficient, z’, with the mean 
time series signal from the left SMCX region as reference. Group mean FC maps 
with left SMCX as seed region were constructed using one-sample t-testing. FC 
difference maps between time points were constructed using two-sample paired 
t-testing. The P values were projected on a T2-weighted anatomical rat brain 
template and corrected for multiple comparisons using the AlphaSim command 
in AFNI (Cox R.W., 1996; B.D. Ward, http://afni.nih.gov/afni/docpdf/
AlphaSim.pdf).
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Intraregional signal coherence (SC) and interregional FC were calculated as z’ 
between time courses of low-frequency BOLD fMRI signals. Interregional FC 
was determined as z’ between the mean low-frequency BOLD signal fluctuations 
in left and right SMCX. Intraregional SC in left and right SMCX was calculated 
as the mean z’ between the low-frequency BOLD signal fluctuations of each 
voxel within the ROI and the average low-frequency BOLD signal time series 
of that ROI (Wang et al. 2010a).

Graph-based network analysis 
For each rs-fMRI data set a weighted graph G = (V, W) was constructed, with V 
as the collection of N voxels (mean ± s.d. = 189 ± 19) in left and right SMCX, and 
W as the collection of edge weights wij, i.e. z’ between any pair of voxel time series 
i and j. Self-connections and negative edge weights were excluded. The local and 
global graph structures were quantified via the weighted undirected clustering 
coefficient C (Fagiolo 2007) and the weighted shortest path length L (Stam et al. 
2009), using the C++ Boost Graph Library (http://www.boost.org). 
C was defined as the mean of the local clustering coefficients of all connected 
nodes in the entire graph:

 
with the clustering coefficient for node i:

 

taking into account weights of all edges in a triangle, and excluding weights not 
participating in any triangle.
L was defined as the mean geodesic length over all couples of nodes in the entire 
graph:

where 
 
and .

Here, the weighted shortest path length  l w
ij  between any pair of nodes i and j 

in the graph indicated the minimum value of the sum of transformed weights 
dij (i.e., functional distance) over all possible paths. 
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The harmonic mean was employed to handle infinite path lengths between 
disconnected edges (i.e., 1/∞ → 0). In this way, the average weighted shortest 
path length L resembled the global efficiency measure (Latora and Marchiori 
2001).
For each rs-fMRI data set, C and L were normalized based on ten rewired 
surrogate networks (Maslov and Sneppen 2002). Normalized weighted C and L 
ratios were defined as: γ = C/‹Csurrogate› and λ = L/‹Lsurrogate›. Small-worldness, σ, 
of the bilateral SMCX network was defined as γ/λ, according to Humphries and 
Gurney (Humphries and Gurney 2008).

Analysis of white matter integrity 
FA maps were derived from DTI data using multivariate fitting and 
diagonalization (Basser and Pierpaoli 1996), and non-rigidly registered to a 
common rat brain FA template from forty control animals, co-registered to the 
stereotaxic rat brain atlas (Paxinos and Watson 2005). 
Localized statistical testing of whole-brain FA data was performed using tract-
based spatial statistics (TBSS) (Smith et al. 2007). A white matter skeleton was 
created from all registered FA maps by averaging, thresholding at 0.2, and 
thinning to the centers of all tracts common to all subjects. Individual FA values 
were projected onto this mean white matter skeleton for subsequent voxel-wise 
statistical analysis, carried out using nonparametric, permutation-based t-testing 
(false discovery rate-corrected (Nichols and Hayasaka 2003) between time points 
for each group. Statistically significant differences were thresholded at P < 0.05, 
and projected onto a rat brain FA template.
White matter regions were delineated on the FA rat brain template for ROI 
analysis. These included the corpus callosum, the left and right cerebral 
peduncles, and the left and right internal capsules (where the right internal 
capsule was divided in an anterior and a posterior part) (see Figure 4C). If 
necessary, ROI position was manually corrected to adjust for stroke-induced 
tissue deformation. 
Mean gray value intensities on whole-brain photographs of the LFB-stained 
histological sections were measured in the same white matter regions as 
described above, using ImageJ software (NIH Image, Bethesda, MD, USA). 
Pearson’s correlation analysis was used to test for correlation between FA and 
LFB staining.

Statistical analyses 
Repeated measures linear mixed model analysis (Laird and Ware 1982) with 
fixed effects ‘group’, ‘time’ and ‘group×time’, and random effect ‘subject’, was 
employed to assess changes in sensorimotor function scores, interhemispheric 
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correlations of EEG signals, rs-fMRI-based SC, FC and network parameters, and 
DTI-based FA between groups and over time. Post hoc Tukey testing was used 
to correct for multiple comparisons. Linear mixed model analysis was also used 
to calculate correlations between changes in white matter integrity (ΔFA) and 
intercortical FC (ΔFC) between successive time points. After normalization based 
on mean and s.d. ((individual value – mean)/s.d.), standardized regression 
coefficients between normalized ΔFA values and normalized ΔFC (i.e., Δz’) values 
were calculated by linear regression for each group. In the same way, correlations 
were calculated between changes in FC, SC, network parameters or FA, and 
changes in sensorimotor function (ΔSPS). To assess a possible predictive value 
of the different acquired parameters on final functional outcome, we performed 
linear regression to calculate correlation coefficients between FC, SC, network 
parameters, FA, SPS or lesion volume at 3 days post-stroke, and SPS at 70 days 
post-stroke. 
Values are presented as mean ± s.d. All statistical analyses were performed in R 
(Ihaka and Gentleman 1996) using the package nlme for the linear mixed model 
analyses, where P < 0.05 was considered significant.
 

Results

Stroke lesion severity and experimental groups 
Fourteen rats underwent 90-min occlusion of the right middle cerebral artery. 
One animal died acutely due to stroke-induced cachexia. All other animals 
completed the protocol up to 10 weeks post-stroke. In correspondence with our 
previous study (van Meer et al. 2010b), we identified two basic ischemic lesion 
patterns on T2 maps (characterized by T2 prolongation): rats with medium-sized 
lesions in primarily subcortical tissue, with occasional involvement of 
ventrolateral cortical tissue (group SMedium (N = 5)), and rats with large lesions 
involving subcortical and ventro- and dorsolateral cortical tissue (group SLarge 
(N = 8)) (Figure 1A). Ten controls rats formed group C.

Sensorimotor function 
Sensorimotor function, characterized by the SPS, was notably reduced 3 days 
after stroke, with a significantly lower score for SLarge rats than SMedium rats (P < 
0.05) (Figure 1B). Subsequently, SPS improved between days 3 and 70 after 
stroke. In SMedium rats, SPS plateaued at baseline levels within 7 days. Despite a 
distinctive and steady rise from day 3 to day 70, SPS in SLarge animals remained 
significantly reduced up to day 70 (P < 0.05 vs. baseline). 
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Signal coherence, functional connectivity and network configuration 
in sensorimotor cortices 
To identify the baseline functional network that includes the bilateral 
sensorimotor cortices, we applied PICA of mean low-frequency BOLD signals 
acquired from all first rs-fMRI scans in groups SLarge, SMedium and C. Temporal 
concatenation and PICA of all time series provided different network components 
with synchronized rs-fMRI signals. Visual inspection revealed a network 
component that was anatomically characterized by the left and right sensorimotor 
cortices, which was most apparent for PICA based on seven components 
(component five in Supplementary Figure 1). Left and right ROIs encompassing 

SMedium

SLarge

A

B

Figure 1. Lesion incidence and sensorimotor performance. (A) Maps of the incidence of right-sided 
ischemic lesions characterized by prolonged T2 at 10 weeks post-stroke, overlaid on a multislice 
T2-weighted anatomical rat brain template. Animals were divided in two stroke groups based on 
the extent of the lesion. Medium stroke (SMedium) was characterized by mainly subcortical damage 
with occasional involvement of some ventrolateral cortical tissue. Animals with a large stroke (SLarge) 
had extensive damage in subcortical and ventrolateral as well as dorsolateral cortical tissue. Brain 
map overlays reflect percentages of animals with local T2 lesion (color bar: 0-100% (red-yellow)). (B) 
Individual values and linear mixed model estimated group means (lines), with 95% confidence 
intervals (shading), of sensorimotor performance score (SPS) as a function of time after stroke in the 
SMedium (plus signs; dotted green lines; green shading) (N = 5) and SLarge (crosses; dashed red lines; 
red shading) (N = 8) groups. Baseline values at 2 days before stroke are only shown as individual 
values. 
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primary and secondary somatosensory and primary motor cortices (according 
to the rat brain atlas (Paxinos and Watson 2005)) (SMCX) were outlined at 
threshold level Z = 4. These SMCX ROIs were subsequently used for analyses 
of intracortical SC and interhemispheric FC. 
Statistical maps of FC of the left (contralesional) SMCX (outlined in Figure 2A) 
with the rest of the brain, clearly illustrated that the strong baseline 
interhemispheric FC between the left and right sensorimotor cortices was lost 
at 3 days after stroke in the SMedium and SLarge groups (Figure 2B).  To delineate the 
pattern of FC alterations when animals recovered from stroke, we mapped the 
areas where FC significantly changed from its level at day 3 (Figure 2C). 
The pattern of changes in FC with the left, contralesional SMCX was clearly 
different between the SMedium and SLarge groups. In SMedium animals, FC with left 
SMCX had increased in the right, ipsilesional SMCX after 21, 49 and 70 days 
after stroke, as compared with the loss after 3 days, with a complete return to 
baseline levels after day 70 (Figure 3A). 

1
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Supplementary Figure 1. PICA-determined functional connectivity clusters in rat brain. Maps of 
functional connectivity clusters as calculated by probabilistic independent component analysis 
(PICA) of rs-fMRI data from twenty healthy animals based on 7 components, overlaid on a multislice 
anatomical T2-weighted rat brain template. Color-coding reflects Z-scores between 2.3 and 8 (red-
yellow).
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SMedium

Day -2

Day 3

SLarge

Day -2

Day 3

SMedium

SLarge

Day 7

Day 21

Day 49

Day 70
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Day 7

Day 21

Day 49

Day 70

Figure 2. Functional connectivity with left (contralesional) SMCX. (A) Overlay of the left sensorimotor 
cortex (SMCX) ROI on a multislice anatomical T2-weighted rat brain template. This ROI was used 
as seed for FC analyses. (B) Group mean maps of FC (z’) with left SMCX, before and at 3 days post-
stroke in the SMedium and SLarge groups. (C) Group mean maps of difference in FC with left SMCX at 
days 7, 21, 49 and 70, as compared with day 3, in the SMedium and SLarge groups. P values range between 
0.05 and 10−10 for both positive (red-yellow) and negative (blue-green) values.
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Such recovery of intercortical FC was not seen in the SLarge group; intercortical 
FC somewhat improved after the dip at day 7, but remained significantly 
lowered at all time points after stroke (Figure 3A).
Intraregional SC in right, ipsilesional SMCX was also significantly reduced at 3 
and 7 days post-stroke in SMedium and SLarge (P < 0.05 vs. baseline (days 3 and 7) 
or controls (day 7)) (Figure 3B). This was restored in SMedium animals after more 
than 3 weeks (P < 0.05 vs. dip at day 7), while intraregional SC in the ipsilesional 
SMCX remained significantly lowered up to 10 weeks in the SLarge group (P < 
0.05 vs. baseline and controls). In the left, contralesional SMCX of SLarge animals, 
intraregional SC was decreased at 3 and 7 days post-stroke (P < 0.05 vs. baseline), 
followed by significant improvement at days 21 and 49 (see also Figure 2C) as 
compared with the dip at day 7 (P < 0.05) (Figure 3C). In SMedium animals no 
statistically significant changes occurred in intraregional SC in the left, 
contralesional SMCX.

The temporal changes in intercortical FC after stroke were confirmed by serial 
EEG recordings in a separate group of SMedium rats. In line with our rs-fMRI 
findings, we measured a significant loss of intercortical synchronization of EEG 
signals in the low-frequency delta band (1−5 Hz) at day 3 (z’ = 0.69 ± 0.12) as 
compared with baseline (z’ = 0.83 ± 0.08) (P < 0.05), which significantly recovered 
at day 21 after stroke (z’ = 0.81 ± 0.04; P < 0.05 vs. day 3).

To compute changes in network characteristics in the bilateral sensorimotor 
cortices, we also performed graph analysis of the rs-fMRI-based FC data. The 
normalized weighted clustering coefficient, γ, was increased subacutely after 
stroke in both stroke groups as compared with baseline and controls (P < 0.05 
at days 3, 7) (Figure 3D), and declined thereafter. In SMedium animals, γ had 
returned to baseline levels after 21 days, but in the SLarge group it remained 
significantly elevated up to 10 weeks after stroke (P < 0.05 vs. baseline and 
controls). The normalized weighted shortest path length, λ, in the SMedium group 
showed a similar pattern as γ: subacute rise (P < 0.05 vs. baseline and controls 
at days 3 and 7) which normalized after 21 days (Figure 3E). In SLarge, λ was 
persistently increased over the entire post-stroke time course of 10 weeks (P 
< 0.05 vs. baseline and controls). Both stroke groups, SMedium and SLarge, 
demonstrated significantly increased small-worldness, σ (γ/λ), subacutely after 
stroke, as compared with baseline and controls (P < 0.05 at days 3 and 7) 
(Figure 3F). In SMedium rats, σ normalized after 21 days. However, despite a 
gradual decline, σ in SLarge remained significantly increased up to 7 weeks as 
compared with control group C (P < 0.05). 
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Structural integrity of white matter tracts 
In addition to measurement of SC and FC, MRI was used to assess structural 
changes in white matter regions that encompass key connections of the 
sensorimotor network. The degree of FA of tissue water, calculated from DTI, 
was used as a measure of microstructural integrity. This was validated by 
correlating in vivo FA values with post mortem LFB (a myelin marker) staining 
intensity in various left and right white matter regions (i.e., corpus callosum, 
internal capsule, cerebral peduncle) of rats from groups C (N = 3) and SLarge (N 
= 3). A significant positive correlation between FA values and LFB staining 
intensities was found in both the control (r = 0.57, P < 0.05) and stroke group  
(r = 0.48, P < 0.05). 

We applied TBSS on FA data to depict significant differences in FA in whole-brain 
white matter between measurements before and 3 days after stroke (Figure 4A). 
The SMedium and SLarge groups displayed FA reductions in the internal and external 
capsules inside and nearby the lesion (P < 0.05 vs. baseline and controls (Figure 
5C, D)). In addition, FA was reduced in the ipsilesional cerebral peduncle in both 
stroke groups. In the SLarge group, the area with loss of FA was more extensive 
and included the corpus callosum and white matter tracts in the contralesional 
hemisphere. Indications for increases in FA at 3 days after stroke were found in 
some contralesional white matter areas in both groups, and near the midline in 
SLarge. The latter finding should be interpreted with caution, since this may be 
related to midline shifts that occur around this stage after a large stroke.
Control animals demonstrated significant FA increase in all white matter ROIs, 
as shown in Figure 4B; TBSS-based maps of changes in FA between the early 3 
day and chronic 70 day time points, and Figure 5A-D; time courses of FA in 
corpus callosum, right cerebral peduncle, and the right anterior and posterior 
internal capsules (ROIs outlined in Figure 4C)) (P < 0.05). A similar pattern was 
observed in the SMedium group, except for white matter tracts inside the lesion 
area. After 49 and 70 days, FA in the ipsilesional corticospinal tract of SMedium rats 
was not significantly reduced or even elevated (anterior internal capsule  

Figure 3. Interhemispheric functional connectivity (FC) and intraregional signal coherence (SC) of 
right (ipsilesional) and left (contralesional) SMCX, and network features of bilateral SMCX. Individual 
values and linear mixed model estimated group means (lines), with 95% confidence intervals 
(shading), of (A) interhemispheric FC (z’) between left and right SMCX; intraregional SC (z’) of (B) 
right (ipsilesional) and (C) left (contralesional) SMCX; and of (D) normalized weighted clustering 
coefficient (γ), (E) normalized weighted shortest path length (λ), and (F) small-worldness (σ) in the 
bilateral SMCX network, as a function of time in the C (open circles; solid blue lines; blue shading) 
(N = 10), SMedium (plus signs; dotted green lines; green shading) (N = 5) and SLarge (crosses; dashed red 
lines; red shading) (N = 8) groups. Baseline values at 2 days before stroke are only shown as 
individual values. 
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(P < 0.05)) as compared with control rats (Figure 5). Significant improvement 
from its baseline value at day 70 in the ispilesional cerebral peduncle (Figure 
5B) and anterior internal capsule (Figure 5C) (P < 0.05) was observed in SLarge 
animals. Significant group × time effects for the FA changes in these ROIs in both 
stroke groups denoted a faster progression of FA as compared with controls (P 
< 0.05). In other ipsilesional white matter areas, the developmental rise in FA 
was largely diminished in SLarge animals, and significant decreases were even 
found in parts of the corpus callosum (Figure 5A) (P < 0.05 vs. baseline and 
controls). FA in all ipsilesional corticospinal tract ROIs of SLarge rats remained 
significantly lower than in the control group (P < 0.05). Contralesional (left) 
corticospinal tract regions still showed significant FA increase during the period 
of 10 weeks (Figure 4B) and we found no significant differences in FA time 
courses between stroke and control groups.

SMedium

SLarge

A

SMedium

SLarge

C B

C

Figure 4. Fractional anisotropy (FA) changes in white matter tracts. Maps of differences in white 
matter FA (overlaid on a multislice FA rat brain template) (A) between pre-stroke and 3 days post-
stroke in the SMedium and SLarge groups, and (B) between days 3 and 70 in the C, SMedium and SLarge groups. 
P values range between 0.05 and 10-10 for both positive (red-yellow) and negative (blue-green) 
differences. (C) White matter ROIs overlaid on a multislice FA rat brain template. Yellow: right 
cerebral peduncle; dark blue: right posterior internal capsule; light blue: right anterior internal 
capsule; and red: corpus callosum.
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Correlations between changes in functional connectivity and white 
matter integrity
Correlation between interhemispheric functional and structural connectivity as 
measured with rs-fMRI and DTI, respectively, was tested by calculating the 
correlation coefficient between intercortical FC (between left and right SMCX) 
and FA (in the corpus callosum). A significant positive relationship was evident 
for all groups and time points pooled together (r = 0.63; P < 0.05). 
To evaluate whether shifts in intercortical FC are associated with alterations in 
white matter integrity after stroke, we correlated changes in FC (ΔFC) with 
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D

Figure 5. Fractional anisotropy (FA) in white matter ROIs. Individual values and linear mixed model 
estimated group means (lines), with 95% confidence intervals (shading), of FA in (A) corpus callosum, 
(B) right (ispilesional) cerebral peduncle, (C) right (ipsilesional) anterior internal capsule, and (D) 
right (ipsilesional) posterior internal capsule, as a function of time in the C (open circles; solid blue 
lines; blue shading) (N = 10), SMedium (plus signs; dotted green lines; green shading) (N = 5) and SLarge 
(crosses; dashed red lines; red shading) (N = 8) groups. Baseline values at 2 days before stroke are 
only shown as individual values.
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changes in FA (ΔFA) (in corpus callosum and ipsilesional corticospinal tract 
regions) between consecutive post-stroke time points. Results are shown in Table 
1. For both SMedium and SLarge, we found significant positive correlations between 
intercortical ΔFC and ΔFA for all ROIs in the ipsilesional corticospinal tract, but 
not between ΔFC and ΔFA in the corpus callosum and in the contralesional 
corticospinal tract. 

Correlations between functional recovery and brain reorganization 
Correlation coefficients between recovery of sensorimotor function (ΔSPS 
between consecutive post-stroke time points) and functional and structural MRI 
indices of brain reorganization (ΔFC, ΔSC, ΔFA, Δγ, Δλ and Δσ between 
consecutive post-stroke time points) are shown in Table 2. In SMedium rats, 
behavioral recovery correlated significantly with only ΔFA in the ipsilesional 
cerebral peduncle (positively) and Δλ (negatively). In contrast, in SLarge, significant 
positive correlations were found between ΔSPS and: i) ΔFA in the corpus callosum 
and ipsilesional corticospinal tract regions, ii) ΔFC between left and right SMCX, 
and iii) ΔSC in left and right SMCX. Furthermore, ΔSPS correlated negatively 

Table 2. Correlations of changes in behavioral function versus changes in functional and structural 
network measures 

ΔFC ΔSC Δγ Δλ Δσ ΔFA

right left CC ICaright ICpright CPright

SMedium 0.17 -0.12 0.13 -0.53 -0.61* -0.26 0.27 0.36 -0.29 1.00*

SLarge 0.71* 0.33* 0.36* -0.70* -0.41* -0.77* 0.66* 0.71* 0.86* 0.97*

Standardized regression coefficients calculated from linear mixed model analysis of changes in 
sensorimotor function (ΔSPS) versus changes in FC between right and left SMCX (ΔFC); changes in 
SC (ΔSC) in right and left SMCX; changes in γ (Δγ), λ (Δλ) and σ (Δσ) in bilateral SMCX; and changes 
in FA (ΔFA) in corpus callosum (CC) and right (ipsilesional) anterior internal capsule (ICa), posterior 
internal capsule (ICp) and cerebral peduncle (CP), between successive time points in the SMedium and 
SLarge groups. *P < 0.05.

Table 1. Correlations of changes in interhemispheric FC (between right (ipsilesional) and left 
(contralesional) SMCX) versus changes in FA in corpus callosum and right corticospinal tract 
regions

CC ICaright ICpright CPright

SMedium 0.14 0.70* 0.84* 0.58*

SLarge 0.33 0.72* 0.69* 0.63*

Standardized regression coefficients calculated from linear mixed model analysis of changes in 
interhemispheric functional connectivity (between left and right SMCX) (ΔFC) versus changes in 
fractional anisotropy (ΔFA) in corpus callosum (CC) and right (ipsilesional) anterior internal capsule 
(ICa), posterior internal capsule (ICp) and cerebral peduncle (CP), between successive time points 
in the SMedium and SLarge groups. *P < 0.05.
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with changes in bilateral SMCX network parameters, i.e. Δγ, Δλ and Δσ, after 
large stroke. 

Predictive value of early brain reorganization on functional outcome 
To evaluate whether early MRI indices of functional or structural connectivity 
can predict chronic functional outcome, we measured the correlation coefficient 
between SPS at day 70 versus FC, SC, network parameters and FA (in corpus 
callosum and ipsilesional corticospinal tract regions) at day 3 after stroke for all 
animals (SMedium and SLarge together). None of the FC, SC and network parameters 
at 3 days post-stroke correlated with final functional outcome. However, FA in 
the corpus callosum and ipsilesional corticospinal tract ROIs at 3 days post-
stroke demonstrated significant correlation with SPS after 70 days (r = 0.50, 0.62, 
0.65, 0.69 for corpus callosum, anterior internal capsule, posterior internal 
capsule and cerebral peduncle, respectively (P < 0.05)). Notably, the correlations 
of final SPS with subacute FA in the ipsilesional corticospinal tract were stronger 
than correlations with the initial SPS (r = 0.57) or lesion volume (r = 0.58) at 3 
days post-stroke.

disCussion

In this study we applied serial rs-fMRI and DTI in combination with advanced 
network analysis methods to elucidate the interaction between changes in gray 
matter FC, white matter structural integrity and network topology of the 
bilateral sensorimotor system in relation to functional recovery after medium 
and large unilateral stroke in rats. Our main findings were that i) recovery of 
intra- and interhemispheric FC and normalization of network configuration 
of the bilateral sensorimotor cortex lag behind early improvement in 
sensorimotor function, ii) gradual recovery of sensorimotor function correlates 
with widespread changes in structural and functional connectivity in the 
bilateral sensorimotor network after large stroke, while more rapid functional 
recovery after medium stroke is mostly associated with regular white matter 
development and normalization of FC in the ipsilesional sensorimotor network, 
iii) restoration of intercortical FC is associated with improvement of structural 
integrity of the ipsilesional corticospinal tract, and iv) the degree of loss of 
structural integrity within the ipsilesional corticospinal tract most strongly 
predicts final functional outcome. 
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Modifications in neuronal signal coherence, functional connectivity 
and network configuration in bilateral sensorimotor cortices depend 
on stroke severity 
The functioning of brain networks relies on synchronization of intrinsic neuronal 
signaling, reflective of FC, which dynamically alters within and between 
hemispheres after experimental unilateral stroke. 
Our rs-fMRI findings of early loss followed by recovery of interhemispheric FC 
are in line with earlier pioneering studies in patients (He et al. 2007) and animal 
models (van Meer et al. 2010b) that have explored the impact of acute ischemic 
injury and subsequent recovery on rs-fMRI signals. We here confirm the 
neurophysiological basis of these changes by showing parallel shifts in the 
correlation coefficient of interhemispheric low-frequency BOLD signals and 
interhemispheric low-frequency delta EEG signals. Furthermore, we successfully 
applied a model-free PICA strategy to identify a group-based functional bilateral 
sensorimotor cortical network (SMCX) in rat brain. Subsequent analyses 
demonstrated that both interhemispheric FC and ipsilesional intrahemispheric 
SC in SMCX were significantly reduced after medium and large stroke, with 
the largest decline at one week. Concurrently, different network features, viz. 
the clustering coefficient, shortest path length and small-worldness, were 
significantly increased within bilateral SMCX. At this semi-chronic time-point, 
sensorimotor function had already significantly improved following initial 
deficits. The rapid restoration of sensorimotor function as compared with the 
slower re-establishment of functional brain parameters, suggests that initial 
functional recovery may not be directly related to neuronal network 
reorganization. Indeed, other processes such as resolution of edema and 
resorption of debris contribute to early post-stroke recovery. Nevertheless, there 
is substantial evidence that neuroplasticity commences in the acute phase 
following ischemic injury (Carmichael 2006; Murphy and Corbett 2009). Hence, 
we speculate that the sustained loss of synchronization of neuronal signaling 
and increase in small-worldness in the bilateral SMCX network may actually 
be related to early stroke-induced plasticity mechanisms, or establish a 
permissive condition for neuronal reorganization. For instance, initial 
recruitment or unmasking of diffuse redundant neuronal pathways or reset of 
synaptic activity may lead to loss of coherence of signaling while increasing 
random integration between neurons, creating a state of overconnectivity (with 
increased clustering and shortest path length). At later stages, some of these 
neuronal connections may strengthen while others are eliminated, leading to 
refinement of the reorganized network and stabilization of functioning. The 
establishment and maturation of neuronal circuitry may bring about the 
restoration of ipsilesional intracortical SC and intercortical FC, and normalization 
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of network topology (diminishment of superfluous neuronal clustering and 
wiring) that we observed chronically. Contrary to rats with medium stroke, 
restitution of these indices of brain functionality was incomplete after large 
stroke and accompanied by a significant increase in SC within the contralesional 
SMCX, which may be associated with enhanced neuroanatomical connectivity 
(van Meer et al. 2010a). The recruitment of contralesional regions may play an 
important supportive or compensatory role in functional recovery after 
extensive unilateral damage to functional networks. 
Our data on changes in network features of SMCX are in contrast with recent 
findings by Wang et al. (2010b), who observed a decrease in clustering coefficient 
and a permanent shift toward a random network configuration in the motor 
system at one year after subcortical stroke in human subjects, which the authors 
associated with random spontaneous axonal outgrowth. This dissimilarity may 
be explained by differences between the (re)organization of rat brain and human 
brain, but may also be related to differences in the analytical method. Instead 
of an ROI-based approach, we applied voxel-based graph analysis, as voxel-
based networks exhibit the properties of a small-world network more 
prominently and are more robust against network fragmentation (Hayasaka 
and Laurienti 2010). 

Early loss of white matter integrity may recover over time, in association 
with restoration of interhemispheric functional connectivity 
Our data show that modifications in gray matter organization of the bilateral 
sensorimotor network were accompanied by changes in white matter integrity. 
Significant reductions in FA, which correlated histologically with loss of myelin 
staining, were observed in key white matter tracts. Particularly after large stroke, 
these changes were not limited to the lesioned area but extended to peri- and 
contralesional parts, e.g., the corpus callosum, cerebral peduncles and the 
contralesional corticospinal tract, indicative of anterograde (Wallerian) or 
retrograde degeneration. Nonetheless, a subsequent steady rise in FA in most 
white matter areas, similar to control animals, suggested reinstatement of normal 
white matter development, possibly accompanied by additional structural 
remodeling. Our rat data are in accordance with findings by Schaechter et al. 
(2009), who detected FA elevations in ipsi- and contralesional corticospinal tract 
of chronic stroke patients. Furthermore, significantly higher FA values in 
perilesional white matter, as we observed in the anterior internal capsule of 
SMedium rats, has been histologically associated with increased axonal density and 
myelination in a similar stroke model (Jiang et al. 2006).
The results from our study reveal a strong correlation between intercortical 
synchronization of rs-fMRI signals and FA in the corpus callosum in control and 
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stroke groups, which establishes the strong link between (interhemispheric) 
functional and structural connectivity. However, restoration of FC between left 
and right SMCX after stroke correlated significantly with recovery of FA in the 
ipsilesional corticospinal tract, but not with callosal FA changes. This underscores 
the critical role of intact unilateral corticospinal pathways for interhemispheric 
signal synchronization, which, we believe, institutes an efficient balance of 
bilateral somatosensory input and motor output signals. Whether reinstatement 
of intercortical coherence of neuronal activity purely relies on, or possibly also 
contributes to recovery of ipsilesional corticospinal tract integrity, remains 
unclear. Reciprocity between functional and structural plasticity has been 
demonstrated by Carmichael and Chesselet (2002) who found that synchronization 
of low-frequency electrical activity between ipsi- and contralesional cortical 
areas during the first three days after thermal lesioning of rat somatosensory 
cortex, triggered axonal sprouting from contralesional cortex toward ipsilesional 
striatal areas. 

Functional recovery after large stroke relies on large-scale structural 
and functional brain remodeling 
An important question is to what degree distinct modifications in neuronal 
networks contribute to functional improvement after stroke. We found that 
incremental changes in sensorimotor function between post-stroke time points 
correlated significantly with the degree of shifts for all measured MRI indices 
of functional and structural brain status in SLarge animals, but only with ΔFA 
in ipsilesional cerebral peduncle and Δλ in rapid recovering SMedium rats. This 
points toward a critical dependence of functional recovery on large-scale 
functional and structural brain reorganization after large stroke. Medium 
stroke lesions with only partial damage to the somatosensory cortex and 
minor injury to the corticospinal tract may allow relatively basic local repair 
or remapping strategies, which involves small-scale structural rearrangement 
or functional adaptation of perilesional tissue that is part of the affected 
network (see also Murphy and Corbett 2009). The temporary network 
disturbance could thereby resolve within a relatively short time, without the 
necessity of extensive, long-lasting modifications in network configuration. 
This would only be feasible when critical parts of the sensorimotor system, 
such as relevant functional fields in the cortex and the corticospinal tract, 
remain relatively spared. Large stroke lesions with extensive damage to 
somatosensory or motor cortex and subcortical ascending and descending 
white matter tracts, however, largely disrupt signaling within and consequent 
functioning of the sensorimotor network. Functional recovery would 
consequently more strongly rely on recruitment of contralesional homologous 
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cortical tissue and major rewiring of the corticospinal tracts, leading to larger 
shifts in network configuration. 

Functional outcome after stroke depends on corticospinal tract 
integrity 
Predictive value of measurable early alterations in structural or functional 
network organization on final outcome would be of critical importance for early 
diagnosis, prediction and treatment selection. In our study none of the MRI-
based measures of SMCX FC or network characteristics at 3 days post-stroke 
were predictive of functional outcome after 10 weeks. However, final 
sensorimotor performance outcome correlated significantly with the FA in 
ipsilesional corticospinal tract regions subacutely, in which a low FA was 
predictive of poor functional outcome, which is in line with DTI studies in 
human patients (Thomalla et al. 2004; Puig et al. 2010).
Despite the observed significant changes in FC and network characteristics and 
their likely contribution to functional recovery after stroke, preserved structural 
integrity of the ipsilesional corticospinal tract appears to be the most essential 
basis for good functional outcome after unilateral stroke and could therefore be 
a primary target for therapeutic repair strategies.
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AbstRACt

Reinstatement of perilesional activation and connectivity following initial loss 
may underlie gradual functional recovery after unilateral stroke. To establish to 
what extent perilesional cortical network areas can still be activated at subacute 
and chronic stages after stroke, we measured activation responses in the bilateral 
sensorimotor network with blood oxygenation level-dependent (BOLD) 
functional MRI during direct intracortical stimulation (DICS) of the contralesional 
primary motor cortex, at 3 and 28  days after unilateral stroke in rats. In addition, 
diffusion tensor imaging (DTI) was performed to determine the structural 
integrity of transhemispheric neuronal pathways in the corpus callosum. Despite 
disturbed sensorimotor function and significantly reduced callosal fractional 
anisotropy (FA) values at 3 days post-stroke (0.49 ± 0.04 vs. 0.58 ± 0.00 in controls, 
P < 0.05), BOLD activation response amplitudes were preserved in the perilesional 
sensorimotor cortex, i.e. contralateral to the stimulation site, at both time-points 
after stroke. The time-to-peak of the evoked BOLD responses, however, was 
significantly delayed by ca. 2 s at day 3, which was normalized at day 28. Our 
data demonstrate that the perilesional sensorimotor cortex can still be activated 
subacutely after stroke, despite loss of network connectivity. This preserved 
neuronal responsiveness may underlie reinstatement of perilesional cortical 
function at later stages. Conversely, delay of the BOLD response points toward 
subacutely impaired neurovascular coupling, which recovered chronically.

intRoduCtion 

There is increasing evidence for the adult brain’s capacity to reorganize after a 
severe brain insult, such as stroke. Structural and functional remodeling of intact 
neuronal tissue nearby or remote from a brain lesion may significantly alter 
signaling within bilateral neuronal networks, which may contribute to 
compensation or partial restoration of acutely disturbed functions. Task- or 
stimulus-induced functional magnetic resonance imaging (fMRI) studies have 
shown that subacute loss of activation responses in the ipsilesional, structurally 
intact, sensorimotor cortex in patients and rats with sensorimotor dysfunction 
after unilateral stroke, can recover  at chronic stages in parallel with improvement 
of sensorimotor function (Dijkhuizen et al. 2001; 2003; Calautti and Baron 2003; 
Weber et al. 2008). More recently, resting-state fMRI (rs-fMRI) studies in stroke 
patients and animal models have revealed a strong correlation between baseline 
interhemispheric functional connectivity and behavioral outcome (He et al. 2007; 
Carter et al. 2010; van Meer et al. 2010). We have shown that loss and subsequent 
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recovery of sensorimotor function correlates with initial decline and subsequent 
restoration of synchronization of rs-fMRI signals between the contra- and 
perilesional sensorimotor cortices after experimental stroke in rats (van Meer et 
al. 2010). We hypothesized that interhemispheric signaling between the contra- 
and ipsilesional cortices may play a critical role in restoration of perilesional 
cortical function in recovering stroke subjects. However, it remains unknown to 
what extent perilesional activation responsiveness and direct transcallosal 
neuronal signal transmission between the two hemispheres are affected at 
different time points after stroke. 
Therefore, the aim of this study was to determine the degree of activation of the 
perilesional sensorimotor cortex in response to direct stimulation of the 
contralesional primary motor cortex (M1) at a subacute and chronic stage after 
unilateral stroke in rats. Activation responses, as measured with blood 
oxygenation level-dependent (BOLD) fMRI during direct electrical stimulation 
of contralesional M1, were correlated with structural integrity of the corpus 
callosum (as measured with diffusion tensor imaging (DTI)), and compared 
between time points. We hypothesized that contralesional cortical stimulation 
elicits perilesional activation responses that are disturbed subacutely after stroke, 
but recover chronically, dependent on the structural integrity of the connecting 
corpus callosum. 

methods

Animals and stroke model
All animal procedures were approved by the Animal Experiments Committee 
of the University Medical Center Utrecht and Utrecht University, and experiments 
were carried out in accordance with the guidelines of the European Communities 
Council Directive.
Twenty-one male Sprague Dawley rats, weighing 250-330g, were included in 
the study. Twelve rats underwent transient focal cerebral ischemia. Nine rats 
served as controls. Before stroke induction, rats were anesthetized with 4% 
isoflurane for endotracheal intubation, followed by mechanical ventilation with 
2.0% isoflurane in air/O2 (2:1). Blood oxygen saturation and heart rate were 
continuously monitored during surgical procedures. Body temperature was 
maintained at 37.0 ± 0.5°C. Transient focal cerebral ischemia was induced by 
90-min occlusion of the right middle cerebral artery (tMCA-O) with an 
intraluminal filament (Longa et al. 1989). In brief, a 4.0 polypropylene suture 
(Ethicon, Piscataway, NJ, USA) with a silicon-coated tip (tip diameter of 
approximately 0.4 mm) was introduced into the right external carotid artery and 
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advanced through the internal carotid artery until a slight resistance was felt, 
indicating that the MCA was occluded. After 90 min, the filament was withdrawn 
from the internal carotid artery to allow reperfusion. 
During surgery, 5 ml saline was subcutaneously injected to compensate for loss 
of water and minerals. Before and eight hours after surgery, rats received a 
subcutaneous injection of 0.03 mg/kg buprenorphin (Schering-Plough, Utrecht, 
The Netherlands) for post-surgical pain relief.

Behavioral testing
Sensorimotor function after stroke was measured using the sensorimotor 
performance score (SPS). Six different motor, sensory and tactile tests were 
applied (van der Zijden et al. 2008; van Meer et al. 2010), which provided an 
overall SPS on a scale of 0 to -20 points.

MRI and direct intracortical stimulation
Before MRI measurements, animals were anesthetized with 4% isoflurane for 
endotracheal intubation, followed by mechanical ventilation with 2.0% isoflurane 
in air/O2 (2:1). One tail vein was cannulated for administration of a muscle 
relaxant. Rats were placed in an MR-compatible holder (cradle) and immobilized 
with earplugs and a tooth-holder. Subsequently, the cradle was placed in a 
stereotaxic frame for accurate positioning of intracortical electrodes. After 
subcutaneous injection of local anaesthetic, lidocaine 2%, a midline incision was 
made in the scalp, and the periost of the skull was removed. Subsequently, two 
holes were drilled above the left (contralesional) primary motor cortex (M1), at 
2.5 mm lateral from midline, and 0.5 and 3.0 mm anterior from bregma, 
respectively. Small incisions were made in the exposed dura mater. Home-built 
bipolar insulated gold (18-karats) electrodes with 200 μm diameter exposed tips, 
which cause minimal susceptibility artefacts on MR images (Jupp et al. 2006), 
were carefully positioned in cortical tissue at a depth of 1.7 mm from the brain 
surface, corresponding with layer III of the cortex. The two electrodes were glued 
in a small perspex plate which was fixated to the skull with rubber bands around 
the cradle. Subsequently, the cradle with the rat and bipolar electrodes were 
transferred to a 4.7 T horizontal bore Varian MR system (Varian Inc., Palo Alto, 
CA, USA) for MRI measurements under mechanical ventilation with 1-2% 
isoflurane in air/O2 (2:1). 
A Helmholtz volume coil (90 mm diameter) and an inductively coupled surface 
coil (25 mm diameter) were used for RF signal excitation and detection, 
respectively. First, multi-echo multi-slice T2-weighted MRI (repetition time (TR)/
echo time (TE) = 3600/15 ms; echo train length = 12; nineteen 1 mm coronal 
slices; field-of-view (FOV) = 32 × 32 mm2; acquisition matrix = 256 × 128; voxel 
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resolution = 0.25 × 0.25 × 1.0 mm3) was done to determine the extent of the 
ischemic lesion. For registration purposes, gradient echo 3D (GE3D) MRI (TR/
TE = 6/2.6 ms; flip angle = 40°; FOV = 60 × 40 × 40 mm3; acquisition matrix = 
256 × 128 × 128; voxel resolution = 0.23 × 0.31 × 0.31 mm3) was included. Then, 
DTI was carried out with a four-shot spin-echo echo planar imaging (EPI) 
sequence (TR/TE = 3500/26 ms; twenty-five 0.5 mm axial slices; FOV = 32 × 32 
mm2; acquisition matrix = 64 × 64; voxel resolution = 0.5 × 0.5 × 0.5 mm3; 
diffusion-weighting in six directions with b = 1250 s/mm2; two images without 
diffusion-weighting (b = 0); number of averages = 4).
Prior to direct intracortical stimulation (DICS) fMRI measurements, end-tidal 
isoflurane was reduced to 1% for 15 minutes. To prevent DICS-induced motion 
of the contralateral forelimb, a bolus of muscle relaxant, pancuronium bromide, 
was intravenously administered (0.67 mg/kg), followed by continuous infusion 
at 0.67 mg/kg/h.  BOLD fMRI was carried out with a gradient echo EPI sequence 
(TE/TR = 19/1000 ms; flip angle = 50°; thirteen 1.5 mm coronal slices; FOV = 32 
× 32 mm2; acquisition matrix = 64 × 64; voxel resolution = 0.5 × 0.5 × 1.5 mm3). 
BOLD fMRI measurements were conducted during a DICS paradigm that was 
largely similar to Austin et al. (2003),  involving 5 blocks of 3 s periods of 
stimulation (1.5 mA with 0.3 ms duration at 300 Hz in 50 ms trains, repeated 
five times per second) with a home-built constant current stimulator with 60 s 
rest intervals. 
During MRI, blood oxygen saturation and heart rate were continuously 
monitored with a pulse-oximeter (8600V, Nonin Medical Inc., Plymouth, MN, 
USA) with the probe positioned on a hindpaw. In addition, expired CO2 was 
continuously monitored with a capnograph (Multinex 4200, Datascope Corp., 
Fairfield, NJ, USA), and body temperature was maintained at 37.0 ± 0.5 °C using 
a feed-back controlled heating pad. End-tidal CO2 levels were kept within the 
normal range by adjusting ventilation volume or rate when necessary. 
After MRI, rats were euthanized, and brains were extracted and sectioned. Coronal 
brain slices (2 mm thickness) were stained with triphenyltetrazolium chloride (TTC) 
to evaluate potential electrolytic damage at the site of stimulation (left M1). 

Experimental groups
Five animals were excluded from further analysis because of DICS-induced 
cortical spreading depolarization, which was detected as prolonged BOLD signal 
increase spreading over the entire cortex, followed by incomplete hemodynamic 
responses to subsequent DICS. The remaining animals were divided in three 
experimental groups: a control group, C (n = 6); a subacute stroke group at 3 
days post-stroke, S-3d (n = 6); and a chronic stroke group at 28 days post-stroke, 
S-28d (n = 4). 
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Data analysis 
Non-rigid image registration was performed with elastix (Klein et al. 2010) to 
align GE3D images with an anatomical T2-weighted template that was registered 
to a rat brain atlas (Paxinos and Watson 2005). Affine-only registration within 
each dataset was performed for the T2-weighted MRI and the preprocessed 
DICS-fMRI scans. Fractional anisotropy (FA) maps were derived from DTI data 
using multivariate fitting and diagonalization (Basser and Pierpaoli 1996). Due 
to technical issues during DTI acquisition, FA maps were unusable in three rats 
from the C group and in one rat from the S-3d group. FA was measured in a 
manually segmented region-of-interest (ROI) encompassing the corpus callosum 
between the bilateral motor cortices in all remaining rats. 
A support vector machines-based classification algorithm (Vapnik 1995) was 
utilized to identify voxels that were part of the ischemic lesion, based on T2 and 
spatial coordinates, using the kernlab package within R (http://cran.r-project.
org/web/packages/kernlab). 
Statistical activation maps were calculated for each rat using FEAT, the FMRI 
Expert Analysis Tool (http://www.fmrib.ox.ac.uk/fsl). Pre-processing of the 
functional BOLD MR images included rigid-body motion correction (MCFLIRT), 
temporal high-pass filtering (63 s cut-off), and spatial smoothing with a Gaussian 
kernel (full width at half-maximum = 0.5 mm). A gamma convoluted block 
design was used to fit the BOLD response to the five stimulation blocks. Z 
statistic images were cluster-corrected (P < 0.05) and thresholded at a Z-value 
of 1.64 (P < 0.05). Higher-level FEAT analysis using a mixed-effects model was 
applied to statistically compare activation patterns between groups and to 
calculate mean activation maps that were significant at a group-level (P < 0.05) 
(Woolrich et al. 2004). The group significant Z-values were cluster-corrected (P 
< 0.05) and projected on a T2-weighted anatomical rat brain template.
Ipsi- and contralesional sensorimotor cortical ROIs were defined according to a 
rat brain atlas (Paxinos and Watson 2005), and included the primary motor cortex 
(M1), secondary motor cortex (M2), the forelimb region of the primary 
somatosensory cortex (S1fl) and the secondary somatosensory cortex (S2) of the 
contralesional hemisphere. Cortical voxels inside the lesion area (i.e., ipsilesional 
S2 and part of S1) were excluded from ROI analysis. The cortical stimulation 
site (i.e., left (contralesional) M1) was also excluded from further analysis because 
of electrode-induced susceptibility effects. For each ROI, the BOLD time-courses 
were averaged over the five stimulation blocks. The stimulation response was 
fitted with a gamma variate function, from which we calculated the amplitude 
(MAX) (% signal change) and time-to-peak (TTP) (s) of the profile. No TTP was 
calculated when the BOLD response was too small to be fitted (MAX = 0).
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Statistical analysis
One-way ANOVA with post hoc Bonferroni testing to correct for multiple 
comparisons was used to statistically compare MAX, TTP and FA between 
groups. Unpaired Student’s t-testing was performed to compare SPS scores 
between time points. P < 0.05 was considered significant. Data are shown as 
mean ± SD.

Results 

All rats at 3 or 28 days post-stroke displayed subcortical and cortical tissue 
damage, including the secondary somatosensory cortex (S2) and parts of the 
primary somatosensory cortex (S1), as characterized by T2 prolongation on T2 
maps. None of the animals showed electrolytic tissue damage at the stimulation 
site on the TTC stained sections. SPS at day 3 was significantly lower than at 
day 28 (-6.2 ± 3.1 vs. -1.8 ± 1.7, respectively). 
Figure 1 shows mean maps of significant BOLD activation in response to DICS 
of the left (contralesional) M1 for the C, S-3d and S-28d groups. Significant 
activation responses were observed in primary sensorimotor cortical areas 
ipsilateral and contralateral to the stimulation site. Some stroke animals exhibited 
more pronounced activation of contralesional S2, as displayed on the mean 
BOLD activation maps, however, higher-level FEAT analysis revealed no 
significant differences in activation patterns between groups. 

C

S-28d

S-3d

Figure 1. Mean maps of significant BOLD activation in response to DICS of the left (contralesional) 
M1 in control rats (C), and rats at 3 (S-3d) or 28 days after stroke (S-28d). Color-coded maps display 
Z values ranging from 1.64 to 15.0, overlaid on consecutive coronal rat brain slices from a T2-weighted 
template. 
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The average time courses of BOLD signal changes in left (contralesional) and 
right (ipsilesional) S1fl for all groups are shown in Figure 2. In accordance with 
previous studies (Austin et al. 2003; Sloan et al. 2010), DICS resulted in a positive 
BOLD response, which peaked at about 5 s after stimulation, followed by an 
undershoot before returning to baseline. There were no significant differences 
in MAX and TTP of the average BOLD response in the left (contralesional) 
sensorimotor cortical ROIs, i.e. around the stimulation site, between groups  
(Table 1). Also, in the opposite (ipsilesional) cortex, MAX was not significantly 
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Figure 2. Averaged BOLD signal time courses (lines) ± SEM (shadings) in left (contralesional) (A) 
and right (ipsilesional) (B) S1fl in response to DICS of left (contralesional) M1, for groups C (solid 
blue line; blue shading), S-3d (dotted red line; red shading) and S-28d (dashed green line; green 
shading). 
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different between groups (Table 1). However, a significant delay in TTP was 
evident in all ipsilesional sensorimotor cortical ROIs in S-3d animals (P < 0.05 vs. 
C).  TTP was not significantly prolonged in the ipsilesional ROIs after 28 days.
Figure 3A shows mean FA maps of a coronal brain slice from the different groups. 
FA in the corpus callosum was significantly lowered in the S-3d group (P < 0.05), 
but not in the S-28d groups, as compared with the C group (Figure 3B).

Table 1. MAX (% of baseline) and TTP (s) (mean (SD)) of the BOLD response in left (contralesional) 
and right (ipsilesional) sensorimotor cortical ROIs, following DICS in left (contralesional) M1 
for groups C, S-3d and S-28d

Left (contralesional) Right (ipsilesional)

S2 S1fl M2 M2 M1 S1fl

MAX TTP MAX TTP MAX TTP MAX TTP MAX TTP MAX TTP

C 2.1 
(1.4)

3.3 
(0.7)

2.3 
(1.1)

5.0 
(1.5)

3.6 
(2.2)

5.4 
(0.9)

2.0 
(1.8)

4.1 
(0.6)

1.5 
(1.1)

4.2 
(0.4)

1.7 
(1.8)

3.0 
(0.7)

S-3d 2.2 
(1.1)

4.1 
(0.9)

3.4 
(2.0)

6.4 
(2.2)

2.3 
(1.1)

6.4 
(2.6)

2.6 
(1.1)

6.6* 
(0.3)

2.3 
(1.4)

6.6* 
(0.6)

1.6 
(0.4)

5.1* 
(0.7)

S-28d 2.2 
(0.6)

3.8 
(0.4)

3.1 
(1.5)

5.9 
(1.5)

4.6 
(2.7)

8.0 
(4.9)

3.7 
(1.1)

5.2 
(1.4)

2.5 
(1.1)

5.3 
(1.5)

1.6 
(0.7)

4.3 
(1.3)

*P < 0.05 vs. C.  

C S-3d S-28d

*

0.0

0.1

0.2

0.3

0.4

0.5

0.6

FA

B

C S-3d S-28d A

Figure 3.  Mean FA maps of a coronal rat brain slice for the C, S-3d and S-28d groups (A). The gray 
scale reflects FA values between 0 and 1 (black-white). Mean (+SD) FA values in the corpus callosum 
between the bilateral motor cortices for C, S-3d and S-28d groups (B). * P < 0.05 vs. C.
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disCussion

In this study, perilesional cortical activation through transcallosal signal 
transmission was assessed at 3 and 28 days after unilateral stroke in rats by 
means of BOLD fMRI during DICS of contralesional M1. Despite ischemic 
damage in large part of the subcortical and cortical sensorimotor network, DICS-
induced activation responses were preserved throughout the contra- and 
perilesional sensorimotor cortex at both time points. Reduced FA in the corpus 
callosum at day 3 post-stroke was not accompanied by lowered BOLD response 
amplitudes, however, the time-to-peak was significantly delayed in the 
perilesional sensorimotor cortex. Callosal FA and perilesional DICS-induced 
BOLD responses were normalized at day 28, concurrently with improved 
sensorimotor function.

Preserved transcallosal functional transmission and perilesional 
cortical responsiveness
In spite of significantly declined structural integrity of the corpus callosum, 
activation responses in the perilesional sensorimotor cortex could still be evoked 
by DICS in the opposite M1 at a subacute time point after experimental stroke. 
This indicates that cortical neurons in the lesion borderzone were still receptive 
to stimuli through intact transcallosal signal transmission. In contrast, in similar 
rat stroke models, activation of the perilesional sensorimotor cortex in response 
to electrical stimulation of the affected forelimb has been shown to be largely 
absent at this stage (Dijkhuizen et al. 2003; Weber et al. 2008). Moreover, we 
recently detected loss of synchronization of baseline fluctuations in low-
frequency BOLD signals between contra- and perilesional sensorimotor cortices 
at 3 days after 90-minutes tMCA-O in rats, indicative of reduced functional 
connectivity (van Meer et al. 2010). Nevertheless, these studies have also 
demonstrated that the forelimb stimulation-induced activation and resting state 
interhemispheric functional connectivity of the perilesional sensorimotor cortex 
can recover at chronic stages, which correlated with improvement of sensorimotor 
function (Dijkhuizen et al. 2003; Weber et al. 2008; van Meer et al. 2010). 
Unfortunately, we could not perform the technically challenging combination 
of DICS and peripheral forelimb stimulation in the current study. In addition, 
local susceptibility artifacts at the cortical site of stimulation excluded assessment 
of synchronization of low-frequency BOLD fluctuations. Nevertheless, our data 
point out that neurons in perilesional cortical tissue can still respond to stimuli 
subacutely after stroke, in spite of presumed disturbance of normal function. 
Furthermore, reduced FA, potentially caused by (partial) axonal degeneration 
or edema (Shereen et al. 2010), in callosal white matter may not necessarily be 
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accompanied by loss of transcallosal neuronal signal transmission. Apparently, 
critical neuronal connections remain intact and functional. The preserved 
activatibility may be critical for successful reinstatement of perilesional cortical 
functioning at later stages, which also requires maintenance or repair of structural 
integrity of the ipsilesional corticospinal tract, as shown by (Schaechter et al. 
2009) and in Chapter 5 of this thesis.

Disturbed neurovascular coupling
Although the DICS-induced BOLD response was largely preserved, we detected 
a significant delay in TTP in perilesional sensorimotor cortical regions subacutely 
after stroke. This delay of about 2 seconds, which is about 500 times longer than 
the time for transcallosal transmission of electrical signals in rat brain (Hoffmeyer 
et al. 2007), most probably reflects locally compromised neurovascular coupling. 
Previous fMRI studies in stroke patients have reported increased TTP of BOLD 
responses in both peri- and contralesional sensorimotor cortices during motor and 
language tasks (Pineiro et al. 2002; Altamura et al. 2009). The slower hemodynamic 
responses in post-stroke brain have been explained by reduced cerebral 
autoregulation, which may due to altered endothelial function (Altamura et al. 
2009). Such disturbances in cerebrovascular hemodynamics can occur in undamaged 
tissue and are therefore not automatically associated with neuronal dysfunction. 

ConClusion

Although neuronal function in ischemic borderzone regions has been shown to be 
impaired subacutely after stroke, our study demonstrates that perilesional cortical 
tissue can still respond to contralesional stimulation, even when structural integ-
rity of the corpus callosum is affected. This preserved activation responsiveness 
may be critical for subsequent functional plasticity and could therefore inform on 
the capacity of perilesional tissue to recover or reorganize after stroke.   
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To date, the only effective drug approved for early treatment of ischemic stroke 
is tissue plasminogen activator (tPA), which is a thrombolytic agent that dissolves 
blood clots to restore perfusion. However, thrombolytic treatment with tPA is 
restricted to the first 4.5 hours after stroke (Del Zoppo et al. 2009). Beyond this 
time-window, the restoration of the supply of oxygen and glucose carries a 
significant risk of inducing reperfusion injury (i.e., deleterious processes such 
as free radical formation and inflammation) or cerebral hemorrhage. Last decade, 
treatment strategies have been primarily aimed at reducing secondary injury 
after the initial ischemic or thrombotic event has occurred. Unfortunately, this 
neuroprotection research has not yet been translated into useful therapies for 
stroke patients (Ginsberg 2008). However, independent of ischemic lesion 
severity patients always show a certain degree of spontaneous recovery in the 
succeeding weeks and months, which has been related to the brain’s capacity 
to reorganize after injury (see for reviews Nudo 1999; Kreisel et al. 2006).  
Therefore, finding leads and developing therapeutic interventions that facilitate 
adaptive neuronal reorganization may provide an alternative approach to 
improve functional outcome on the long-term after stroke. 
Until now, the theoretical basis of clinical practice after stroke has mainly been 
inferred from the supposed relationship between behavioral alterations and 
lesion location in the brain. However, more recent advances in neuroscience 
advocate a much more widely distributed network view of brain function which 
may, for example, explain behavioral improvement after focal injury. During the 
last two decades many experimental and human studies in stroke research 
provided evidence for vicarious function of reorganizing ipsi- and contralesional 
cortical areas (see for a review Dancause 2006). Several functional as well as 
neuroanatomical studies have demonstrated that functional loss and recovery 
are associated with changes in interactions and connectivity between both 
hemispheres (Carmichael 2003; van der Zijden et al. 2008a; Grefkes et al. 2008; 
James et al. 2009).  
The studies described in this thesis focused on the characterization of longitudinal 
changes in functional organization of a bilateral neuronal network, and its 
structural underpinnings, after stroke in rats with the use of in vivo MR imaging 
techniques. The use of non-invasive functional and structural MRI methods to 
assess connectivity measures of whole-brain networks allowed concurrent 
behavioral examination of functional recovery.
In particular, we applied resting state fMRI (rs-fMRI) to detect changes in 
synchronization of baseline neuronal signaling within the sensorimotor network, 
which is believed to be reflective of functional connectivity. Furthermore, 
manganese-enhanced MRI (MEMRI) and diffusion tensor imaging (DTI) were 
applied to measure changes in structural connectivity and integrity of the main 
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white matter tracts of the sensorimotor network, respectively, in relation to 
alterations in functional connectivity. Finally, fMRI during direct intracortical 
stimulation (DICS-fMRI) was used to assess the extent of neuronal transmission 
through interhemispheric tracts between the sensorimotor cortices.
In this thesis it is demonstrated that i) rs-fMRI can be used to assess functional 
connectivity patterns of neuronal networks in mildly isoflurane-anesthetized 
rats in a robust and reproducible way (Chapter 2); ii) rs-fMRI provides a unique 
tool to longitudinally study dynamics in functional connectivity and topological 
properties of bilateral neuronal networks after unilateral stroke, which are 
correlated with changes in behavior (Chapters 3 and 5); iii)  the degree and 
location of ischemic damage determine the extent of functional and structural 
brain reorganization during recovery from stroke (Chapter 5); iv) functional and 
structural connectivity within the contralesional sensorimotor cortex  is increased 
chronically after large stroke (Chapters 4 and 5); v) structural integrity of 
ipsilesional white matter tracts is predictive for final functional outcome and 
has a putatively reciprocal relationship with changes in interhemsipheric 
functional brain signaling (Chapter 5);  vi) loss of interhemispheric functional 
connectivity subacutely after stroke is not necessarily accompanied by loss of 
functional transmission via transcallosal tracts (Chapter 6). 

In the first part of this chapter, an overview of the spatiotemporal dynamics of 
functional and structural brain organization after stroke in relation to functional 
recovery are outlined based on the findings in this thesis. In the second part of 
this chapter, we will discuss the potentials and pitfalls of the applied in vivo 
MRI techniques and analyses with respect to future studies on plasticity after 
brain injury. 

Functional and structural plasticity after stroke 
In first instance, stroke causes acute loss of function due to degeneration of 
neuronal tissue. Resolution of acute edema and the subacute inflammatory 
response accounts for the early functional recovery as is observed in animal 
models and patients during the first week (Carmichael 2003; Lee and van 
Donkelaar 1995; Reglodi et al. 2003). Further improvements of functional outcome 
at later stages are assumed to be associated with changes in neuronal activity 
and organization. Several human and animal studies have demonstrated that 
after a stroke the intact peri- and contralesional cerebral cortices are capable of 
changing their functional and structural network organization (see for reviews 
Nudo 1999; Calautti and Baron 2003). Reinstatement of normal functional 
responses in the perilesional cortex has been associated with behavioral 
improvement, whereas sustained aberrant contralesional activation has been 
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related with poorer recovery (Dijkhuizen et al. 2003; Ward and Frackowiak 2006; 
Cramer 2008). However, activation of homologous contralesional cortex may 
also play an important compensatory role when functional cortical areas are 
largely damaged (Winhuisen et al. 2005). In addition, adjacent regions of the 
peri-infarct cortex have been shown to be able to ‘remap’ the anatomical 
representations of lost brain functions (Calautti et al. 2003; Cramer and Crafton 
2006; Winship and Murphy 2008; Brown et al. 2009). Concurrently, rearrangements 
in structural circuitry have been demonstrated from measurements of 
synaptogenesis and increases in dendritic sprouting and branching adjacent to 
the infarction (Brown et al. 2009) and in the contralateral homologous cortex 
during the first weeks post-stroke (Jones et al. 1996; Takatsuru et al. 2009). These 
increases in dendritic spine complexity in the contralesional cortex could be 
enhanced by housing in an enriched environment (Biernaskie and Corbett 2001). 
At more chronic time points, functional local axonal projections will consolidate 
in the perilesional somatosensory cortex and may constitute the above-mentioned 
remapping of lost brain functions (Carmichael et al. 2001). Long-distance 
formation of new intracortical connections between secondary and primary 
cortices or between different functional cortical areas has been demonstrated 
within the ipsilesional hemisphere (Brown et al. 2009; Dancause et al. 2005), but 
also between the contralesional hemisphere and the peri-infarct area (Carmichael 
2003; van der Zijden et al. 2008a). Similarly, long descending projections from 
the undamaged corticospinal tract are able to cross over to the side of the spinal 
cord that has lost its normal corticospinal tract innervation (Lee et al. 2004; Zai 
et al. 2009).

This thesis revealed fitting, new insights into the above mentioned mechanisms 
by providing data on functional and structural brain plasticity at large-scale 
network levels after unilateral stroke in rats. In addition, our studies showed 
distinctive spatiotemporal patterns of alterations in neuronal connectivity 
depending on the size and location of the ischemic lesion. Two different ischemic 
lesion patterns were identified on T2 maps after transient occlusion of the middle 
cerebral artery in rats: i) medium-sized lesions in primarily subcortical tissue 
with intact somatosensory cortex, and ii) large lesions involving subcortical and 
somatosensory cortical tissue. 

Functional network reorganization in relation to stroke severity
The extent of synchronization of baseline neuronal signaling between the 
hemispheres, i.e. interhemispheric functional connectivity, which was correlated 
with sensorimotor function (Chapter 3), appears to be essentially involved in 
the course of loss and recovery of function.
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In contrast to almost complete normalization of sensorimotor function in rats 
with subcortical lesions, rats with additional cortical tissue damage exhibited 
only partial functional recovery (see Table 1, 2nd column). The neuronal signal 
coherence or functional connectivity within the ipsilesional sensorimotor cortex 
displayed a similar temporal pattern as interhemispheric functional connectivity 
for both stroke groups (Chapter 5; see Table 1, 3rd and 4th column). However, a 
strong increase after an initial dip of the intrahemispheric functional connectivity 
within the contralesional sensorimotor cortex was only evident in rats with large 
stroke lesions involving also cortical tissue at more chronic time points (Chapters 
3, 4 and 5; see Table 1, 5th column).  
In accordance with the distinctive temporal changes in inter- and intrahemispheric 
functional connectivity, analysis of functional network properties of the whole 
bilateral sensorimotor cortex revealed similar differences in temporal patterns 
between both stroke groups (Chapter 5; see Table 1, 6th column). Normal neuronal 
networks demonstrate an efficient small-world network configuration with high 
local clustering of neuronal connections (i.e., small-worlds) across the brain and 
a few long-distance connections which are connected to important hubs (e.g., 
the thalamus) (Reijneveld et al. 2007; Bullmore and Sporns 2009). Together with 
the early loss of synchronization of neuronal signaling, both stroke groups 
showed a strong increase in small-worldness in the bilateral sensorimotor cortex 
during the first week, which may be interpreted as a state of local overconnectivity. 
Again, complete normalization of network organization was observed after 
subcortical stroke, whereas rats with additional cortical tissue damage only 
demonstrated partial normalization of a small-world network configuration.

Table 1. Changes in functional connectivity and small-worldness of the cortical sensorimotor 
network in relation to sensorimotor performance (SPS) at different stages after focal ischemia in 
subcortical and cortical + subcortical tissue

Functional connectivity

Days 
post-stroke

SPS Ipsi-
lesional

Inter-
hemispheric

Contra-
lesional

Small-
worldness

Subcortical

3 − − − 0 +

7 ++ − − 0 +

21-70 ++ 0 0 0 0

Subcortical 
+ Cortical

3 − − − − − − − ++

7 + − − − − − ++

21-70 + − − ++ +

The used symbols, −; − −; 0; +; ++, indicate decrease, strong decrease, no change, increase and strong 
increase, respectively.
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These alterations in functional connectivity and network organization of the 
bilateral sensorimotor cortex during recovery from unilateral stroke may be 
related to earlier described plasticity mechanisms. As the first changes in 
functional connectivity occur within a few days, they presumably depend on 
unmasking and changes in synaptic weights of pre-existing connections. Early 
processes like recruitment or unmasking of redundant, functionally inactive 
neuronal connections, fast increase in dendritic spine numbers and branching 
in the ipsi- and contralesional cortices, may therefore account for part of the 
observed initial loss of neuronal signal coherence and increase in random 
integration and local clustering of neuronal activity (i.e, the abrupt increase in 
small-worldness of the affected network). Obviously, next to these early 
plasticity mechanisms, the loss of neuronal activity and disruption of essential 
connections in a part of the functional network also contributes to the subacute 
loss of functional connectivity and altered network configuration (i.e., 
diaschisis) (Feeney and Baron 1986; Andrews 1991). Speculatively, this initial 
state of overconnectivity could refine at later stages by stabilizing and 
strengthening useful synapses and eliminating superfluous or inefficient 
connections based on experience-dependent synaptic plasticity (Holtmaat and 
Svoboda 2009). The establishment of a matured new local neuronal circuitry 
as has been observed in remapping peri-infarct cortex (Carmichael et al. 2001; 
Brown et al. 2009), but also in the contralesional cortex (Winhuisen et al. 2005), 
may lead to the restoration of ipsilesional and interhemispheric neuronal signal 
synchronization and normalization of network topology at chronic time points. 
However, in contrast to subcortical stroke, the reinstatement of a synchronized 
small-world network organization was incomplete and accompanied by 
increases in connectivity within the homologous contralesional cortex after 
subcortical and cortical stroke. This increase in both functional and 
neuroanatomical connectivity (as was demonstrated with MEMRI) between 
contralesional sensorimotor cortex areas at chronic time points may have an 
important supportive or compensatory role for lost brain functions after 
extensive unilateral cortical and subcortical damage (Chapters 3, 4 and 5). A 
higher level of corticocortical connectivity may constitute a more efficient 
sensorimotor processing subserving both affected and unaffected body parts, 
and could enable the recruitment of previously silent ipsilaterally projecting 
pathways along the contralesional corticospinal tract (Murphy and Corbett 
2009). In addition, more contralesional cortical rewiring may be consequential 
to sprouting of collaterals from the undamaged corticospinal tract that cross 
over to the side of the spinal cord that has lost its normal innervation (Lee et 
al. 2004; Zai et al. 2009).  Enhanced activation of contralesional cortex and 
increased interactions between ipsi- and contralesional cortices have also been 
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described in PET and fMRI studies in stroke patients at chronic time points 
(Winhuisen et al. 2005; Grefkes et al. 2008; James et al. 2009). 

Interhemispheric functional connectivity in relation to behavior
In this thesis we find a manifest correlation between rs-fMRI-based 
interhemispheric functional connectivity of the sensorimotor network and 
behavioral status in a rat model of stroke (Chapter 3). This indirect measure of 
brain functionality has also been shown to correlate with behavioral performances, 
such as detection of visual stimuli and motor function of the upper extremity, 
in stroke patients (He et al. 2007; Carter et al. 2010). As already mentioned above, 
this relationship between interhemispheric functional connectivity and behavior 
should not be interpreted as unidirectionally causal, since improved performance 
and functioning reciprocally further stabilize and strengthen new synaptic 
connections leading to consolidation of functional effective neuronal networks 
(Kleim et al. 2004; Holtmaat and Svoboda 2009). 
After large stroke involving parts of the somatosensory cortex, changes in 
sensorimotor function were correlated with more extensive and long-lasting 
changes in functional connectivity and network organization (Chapter 5; see 
also Table 1). This points toward a critical dependence of functional recovery on 
bilateral network reorganization with recruitment of homologous contralesional 
cortex and major rewiring of the corticospinal tracts, in case of extensive ischemic 
damage. Conversely, in rats with only subcortical lesions, restoration of function 
appeared not dependent on large-scale network reorganization, but more related 
to local adaptation and remapping of the perilesional intact somatosensory 
cortex without apparent involvement of the contralesional sensorimotor cortex. 
These mainly perilesional repair and remodeling mechanisms may be responsible 
for merely a transient disturbance in network organization and interhemispheric 
and ipsilesional synchronization of baseline neuronal signaling. 
 
Relationship between functional and structural connectivity
This thesis showed a strong link between the above described functional 
connectivity patterns and the extent of structural connectivity.  Changes in 
inter- and intrahemispheric functional connectivity of the sensorimotor cortices 
at a chronic time point after stroke appeared to be correlated with changes in 
neuroanatomical connectivity as measured with MEMRI (Chapter 4). Similarly, 
the level of fractional anisotropy (FA), a measure of structural integrity, in the 
corpus callosum corresponded with the extent of interhemispheric 
synchronization of rs-fMRI signals before and at different stages after stroke 
(Chapter 5). A reciprocal relationship between functional and structural 
connectivity alterations would be more plausible than a unidirectional causal 
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one, wherein changes in structural connectivity would bring about the observed 
changes in functional neuronal synchronization. This reciprocity between 
synchronization of neuronal activity between ipsi- and contralesional cortical 
areas and concurrent axonal sprouting has been earlier demonstrated after 
cortical lesions in the rat (Carmichael and Chesselet 2002). However, these 
positive correlations between functional and structural connectivity are not 
necessarily reflective of straight linkage, since functional connectivity has also 
been observed between regions without direct structural connections. This 
means that functional correlations can also be mediated through indirect or 
parallel structural connections. Correspondingly, we observed that the 
restoration of interhemispheric functional connectivity between the 
sensorimotor cortices after stroke correlated with the change in FA of the 
ipsilesional corticospinal tract, but not with transcallosal FA changes (Chapter 
5). In agreement with findings by Jiang et al. (2006), we found that restoration 
of FA most strongly developed in (anterior part of) the ipsilesional corticospinal 
tract, which histologically corresponded with increased myelination of axonal 
fibres (Chapter 5). Moreover, the extent of structural integrity of the ipsilesional 
corticospinal tract was the strongest predictor of final functional outcome 
among all measured MRI indices of brain plasticity (Chapter 5). DTI studies 
in stroke patients have also demonstrated that a low FA in the ipsilesional 
corticospinal tract is predictive for poor functional outcome (Thomalla et al. 
2004; Puig et al. 2010). This indicates a key role for the structural intactness of 
unilateral corticospinal pathways. A regained balance of somatosensory input 
and motor output signals between left and right corticospinal tracts may be 
therefore essential for recovery of interhemispheric signal synchronization and 
thus improved sensorimotor function. In association with these findings, 
elevations in structural integrity (i.e., FA) of ipsi- and contralesional 
corticospinal tracts have been shown to correlate with improved motor function 
in chronic stroke patients (Schaechter et al. 2009). The role of unilateral 
structural pathways in interhemispehric functional connectivity of the 
somatomotor system has also been proposed by Johnston et al. (2008), who 
found that callosotomy in an epileptic patient had less effect on the 
interhemispheric cortical coherence of the somatomotor system than on other 
functional systems.  However, we found that the functional transmission 
between both hemispheres was preserved, despite loss of structural integrity 
in the corpus callosum, subacutely after stroke (Chapter 6).  Therefore, we 
believe that the restoration of structural integrity in the unilateral affected 
corticospinal tract plays a major role in the retrieval of interhemispheric 
synchronization of the sensorimotor network after stroke, which is associated 
with improved behavioral outcome. 
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Functional and structural MRI indices of brain reorganization
Studies in experimental stroke models have shown to be important in elucidating 
neurophysiological and neuroanatomical aspects of brain plasticity that are 
associated with spontaneous functional recovery at later stages after focal 
cerebral ischemia (see for a review Nudo 2006). These acquired insights on the 
capacity of the central nervous system have been mainly based on invasive 
measurements of structural changes (e.g., by (immuno)histochemistry) at a single 
time point (Carmichael 2003), and invasive measurements of neuronal function 
in restricted parts of the cortex (e.g., by electrophysiology and optical imaging 
methods) (Carmichael 2003; Brown et al. 2009).
The studies in this thesis demonstrate that MRI can be used as a versatile tool 
to serially assess the spatiotemporal patterns of functional and structural 
reorganization in neuronal networks in vivo after stroke. Despite the above 
discussed new insights and promising future potentials that can be achieved 
with rs-fMRI, MEMRI, DTI and DICS-fMRI, several limitations of these 
techniques and their derived indices should be considered.

Rs-fMRI-based functional connectivity
In chapters 3-5, rs-fMRI was applied to assess changes in synchronization of 
baseline neuronal signaling within the sensorimotor network of rats recovering 
from stroke under mild anesthesia. 
In recent years rs-fMRI has been increasingly applied as a neuroimaging tool 
to study the intrinsic functional architecture of the brain and alterations therein 
as potential physiological correlates of neurological and psychiatric disease. 
Spontaneous, or ‘resting-state’, fluctuations in baseline neuronal signaling are 
reflected in the low-frequency fluctuations (< 0.1 Hz) of the BOLD signal 
(LFBF) and show temporal coherence between anatomically connected or 
functionally related brain regions within a particular neuronal network (e.g., 
the sensorimotor network) (Biswal et al. 1995; Vincent et al. 2007; Honey et al. 
2009). The magnitude of LFBF signals can be equal to the traditionally task- or 
stimulus evoked changes in BOLD fMRI (Fox et al. 2006). The extent of 
synchronization between these LFBF signals throughout the gray matter is 
reflective of functional connectivity. Comparison of these signals with ongoing 
electrical activity (as measured with EEG recording) confirmed the neuronal 
origin of these slow fluctuations in hemodynamic signals (Laufs et al. 2003; Lu 
et al. 2007; He et al. 2008). In Chapter 5, we could also confirm the 
electrophysiological basis of the observed changes in rs-fMRI-based 
interhemispheric functional connectivity after stroke by demonstrating parallel 
shifts in synchronization of interhemispheric low-frequency delta EEG signals. 
Moreover, it has been demonstrated that the intrinsic neuronal activity in the 
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BOLD signal transcends levels of consciousness (Fukunaga et al. 2006; Horovitz 
et al. 2008) and persists under light to mild levels of different anesthetics 
(Vincent et al. 2007; Lu et al. 2007; Kannurpatti et al. 2008; Pawela et al. 2008). 
However, both the magnitude and coherence of LFBF signals are decreased 
under deeper anesthesia (Chapter 2; Vincent et al. 2007; Lu et al. 2007).  
Although the rs-fMRI derived functional connectivity measure informs fairly 
quick and easy on large-scale functional networks and shows clear correlation 
with the behavioral status, several external and internal factors may intervene 
with these low-frequency fluctuations of hemodynamic signals. Next to careful 
maintenance of a light anesthesia level, maintenance of normocapnia is 
important since hypercapnia may temporarily suppress LFBF (Biswal et al. 
1997). Furthermore, scanner artefacts and physiological noise (i.e., respiratory, 
cardiac and cerebral vasomotor rhythms) can intervene or contribute to the 
spontaneous neurogenic BOLD fluctuations in the brain (Auer 2008). To correct 
for the potential aliasing of physiological noise, scanner noise and motion with 
the neuronal BOLD oscillations, we applied global mean signal regression and 
linear regression against non-neuronal signal from cerebrospinal fluid and 
white matter regions and the rigid-body realignment parameters prior to 
correlation analysis (Weissenbacher et al. 2009). The removal of the global mean 
signal has been shown to enhance the detection of system-specific positive and 
negative correlations (Weissenbacher et al. 2009; Fox et al. 2009). However, 
substraction of the global mean signal may also induce spurious negative 
correlations (Murphy et al. 2009; Cole et al. 2010). When global mean signal 
regression was omitted in our studies, no significant negative correlations were 
found, which suggests that the observed negative correlations most likely 
represent very low correlations of LFBF. These confounding effects of 
physiological noise may be limited by simultaneous recording of respiratory 
and pulsatile signals and retrospective correction with specific software (e.g., 
RETROICOR (Glover et al. 2000). 
In our rs-fMRI studies the spatial distribution of the sensorimotor network was 
identified by a model-driven analysis, in which the signal from an a priori selected 
anatomical region (i.e., the seed) of the network was correlated with signals from 
other brain voxels (Chapters 2-4) (Biswal et al. 1995). Next to the advantage of 
being able to investigate directly the changes in functional connectivity of an 
important anatomical region (e.g., for a specific behavior) at a network level, a 
potential weakness of this seed-based correlation analysis is the presence of 
residual noise in the seed reference time course. A data-driven method, 
probabilistic independent component analysis (PICA) can be helpful for 
identifying a noise-free functional network. This analysis divides all different 
spatial correlation patterns (including those of residual noise) from the 
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preprocessed data in different components, and therefore allows a model-free 
extraction of relevant functional networks (Beckmann et al. 2005). In Chapter 5, 
we used this approach to identify the bilateral sensorimotor cortical network 
based on the rs-fMRI data of a relatively large group of healthy controls. 
Subsequently, the derived functional location of the sensorimotor cortex was 
used as a seed for functional connectivity analysis in rats during recovery from 
stroke. 

Rs-fMRI-based network characteristics
Next to the ROI-based functional connectivity analyses that were performed on 
the rs-fMRI data, voxel-based weighted graph analysis was used to assess a few 
characteristics of the functional cortical sensorimotor network during recovery 
from unilateral stroke in rats. Networks can be represented as graphs containing 
nodes and edges (i.e., connections between the nodes). The network’s structure 
was assessed by measuring its weighted clustering coefficient (C, the weighted 
probability that neighbors of a node are also connected), the weighted shortest 
path length (L, the minimum value of the sum of transformed weights between 
any pair of nodes) and the small-worldness (σ, a measure to indicate the presence 
of a small-world network, i.e σ = (C/Crandom) / (L/Lrandom) > > 1). In Chapter 5, the 
voxels in the cortical sensorimotor network represented the nodes, and the 
correlation strengths (z’) between any pair of voxel time series the edge weights 
of the graph. A small-world configuration of functional networks in the brain 
has been proposed to provide an efficient network structure, through rapid 
integration of distant specialized brain areas with high local clustering (Reijneveld 
et al. 2007; Bullmore and Sporns 2009). The connection topology of small-world 
networks (high C and low L) lies between those of regular (high C and high L) 
and random (low C and low L) networks. Several recent studies have reported 
a disrupted small-world network structure and a tendency towards a more 
random organization in neurological and psychiatric diseases, like Alzheimer’s 
disease (Stam et al. 2009), schizophrenia (Rubinov et al. 2009), brain tumors 
(Bosma et al. 2009) and cerebral ischemia (Wang et al. 2010b). In contrast to these 
findings we found a temporary subacute shift to a more regular network 
organization, which normalized towards small-worldness at more chronic time 
points after unilateral stroke in rats. However, next to (re)organizational 
differences in human and rat brain, this discrepancy may well be explained by 
differences in graph analytical methods.  Below, several aspects and the 
concomitant limitations of analyzing empirical brain networks and new advances 
that can be made in the near future will be discussed. 
First, in the often applied binary graph analyses, an arbitrary threshold for the 
correlation strength is chosen to determine whether functional connection exists 
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between any pair of nodes. This means that a lot of functional connectivity 
information is lost. Therefore, we used a weighted graph analysis to include all 
correlation strengths between 0 and 1. The negative correlations were excluded 
since there is no consensus about the true nature of negative correlations after 
applying global mean signal regression (Murphy et al. 2009). 
Second, graph measures, like weighted clustering coefficient and weighted 
shortest path length, are not only determined by the empirical network structure, 
but also depend on the number of nodes (N) and the number of edges (k). This 
complicates direct comparison of neuronal network topological organization 
between studies and subjects, which have different numbers of nodes (e.g., ROIs 
or voxels) and edges (e.g., correlation strengths) (see for a review van Wijk et al. 
2010). To minimize these effects, the used graph measures were normalized by 
calculating the ratio of a random graph with the same number of nodes and 
edges. However, these ratios may still depend on differences in connectivity size 
(N) and density (k), and not only on the empirical network structure. It appears 
that the normalized shortest path length and the small-worldness of networks 
with many nodes (like voxel-based graphs) are less susceptible to changes in 
network size (van Wijk et al. 2010; Hayasaka and Laurienti 2010). Until now, 
there are no satisfactory methods to completely correct for these size and 
connectivity density dependent effects on topological network properties. Since 
either applying a fixed N and k or comparing networks with different N and k 
will lead to a certain bias, a complementary approach of analyzing both networks 
with varying and fixed connectivity size and density may be useful to consider 
(van Wijk et al. 2010). 
Third, it is important to realize that there are several definitions available to 
determine functional connectivity-based edges in functional brain networks 
(e.g., Pearson correlation, partial correlation, mutual information). Subsequently, 
different organization patterns of resting brain networks could be generated 
using different functional connectivity measures (Wang et al. 2010a).
Finally, given that the brain of higher species is a complex network which 
operates at multiple spatial and time scales, it will be difficult to pinpoint the 
nodes, edges and time scale that can represent the brain as a network in the best 
way. Therefore, a combined analysis of multiple functional and structural 
connectivity metrics, obtained with different modalities (e.g, structural MRI, 
diffusion MRI, rs-fMRI, and electrophysiology (EEG/MEG) at different time 
scales could be more fruitful for brain network studies in the near future. 
Capturing the ongoing and adaptive functional dynamics of neuronal networks 
at different time scales may enhance the insights in changing network behaviors 
(Honey et al. 2009). The combination of functional and structural connectivity 
metrics in network analyses may further elucidate the exact nature of the bi-
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directional interaction between brain structure and function, especially with 
respect to the global topological organization of functional and structural 
networks (Hagmann et al. 2008; Park et al. 2008). Future advances in neuroimaging 
techniques (e.g., higher spatiotemporal resolution) in parallel with the 
improvements of graph analytical approaches on complex networks, may realize 
important progress in the understanding of brain function and organization, 
and how this alters over time after initial neuronal disruption induced by cerebral 
ischemia. These new insights may potentially provide leads for stimulating an 
efficient organization in affected brain networks.

MEMRI-based structural connectivity
In Chapter 4, alterations in structural connectivity between primary and 
secondary sensorimotor regions were assessed with MEMRI in relation to 
functional connectivity changes and behavioral recovery after stroke.
The unique properties of manganese, i.e. its paramagnetic (T1 shortening) 
character and ability to enter neurons through voltage-gated Ca2+ channels, and 
its subsequent distribution within a network of neuronal connections, allow in 
vivo neuronal tract tracing. After intracerebral injection manganese accumulation 
can be quantified by calculation of changes in R1, which are proportional to 
manganese concentration (see for a review Pautler 2004). MEMRI is a relatively 
easy technique and the rapid transport of manganese enables a fast assessment 
of total neuroanatomical connectivity of the network under investigation, as 
compared with conventional tract tracing methods. Despite these major 
advantages, the specificity and resolution of MEMRI is inferior as compared 
with conventional tract tracing. Furthermore, MEMRI is not able to discriminate 
between anterograde or retrograde distribution of the tracer (Pautler et al. 1998; 
Pautler 2004). Besides, one should take into account that there is always some 
non-specific diffusion of manganese after intracortical injection. A major 
drawback of MEMRI is the neurotoxicity of manganese at high concentrations 
(Chandra and Shukla 1976; Wolf and Baum 1983) or after chronic exposure (Pal 
et al. 1999), which is the main reason why the technique has been limited to 
preclinical applications. To prevent local neuronal and glial toxic injury at the 
injection site in our study (Chapter 4), we administered a low dose of MnCl2 at 
a very slow injection rate according to the protocol of Canals et al. (2008). 
Accordingly, no behavioral abnormalities were observed after manganese 
injection in any of the control animals. 
Despite the above described restrictions, MEMRI provides a powerful tool to 
map in vivo changes in neuroanatomical connections in animal models of brain 
injury. Lowering MnCl2 doses to increase specificity and decrease wash-out time, 
increasing sensitivity of manganese detection and resolution of MRI images 
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(Chuang and Koretsky 2006) and development of non-invasive ways to deliver 
small amounts of manganese directly to the brain may even open up opportunities 
for detailed longitudinal assessment of structural plasticity in the injured human 
brain. Recently, the feasibility of longitudinal MEMRI measurements has been 
demonstrated in the corticothalamic pathway of the rat with relatively long scan 
intervals of 15 days (Soria et al. 2008).

DTI-based structural integrity
Alterations in structural integrity of the key white matter tracts that connect the 
sensorimotor network (i.e., corticospinal tracts and corpus callosum) were 
examined in relation to functional connectivity changes and behavioral recovery 
after stroke (Chapter 5).
DTI can be used to assess the microstructure of gray and white matter tissue 
(Basser et al. 1994; Xue et al. 1999). As the diffusion of tissue water is restricted 
by the presence and orientation of barriers such as cell membranes and 
myelinated fibers, pathophysiological processes such as stroke can alter these 
local and spatial characteristics of tissue water diffusion during different stages 
of the disease (i.e., from acute cytotoxic edema and subacute vasogenic edema 
to chronic consolidation and remodeling of disconnected neuronal tissue) (see 
for a review Sotak 2002). Modifications in the microstructural integrity of brain 
tissue may result in significant alterations in diffusion directionality, which can 
be measured by the DTI-derived index, fractional anisotropy (FA). Since white 
matter tracts are composed of highly oriented fibres, which cause relatively high 
diffusion anisotropy of tissue water, DTI is very suitable to distinguish white 
from gray matter tissue. Therefore, this MRI technique allows separate assessment 
of specific structural changes in white matter tissue after ischemic injury. In 
agreement with earlier findings in stroke patients and animal models of stroke 
(Jiang et al. 2006; Wang et al. 2006; van der Zijden et al. 2008b; Schaechter et al. 
2009), we observed an initial decrease of FA that was chronically followed by 
normalization or elevation in peri- and contralesional white matter (Chapter 5). 
Our work, in line with human stroke studies, demonstrated that loss in FA of 
the ipsilesional corticospinal tract was 1) negatively correlated with the functional 
reorganization in the bilateral sensorimotor cortex (Chapter 5; Schaechter et al. 
2008), and 2) predictive of poor functional outcome (Chapter 5; Thomalla et al. 
2004; Puig et al. 2010). 
Altered FA values after stroke have been shown to correspond with altered 
staining for myelin and axonal fibres (Chapter 5; Jiang et al. 2006). However, 
more extended histological evaluation is required to determine to what extent 
axonal remodeling and other diffusion restricting processes, such as gliosis, may 
contribute to the chronic post-stroke FA increase observed in perilesional white 
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matter regions. In addition, one should be cautious with respect to fluctuations 
in FA measurements, which may occur due to the high sensitivity of FA maps 
to noise, which may be present at the border of cystic chronic lesions (Pierpaoli 
and Basser 1996). 
Two other limitations of DTI with respect to the model used for estimating the 
diffusion tensors, should be considered as well. First, the angular resolution of 
DTI, or the accuracy with which fibre orientation can be estimated, is limited 
(Zhan and Yang 2006). Therefore, the error in fibre orientation estimates may 
amplify when tractography algorithms are applied. DTI can only estimate one 
principal diffusion direction per voxel, while voxels at the current MRI resolution 
are unlikely to encompass single fibres. This complicates the resolution of 
complex white matter architectures with crossing, kissing, bending or fanning 
fibres. Second, DTI assumes a Gaussian model of diffusion, which is not very 
accurate in biological tissue, where diffusion is restricted by membranes (Jensen 
et al. 2005). In recent years, alternative diffusion imaging schemes, such as Q-ball 
imaging (Tuch 2004), spherical deconvolution (Tournier et al. 2004) and diffusion 
spectrum imaging (Wedeen et al. 2008) have been developed to address these 
issues of multiple fibre orientations in a single voxel, and to improve fibre 
tracking algorithms. A recently introduced technique, diffusion kurtosis imaging, 
allows quantification of the degree to which water diffusion in tissue is non-
Gaussian. This enables the characterization of (and after ischemic stroke, changes 
in) tissue microstructure in gray and white matter by accounting for the diffusion 
kurtosis as a result of the present cellular compartments and membranes (see 
for a review Jensen and Helpern 2010). However, these new diffusion imaging 
techniques require high hardware standards in terms of field and gradient 
strengths (high b-values), and long scan durations (high number of directions 
and averages), which at this moment impedes common application in preclinical 
and clinical settings. 
Still, DTI provides a unique tool to non-invasively measure longitudinal changes 
in structural integrity and connectivity of white matter tracts after stroke. 
Improvements of recent developments in new DTI-related schemes, and 
increased spatial MR resolution together with further histological evaluation, 
may contribute substantially to the unraveling of complex rewiring patterns of 
neuronal projections at different stages after stroke. Furthermore, elaborated 
histological validation (including markers for gliosis) of high resolution DTI 
data may pinpoint differences in diffusion tissue characteristics of perilesional 
gliosis and new white matter formation.
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DICS-fMRI-based central functionality
In Chapter 6, transcallosal neuronal signal transmission was assessed from the 
degree of activation in the perilesional sensorimotor cortex in response to DICS 
of the contralesional cortex, at different stages after stroke. The combination of 
direct cortical stimulation in the rat with BOLD fMRI was first introduced by 
Austin et al. (2003). This approach allows assessment of activation responses in 
brain regions that may be undetected with peripheral stimulation paradigms. 
Furthermore, the extent of functional transmission through central neuronal 
pathways (such as corticocortical and transcallosal connections) of the directly 
stimulated bilateral network can be evaluated more explicitly than with 
peripheral stimulation. Although DICS-fMRI extends the scope in rodent brain 
fMRI, the following limitations should be considered. Despite the use of electrode 
materials (e.g., gold, carbon) that cause minimal susceptibility artefacts on 
gradient echo BOLD images, there is always some loss of signal at the stimulation 
site, not only due to the presence of the electrodes but also due to the burr holes 
in the skull. Subsequently, one should be very careful with the stimulation 
paradigm when applying direct cortical stimulation (see also Austin et al. 2003). 
The use of pulsed (in stead of continuous) high frequency stimulations during 
only a few seconds with long rest intervals is essential to prevent electrolytic 
tissue damage at the stimulation site. Finally, a major drawback of DICS is the 
easily induced occurrence of cortical spreading depressions (CSD’s), which can 
be recognized by a prolonged BOLD signal increase spreading over the entire 
stimulated cortex. These CSD’s are temporary interruptions of local cerebral 
functioning with loss of electrical activity and profound tissue depolarization, 
which propagate through the cortex from their site of origin (Somjen et al. 1992). 
Recovery from CSD’s puts a high demand on neuronal energy metabolism rate 
and is often associated with elevated cerebral blood flow (Back et al. 1994), which 
impedes BOLD responses on subsequent stimulations. Since it is unclear when 
normal functioning of the cortex is achieved again, further investigation of the 
functionality of the stimulated network by DICS-fMRI is unreliable and should 
be avoided. 
Nevertheless, DICS-fMRI in combination with electrophysiological measurements 
can be valuable for improved insights in processes underlying neurovascular 
coupling, which appears to be disparate across brain regions (Sloan et al. 2010). 
Moreover, this technique may play an important role in better understanding 
the sources of variation in the BOLD response function (i.e., the altered 
neurovascular coupling) and changes in neuronal characteristics during loss 
and recovery of neuronal network functioning after cerebral ischemia (Pineiro 
et al. 2002; Altamura et al. 2009).   



141

General Discussion

ConClusion 

This thesis shows that there are differences in stroke-induced plasticity 
mechanisms depending on the lesion extent. Rapid and mainly perilesional 
remodeling with transient disturbance of functional network organization is 
related to almost complete functional recovery after subcortical stroke, whereas 
prolonged and extensive bilateral reorganization including increased 
contralesional connectivity is correlated with partial restoration of function after 
large stroke involving cortical areas. Importantly, independent on stroke severity, 
the loss and subsequent retrieval of function is related to the degree of 
interhemispheric functional connectivity. After unilateral stroke in rats, the 
recovery of the integrity of unilateral ascending and descending white matter 
tracts, which plays a critical role in the realization of intact interhemispheric 
neuronal communication, appears to be a most crucial factor for good behavioral 
outcome. The imperative and improved insights into dynamics in connectivity 
of functional networks in response to brain injury were realized by combining 
the above discussed functional and structural MRI methods. This information 
on changes in interhemispheric neuronal communication and its (reciprocal) 
relationship with structural connectivity not only provides improved 
understanding of brain-behavior relationships, but also opens up the possibility 
for development and monitoring of novel therapeutic interventions on the long-
term. For instance, strategies that are aimed at rebalancing of neuronal activity 
across hemispheres by means of brain stimulation (Nowak et al. 2009) may be 
cautiously combined with appropriate behavioral training to guide and stimulate 
adaptive neuronal rewiring and to prevent learned disuse or maladaptive 
compensatory activity (Wolf et al. 2006). Since clinical stroke is a very 
heterogeneous disease and the degree and location of ischemic damage determine 
the extent of brain reorganization, it will be important to tailor these therapeutic 
interventions to the properties of the affected network in each individual 
patient.      



142

Chapter 7

RefeRenCes

Altamura C, Reinhard M, Vry MS, Kaller CP, Hamzei F, Vernieri F, Rossini PM, Hetzel A, Weiller C, 
Saur D (2009) The longitudinal changes of BOLD response and cerebral hemodynamics from acute 
to subacute stroke. A fMRI and TCD study. BMC Neurosci 10:151. 

Andrews RJ (1991) Transhemispheric diaschisis. A review and comment. Stroke 22:943-949. 

Auer DP (2008) Spontaneous low-frequency blood oxygenation level-dependent fluctuations and 
functional connectivity analysis of the ‘resting’ brain. Magn Reson Imaging 26:1055-1064. 

Austin VC, Blamire AM, Grieve SM, O’Neill MJ, Styles P, Matthews PM, Sibson NR (2003) 
Differences in the BOLD fMRI response to direct and indirect cortical stimulation in the rat. Magn 
Reson Med 49:838-847. 

Back T, Kohno K, Hossmann KA (1994) Cortical negative DC deflections following middle cerebral 
artery occlusion and KCl-induced spreading depression: effect on blood flow, tissue oxygenation, 
and electroencephalogram. J Cereb Blood Flow Metab 14:12-19. 

Basser PJ, Mattiello J, LeBihan D (1994) MR diffusion tensor spectroscopy and imaging. Biophys J 
66:259-267. 

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. 

Biernaskie J, Corbett D (2001) Enriched rehabilitative training promotes improved forelimb motor 
function and enhanced dendritic growth after focal ischemic injury. J Neurosci 21:5272-5280. 

Biswal B, Hudetz AG, Yetkin FZ, Haughton VM, Hyde JS (1997) Hypercapnia reversibly suppresses 
low-frequency fluctuations in the human motor cortex during rest using echo-planar MRI. J Cereb 
Blood Flow Metab 17:301-308. 

Biswal B, Yetkin FZ, Haughton VM, Hyde JS (1995) Functional connectivity in the motor cortex of 
resting human brain using echo-planar MRI. Magn Reson Med 34:537-541. 

Bosma I, Reijneveld JC, Klein M, Douw L, van Dijk BW, Heimans JJ, Stam CJ (2009) Disturbed 
functional brain networks and neurocognitive function in low-grade glioma patients: a graph 
theoretical analysis of resting-state MEG. Nonlinear Biomed Phys 3:9. 

Brown CE, Aminoltejari K, Erb H, Winship IR, Murphy TH (2009) In vivo voltage-sensitive dye 
imaging in adult mice reveals that somatosensory maps lost to stroke are replaced over weeks by 
new structural and functional circuits with prolonged modes of activation within both the peri-
infarct zone and distant sites. J Neurosci 29:1719-1734. 

Bullmore E, Sporns O (2009) Complex brain networks: graph theoretical analysis of structural and 
functional systems. Nat Rev Neurosci 10:186-198. 

Calautti C, Baron JC (2003) Functional neuroimaging studies of motor recovery after stroke in 
adults: a review. Stroke 34:1553-1566. 

Calautti C, Leroy F, Guincestre JY, Baron JC (2003) Displacement of primary sensorimotor cortex 
activation after subcortical stroke: a longitudinal PET study with clinical correlation. Neuroimage 
19:1650-1654. 



143

General Discussion

Canals S, Beyerlein M, Keller AL, Murayama Y, Logothetis NK (2008) Magnetic resonance imaging 
of cortical connectivity in vivo. Neuroimage 40:458-472. 

Carmichael ST (2003) Plasticity of cortical projections after stroke. Neuroscientist 9:64-75. 

Carmichael ST, Chesselet MF (2002) Synchronous neuronal activity is a signal for axonal sprouting 
after cortical lesions in the adult. J Neurosci 22:6062-6070. 

Carmichael ST, Wei L, Rovainen CM, Woolsey TA (2001) New patterns of intracortical projections 
after focal cortical stroke. Neurobiol Dis 8:910-922. 

Carter AR, Astafiev SV, Lang CE, Connor LT, Rengachary J, Strube MJ, Pope DL, Shulman GL, 
Corbetta M (2010) Resting interhemispheric functional magnetic resonance imaging connectivity 
predicts performance after stroke. Ann Neurol 67:365-375. 

Chandra SV, Shukla GS (1976) Role of iron deficiency in inducing susceptibility to manganese 
toxicity. Arch Toxicol 35:319-323. 

Chuang KH, Koretsky A (2006) Improved neuronal tract tracing using manganese enhanced 
magnetic resonance imaging with fast T(1) mapping. Magn Reson Med 55:604-611. 

Cole DM, Smith SM, Beckmann CF (2010) Advances and pitfalls in the analysis and interpretation 
of resting-state FMRI data. Front Syst Neurosci 4:8. 

Cramer SC (2008) Repairing the human brain after stroke: I. Mechanisms of spontaneous recovery. 
Ann Neurol 63:272-287. 

Cramer SC, Crafton KR (2006) Somatotopy and movement representation sites following cortical 
stroke. Exp Brain Res 168:25-32. 

Dancause N (2006) Vicarious function of remote cortex following stroke: recent evidence from 
human and animal studies. Neuroscientist 12:489-499. 

Dancause N, Barbay S, Frost SB, Plautz EJ, Chen D, Zoubina EV, Stowe AM, Nudo RJ (2005) 
Extensive cortical rewiring after brain injury. J Neurosci 25:10167-10179. 

Del Zoppo GJ, Saver JL, Jauch EC, Adams HP,Jr, American Heart Association Stroke Council (2009) 
Expansion of the time window for treatment of acute ischemic stroke with intravenous tissue 
plasminogen activator: a science advisory from the American Heart Association/American Stroke 
Association. Stroke 40:2945-2948. 

Dijkhuizen RM, Singhal AB, Mandeville JB, Wu O, Halpern EF, Finklestein SP, Rosen BR, Lo EH 
(2003) Correlation between brain reorganization, ischemic damage, and neurologic status after 
transient focal cerebral ischemia in rats: a functional magnetic resonance imaging study. J Neurosci 
23:510-517. 

Feeney DM, Baron JC (1986) Diaschisis. Stroke 17:817-830. 

Fox MD, Zhang D, Snyder AZ, Raichle ME (2009) The global signal and observed anticorrelated 
resting state brain networks. J Neurophysiol 101:3270-3283. 

Fox MD, Snyder AZ, Zacks JM, Raichle ME (2006) Coherent spontaneous activity accounts for trial-
to-trial variability in human evoked brain responses. Nat Neurosci 9:23-25. 



144

Chapter 7

Fukunaga M, Horovitz SG, van Gelderen P, de Zwart JA, Jansma JM, Ikonomidou VN, Chu R, 
Deckers RH, Leopold DA, Duyn JH (2006) Large-amplitude, spatially correlated fluctuations in 
BOLD fMRI signals during extended rest and early sleep stages. Magn Reson Imaging 24:979-992. 

Ginsberg MD (2008) Neuroprotection for ischemic stroke: past, present and future. Neuropharmacology 
55:363-389. 

Glover GH, Li TQ, Ress D (2000) Image-based method for retrospective correction of physiological 
motion effects in fMRI: RETROICOR. Magn Reson Med 44:162-167. 

Grefkes C, Nowak DA, Eickhoff SB, Dafotakis M, Kust J, Karbe H, Fink GR (2008) Cortical 
connectivity after subcortical stroke assessed with functional magnetic resonance imaging. Ann 
Neurol 63:236-246. 

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

Hayasaka S, Laurienti PJ (2010) Comparison of characteristics between region-and voxel-based 
network analyses in resting-state fMRI data. Neuroimage 50:499-508. 

He BJ, Snyder AZ, Zempel JM, Smyth MD, Raichle ME (2008) Electrophysiological correlates of the 
brain’s intrinsic large-scale functional architecture. Proc Natl Acad Sci U S A 105:16039-16044. 

He BJ, Snyder AZ, Vincent JL, Epstein A, Shulman GL, Corbetta M (2007) Breakdown of functional 
connectivity in frontoparietal networks underlies behavioral deficits in spatial neglect. Neuron 
53:905-918. 

Holtmaat A, Svoboda K (2009) Experience-dependent structural synaptic plasticity in the 
mammalian brain. Nat Rev Neurosci 10:647-658. 

Honey CJ, Sporns O, Cammoun L, Gigandet X, Thiran JP, Meuli R, Hagmann P (2009) Predicting 
human resting-state functional connectivity from structural connectivity. Proc Natl Acad Sci U S A 
106:2035-2040. 

Horovitz SG, Fukunaga M, de Zwart JA, van Gelderen P, Fulton SC, Balkin TJ, Duyn JH (2008) Low 
frequency BOLD fluctuations during resting wakefulness and light sleep: a simultaneous EEG-
fMRI study. Hum Brain Mapp 29:671-682. 

James GA, Lu ZL, VanMeter JW, Sathian K, Hu XP, Butler AJ (2009) Changes in resting state effective 
connectivity in the motor network following rehabilitation of upper extremity poststroke paresis. 
Top Stroke Rehabil 16:270-281. 

Jensen JH, Helpern JA (2010) MRI quantification of non-Gaussian water diffusion by kurtosis 
analysis. NMR Biomed 23:698-710. 

Jensen JH, Helpern JA, Ramani A, Lu H, Kaczynski K (2005) Diffusional kurtosis imaging: the 
quantification of non-gaussian water diffusion by means of magnetic resonance imaging. Magn 
Reson Med 53:1432-1440. 

Jiang Q, Zhang ZG, Ding GL, Silver B, Zhang L, Meng H, Lu M, Pourabdillah-Nejed-D S, Wang L, 
Savant-Bhonsale S, Li L, Bagher-Ebadian H, Hu J, Arbab AS, Vanguri P, Ewing JR, Ledbetter KA, 
Chopp M (2006) MRI detects white matter reorganization after neural progenitor cell treatment of 
stroke. Neuroimage 32:1080-1089. 



145

General Discussion

Johnston JM, Vaishnavi SN, Smyth MD, Zhang D, He BJ, Zempel JM, Shimony JS, Snyder AZ, 
Raichle ME (2008) Loss of resting interhemispheric functional connectivity after complete section 
of the corpus callosum. J Neurosci 28:6453-6458. 

Jones TA, Kleim JA, Greenough WT (1996) Synaptogenesis and dendritic growth in the cortex 
opposite unilateral sensorimotor cortex damage in adult rats: a quantitative electron microscopic 
examination. Brain Res 733:142-148. 

Kannurpatti SS, Biswal BB, Kim YR, Rosen BR (2008) Spatio-temporal characteristics of low-
frequency BOLD signal fluctuations in isoflurane-anesthetized rat brain. Neuroimage 40:1738-1747. 

Kleim JA, Hogg TM, VandenBerg PM, Cooper NR, Bruneau R, Remple M (2004) Cortical 
synaptogenesis and motor map reorganization occur during late, but not early, phase of motor skill 
learning. J Neurosci 24:628-633. 

Kreisel SH, Bazner H, Hennerici MG (2006) Pathophysiology of stroke rehabilitation: temporal 
aspects of neuro-functional recovery. Cerebrovasc Dis 21:6-17. 

Laufs H, Krakow K, Sterzer P, Eger E, Beyerle A, Salek-Haddadi A, Kleinschmidt A (2003) 
Electroencephalographic signatures of attentional and cognitive default modes in spontaneous 
brain activity fluctuations at rest. Proc Natl Acad Sci U S A 100:11053-11058. 

Lee JK, Kim JE, Sivula M, Strittmatter SM (2004) Nogo receptor antagonism promotes stroke 
recovery by enhancing axonal plasticity. J Neurosci 24:6209-6217. 

Lee RG, van Donkelaar P (1995) Mechanisms underlying functional recovery following stroke.  
Can J Neurol Sci 22:257-263. 

Lu H, Zuo Y, Gu H, Waltz JA, Zhan W, Scholl CA, Rea W, Yang Y, Stein EA (2007) Synchronized 
delta oscillations correlate with the resting-state functional MRI signal. Proc Natl Acad Sci U S A 
104:18265-18269. 

Murphy K, Birn RM, Handwerker DA, Jones TB, Bandettini PA (2009) The impact of global signal 
regression on resting state correlations: are anti-correlated networks introduced? Neuroimage 
44:893-905. 

Murphy TH, Corbett D (2009) Plasticity during stroke recovery: from synapse to behaviour. Nat 
Rev Neurosci 10:861-872. 

Nowak DA, Grefkes C, Ameli M, Fink GR (2009) Interhemispheric competition after stroke: brain 
stimulation to enhance recovery of function of the affected hand. Neurorehabil Neural Repair 23:641-
656. 

Nudo RJ (2006) Plasticity. NeuroRx 3:420-427. 

Nudo RJ (1999) Recovery after damage to motor cortical areas. Curr Opin Neurobiol 9:740-747. 

Pal PK, Samii A, Calne DB (1999) Manganese neurotoxicity: a review of clinical features, imaging 
and pathology. Neurotoxicology 20:227-238. 

Park C-H, Kim SY, Kim Y-H, Kim K (2008) Comparison of the small-world topology between 
anatomical and functional connectivity in the human brain. Phys A Stat Mech Appl 387:5958-5962. 

Pautler RG (2004) In vivo, trans-synaptic tract-tracing utilizing manganese-enhanced magnetic 
resonance imaging (MEMRI). NMR Biomed 17:595-601. 



146

Chapter 7

Pautler RG, Silva AC, Koretsky AP (1998) In vivo neuronal tract tracing using manganese-enhanced 
magnetic resonance imaging. Magn Reson Med 40:740-748. 

Pawela CP, Biswal BB, Cho YR, Kao DS, Li R, Jones SR, Schulte ML, Matloub HS, Hudetz AG, Hyde 
JS (2008) Resting-state functional connectivity of the rat brain. Magn Reson Med 59:1021-1029. 

Pierpaoli C, Basser PJ (1996) Toward a quantitative assessment of diffusion anisotropy. Magn Reson 
Med 36:893-906. 

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. 

Puig J, Pedraza S, Blasco G, Daunis-I-Estadella J, Prats A, Prados F, Boada I, Castellanos M, 
Sanchez-Gonzalez J, Remollo S, Laguillo G, Quiles AM, Gomez E, Serena J (2010) Wallerian 
degeneration in the corticospinal tract evaluated by diffusion tensor imaging correlates with 
motor deficit 30 days after middle cerebral artery ischemic stroke. AJNR Am J Neuroradiol 
31:1324-1330. 

Reglodi D, Tamas A, Lengvari I (2003) Examination of sensorimotor performance following middle 
cerebral artery occlusion in rats. Brain Res Bull 59:459-466. 

Reijneveld JC, Ponten SC, Berendse HW, Stam CJ (2007) The application of graph theoretical 
analysis to complex networks in the brain. Clin Neurophysiol 118:2317-2331. 

Rubinov M, Knock SA, Stam CJ, Micheloyannis S, Harris AW, Williams LM, Breakspear M (2009) 
Small-world properties of nonlinear brain activity in schizophrenia. Hum Brain Mapp 30:403-416. 

Schaechter JD, Fricker ZP, Perdue KL, Helmer KG, Vangel MG, Greve DN, Makris N (2009) 
Microstructural status of ipsilesional and contralesional corticospinal tract correlates with motor 
skill in chronic stroke patients. Hum Brain Mapp 30:3461-3474. 

Schaechter JD, Perdue KL, Wang R (2008) Structural damage to the corticospinal tract correlates 
with bilateral sensorimotor cortex reorganization in stroke patients. Neuroimage 39:1370-1382. 

Sloan HL, Austin VC, Blamire AM, Schnupp JW, Lowe AS, Allers KA, Matthews PM, Sibson NR 
(2010) Regional differences in neurovascular coupling in rat brain as determined by fMRI and 
electrophysiology. Neuroimage 53:399-411. 

Somjen GG, Aitken PG, Czeh GL, Herreras O, Jing J, Young JN (1992) Mechanism of 
spreading depression: a review of recent findings and a hypothesis. Can J Physiol Pharmacol  
70 Suppl:S248-254. 

Soria G, Wiedermann D, Justicia C, Ramos-Cabrer P, Hoehn M (2008) Reproducible imaging of 
rat corticothalamic pathway by longitudinal manganese-enhanced MRI (L-MEMRI). Neuroimage 
41:668-674. 

Sotak CH (2002) The role of diffusion tensor imaging in the evaluation of ischemic brain injury - a 
review. NMR Biomed 15:561-569. 

Stam CJ, de Haan W, Daffertshofer A, Jones BF, Manshanden I, van Cappellen van Walsum 
AM, Montez T, Verbunt JP, de Munck JC, van Dijk BW, Berendse HW, Scheltens P (2009) Graph 
theoretical analysis of magnetoencephalographic functional connectivity in Alzheimer’s disease. 
Brain 132:213-224. 

Takatsuru Y, Fukumoto D, Yoshitomo M, Nemoto T, Tsukada H, Nabekura J (2009) Neuronal circuit 
remodeling in the contralateral cortical hemisphere during functional recovery from cerebral 
infarction. J Neurosci 29:10081-10086. 



147

General Discussion

Thomalla G, Glauche V, Koch MA, Beaulieu C, Weiller C, Rother J (2004) Diffusion tensor imaging 
detects early Wallerian degeneration of the pyramidal tract after ischemic stroke. Neuroimage 
22:1767-1774. 

Tournier JD, Calamante F, Gadian DG, Connelly A (2004) Direct estimation of the fiber orientation 
density function from diffusion-weighted MRI data using spherical deconvolution. Neuroimage 
23:1176-1185. 

Tuch DS (2004) Q-ball imaging. Magn Reson Med 52:1358-1372. 

van der Zijden JP, Bouts MJ, Wu O, Roeling TA, Bleys RL, van der Toorn A, Dijkhuizen RM (2008a) 
Manganese-enhanced MRI of brain plasticity in relation to functional recovery after experimental 
stroke. J Cereb Blood Flow Metab 28:832-840. 

van der Zijden JP, van der Toorn A, van der Marel K, Dijkhuizen RM (2008b) Longitudinal in vivo 
MRI of alterations in perilesional tissue after transient ischemic stroke in rats. Exp Neurol 212:207-
212. 

van Wijk BC, Stam CJ, Daffertshofer A (2010) Comparing brain networks of different size and 
connectivity density using graph theory. PLoS One 5:e13701. 

Vincent JL, Patel GH, Fox MD, Snyder AZ, Baker JT, Van Essen DC, Zempel JM, Snyder LH, 
Corbetta M, Raichle ME (2007) Intrinsic functional architecture in the anaesthetized monkey brain. 
Nature 447:83-86. 

Wang C, Stebbins GT, Nyenhuis DL, deToledo-Morrell L, Freels S, Gencheva E, Pedelty L, 
Sripathirathan K, Moseley ME, Turner DA, Gabrieli JD, Gorelick PB (2006) Longitudinal changes 
in white matter following ischemic stroke: a three-year follow-up study. Neurobiol Aging 27:1827-
1833. 

Wang J, Zuo X, He Y (2010a) Graph-based network analysis of resting-state functional MRI. Front 
Syst Neurosci 4:16. 

Wang L, Yu C, Chen H, Qin W, He Y, Fan F, Zhang Y, Wang M, Li K, Zang Y, Woodward TS, Zhu 
C (2010b) Dynamic functional reorganization of the motor execution network after stroke. Brain 
133:1224-1238. 

Ward NS, Frackowiak RS (2006) The functional anatomy of cerebral reorganisation after focal brain 
injury. J Physiol Paris 99:425-436. 

Wedeen VJ, Wang RP, Schmahmann JD, Benner T, Tseng WY, Dai G, Pandya DN, Hagmann P, 
D’Arceuil H, de Crespigny AJ (2008) Diffusion spectrum magnetic resonance imaging (DSI) 
tractography of crossing fibers. Neuroimage 41:1267-1277. 

Weissenbacher A, Kasess C, Gerstl F, Lanzenberger R, Moser E, Windischberger C (2009) Correlations 
and anticorrelations in resting-state functional connectivity MRI: a quantitative comparison of 
preprocessing strategies. Neuroimage 47:1408-1416. 

Winhuisen L, Thiel A, Schumacher B, Kessler J, Rudolf J, Haupt WF, Heiss WD (2005) Role of 
the contralateral inferior frontal gyrus in recovery of language function in poststroke aphasia: a 
combined repetitive transcranial magnetic stimulation and positron emission tomography study. 
Stroke 36:1759-1763. 

Winship IR, Murphy TH (2008) In vivo calcium imaging reveals functional rewiring of single 
somatosensory neurons after stroke. J Neurosci 28:6592-6606. 



148

Chapter 7

Wolf GL, Baum L (1983) Cardiovascular toxicity and tissue proton T1 response to manganese 
injection in the dog and rabbit. AJR Am J Roentgenol 141:193-197. 

Wolf SL, Winstein CJ, Miller JP, Taub E, Uswatte G, Morris D, Giuliani C, Light KE, Nichols-Larsen 
D, EXCITE Investigators (2006) Effect of constraint-induced movement therapy on upper extremity 
function 3 to 9 months after stroke: the EXCITE randomized clinical trial. JAMA 296:2095-2104. 

Xue R, van Zijl PC, Crain BJ, Solaiyappan M, Mori S (1999) In vivo three-dimensional reconstruction 
of rat brain axonal projections by diffusion tensor imaging. Magn Reson Med 42:1123-1127. 

Zai L, Ferrari C, Subbaiah S, Havton LA, Coppola G, Strittmatter S, Irwin N, Geschwind D, 
Benowitz LI (2009) Inosine alters gene expression and axonal projections in neurons contralateral 
to a cortical infarct and improves skilled use of the impaired limb. J Neurosci 29:8187-8197. 

Zhan W, Yang Y (2006) How accurately can the diffusion profiles indicate multiple fiber orientations? 
A study on general fiber crossings in diffusion MRI. J Magn Reson 183:193-202. 



149

General Discussion



150

Chapter 7

summARy



151

summARy

Sudden disruption in the blood supply to brain areas, for example by 
thromboembolic occlusion of a cerebral artery, leads to debilitating effects like 
neuronal death, loss of anatomical connections between neurons and subsequent 
loss of function. Although such ischemic stroke damage can be devastating, 
many patients survive the insult and undergo a certain degree of recovery in 
the following weeks and months. An increasing number of animal and human 
stroke studies has attributed this spontaneous functional recovery at later stages 
to the brain’s capacity to reorganize and remodel the affected bilateral neuronal 
networks. Yet, the underlying mechanisms of functional and structural plasticity 
processes and their relationship with improved behavioral outcome remain 
incompletely understood. Evidently, elucidation of the neuronal substrates and 
the spatiotemporal characteristics of brain reorganization associated with 
improved function may guide the development of new therapeutic strategies at 
later time points after cerebral ischemia.
This thesis, ‘Brain Reorganization after Experimental Stroke: Functional and 
Structural MRI Correlates’, deals with the characterization of longitudinal 
changes in functional and structural organization of the bilateral sensorimotor 
network in relation to behavioral recovery after stroke in rats, using different 
magnetic resonance imaging (MRI) methods. The studies were aimed at 
identification of spatiotemporal dynamics of intra- and interhemispheric 
functional and structural connectivity, which may be critically involved in post-
stroke loss and recovery of function. Furthermore, the mutual link between 
functional and structural modifications of neuronal circuitry was investigated. 
Therefore, a relatively new technique, resting-state functional MRI (rs-fMRI), in 
combination with MRI of structural connectivity (i.e., manganese-enhanced MRI 
(MEMRI) and diffusion tensor imaging (DTI)) was applied to allow non-invasive 
and serial measurements of changes in organization of functional networks after 
unilateral stroke in rats. 

A short introduction on the potential role of brain plasticity in spontaneous 
functional recovery after stroke, as has been proposed by previous work, is 
presented in the first part of Chapter 1. Early electrophysiology and histology 
measurements in animal stroke models have provided important insights into 
the pathophysiology and plasticity of neuronal circuitry at regional and cellular 
levels. As discussed, the use of the versatile neuroimaging tool, MRI, can add 
valuable information on reorganization at the level of neuronal networks by 
allowing multi-parametric and repetitive whole-brain measurements. 
The second part of Chapter 1 discusses different functional and structural MRI 
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methods that can be used to study brain reorganization after stroke. The most 
commonly employed functional technique is blood oxygenation level-dependent 
(BOLD) fMRI, which detects neuronal activation-induced changes in blood 
oxygenation. Typically fMRI focuses on the brain’s activation response to 
somatosensory stimuli or task execution, which enables detection of post-stroke 
rearrangements of ipsi- and contralesional functional brain fields in patients and 
animals recovering from stroke. An alternative, increasingly applied fMRI 
approach, i.e. rs-fMRI, aims to detect baseline brain activity related to ongoing 
neuronal signaling at ‘rest’, which involves low-pass filtering of spontaneous 
BOLD fMRI signal fluctuations. Synchronization, as calculated by temporal 
correlation, of these fluctuations between different brain regions of a particular 
functional network is believed to reflect functional connectivity. Since rs-fMRI 
is able to detect dynamic changes in functional connectivity, it provides an ideal 
tool to serially assess the functional reorganization of various neuronal networks 
in diseased brain, such as after cerebral ischemia. 
Structural MRI methods, such as DTI and MEMRI can be employed to investigate 
neuroanatomical reorganization after stroke.  DTI measures the directionality 
of tissue water diffusion and can be used to assess the microstructural integrity 
of highly oriented white matter bundles, but also to model fiber architecture 
(i.e., tractography) in the brain. The technique has demonstrated to be able to 
serially inform on axonal degeneration and demyelination, and structural repair 
or remodeling of neuronal projections in human and animal stroke studies. 
MEMRI is based on detection of the paramagnetic neuroanatomical tracer 
manganese. This MRI technique provides a unique tool to track neuronal 
connections in vivo and assess changes in neuronal connectivity after stroke. 
The combination of these nascent MRI methods in both experimental and clinical 
settings may unravel critical aspects of the complex pattern of neuronal 
reorganization and may provide leads to stimulate spontaneous functional 
recovery from stroke on the long-term. 

Chapter 2 was aimed at elucidating the influence of the volatile anesthetic 
isoflurane, which was used for rat anesthesia throughout this thesis, on BOLD 
rs-fMRI signals in rat brain. To that aim, the temporal properties of spontaneous 
BOLD signal alterations as well as the spatial correlation of low-frequency BOLD 
signal fluctuations in sensorimotor brain regions of healthy rats were assessed 
under light, mild and deep levels of isoflurane anesthesia. The persistent 
behavior, characterized by the Hurst exponent, and spatial coherence of 
spontaneous BOLD oscillations were maintained at 0.5% and 1.0% isoflurane. 
Along with the increase of anesthetic level, the temporal scaling properties 
approached that of trivial white noise, the relative amplitude of BOLD low-
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frequency fluctuations declined, and cross-correlations of these oscillations 
between functionally connected regions decreased significantly.  These results 
emphasize that rs-fMRI characteristics are related to the brain’s specific functional 
status and intrinsic network organization and demonstrate that these are largely 
preserved at light to mild levels of isoflurane, but disappear under deeper 
anesthesia. 

Chapter 3 describes temporal changes in functional connectivity in relation to 
changes in associated function after experimental unilateral stroke. Rs-fMRI was 
applied to assess intra- and interhemispheric functional connectivity within the 
bilateral cortical sensorimotor system at different time points after stroke along 
with repetitive behavioral testing. This study demonstrated that post-stroke loss 
and recovery of sensorimotor function is correlated with acute deterioration and 
subsequent retrieval of interhemispheric functional connectivity between the 
bilateral sensorimotor cortices. Despite the significant deficits in sensorimotor 
function, intrahemispheric functional connectivity was preserved in the 
perilesional sensorimotor cortex. In rats with lesions that comprised subcortical 
and cortical tissue, restoration of interhemispheric functional connectivity was 
incomplete, whereas intrahemispheric functional connectivity in the 
contralesional hemisphere between the primary somatosensory and motor 
cortices was enhanced. These improvements and consolidations of intra- and 
interhemispheric synchronization of baseline neuronal signaling in the 
sensorimotor cortices may play a critical role in subserving recovery of 
somatosensory and motor functions after stroke. 

Chapter 4 reports on a significant correlation between functional connectivity, 
as measured with rs-fMRI, and neuroanatomical connectivity, as measured with 
MEMRI, in rats at ten weeks after stroke and age-matched controls. Increased 
intrahemispheric functional connectivity between contralesional sensorimotor 
cortical regions was associated with locally enhanced neuroanatomical tracer 
uptake at this chronic time point after stroke. Reduced interhemispheric 
functional connectivity was accompanied by a decrease of transcallosal 
manganese transfer from the contralesional primary motor cortex to the 
ipsilesional sensorimotor cortex in rats with subcortical and cortical tissue 
damage. These findings underline the strong link between functional and 
structural reorganization of neuronal networks after stroke. 

In Chapter 5 serial rs-fMRI, DTI and network analysis were combined to relate 
modifications in functional and structural connectivity of the sensorimotor 
network to changes in sensorimotor function after unilateral stroke in rats. 
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Furthermore, the changes in interhemispheric functional connectivity were 
correlated with changes in structural integrity of the main white matter tracts. 
This study demonstrated that the degree of ischemic damage determines the 
extent of functional and structural brain reorganization during recovery from 
stroke. After ischemic damage of subcortical and cortical tissue, extensive and 
long-lasting changes in functional and structural connectivity within the 
bilateral sensorimotor network were associated with more gradual partial 
recovery of sensorimotor function scores. By contrast, faster and almost 
complete behavioral recovery was more related to local adaptation of 
perilesional tissue in rats with only subcortical lesions. Concurrently, the 
changes in network configuration, which shifted from subacutely increased 
small-worldness towards normalization of small-world topology at chronic 
stages, were enhanced and prolonged after large stroke. We speculate that this 
initial increase in small-worldness and loss of neuronal synchronization may 
be related to a temporary state of overconnectivity (possibly as a result of 
unmasking of diffuse redundant neuronal pathways and increased random 
dendritic and axonal sprouting), which would refine to a matured reorganized 
neuronal network with normal small-world topology and reinstatement of 
neuronal synchronization at later stages. 
Furthermore, our results point toward a critical dependence of functional 
recovery after large stroke on large-scale network reorganization including 
recruitment of contralesional homologous cortical areas and major rewiring of 
the corticospinal tract. Despite significant correlation between interhemispheric 
functional connectivity and the structural integrity of the corpus callosum, the 
restoration of interhemsipheric functional brain signaling was most strongly 
correlated with recovery of structural integrity in the ipsilesional corticospinal 
tract. Moreover, among all measured MRI indices of brain plasticity, only the 
structural integrity of the ipislesional corticospinal tract was predictive of 
functional outcome. These findings suggest reciprocity between functional and 
structural plasticity, wherein reinstatement of interhemispheric neuronal 
communication relies on and contributes to recovery of ipsilesional corticospinal 
tract integrity, which would allow a normal balance of bilateral somatosensory 
input and motor output signals. 
 
In Chapter 6 an alternative BOLD fMRI approach is described, which allows 
assessment of bilateral activation in the sensorimotor cortices in response to 
direct intracortical stimulation (DICS) of the contralesional primary motor cortex 
after stroke in rats. In addition, DTI was performed in this study to determine 
the structural integrity of the corpus callosum. Despite large ischemic lesions, 
disturbed sensorimotor function and significantly reduced callosal integrity 
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subacutely after stroke, BOLD activation response amplitudes were preserved 
in the perilesional sensorimotor cortex at subacute and chronic time points after 
stroke. However, the perilesional evoked BOLD responses were significantly 
delayed by a few seconds at the subacute stage and normalized at later time 
points. The preserved perilesional responsiveness to DICS, despite loss of 
transcallosal integrity, may be critical for subsequent functional plasticity and 
could therefore inform on the capacity of perilesional tissue to reinstate functional 
responses to peripheral stimuli at later stages.  Conversely, the delay of the BOLD 
response points toward temporarily impaired neurovascular coupling, which 
recovered chronically.
 
The above-mentioned MRI findings on post-stroke functional and structural 
changes in connectivity and network organization are discussed in the light of 
earlier described plasticity mechanisms in Chapter 7. Also, the potentials and 
pitfalls of the applied MRI techniques and analyses are evaluated. 
Our data have revealed that rapid and mainly perilesional remodeling with 
transient disturbance of functional network organization is related to almost 
complete functional recovery after subcortical stroke, whereas prolonged and 
extensive bilateral reorganization including increased contralesional connectivity 
is correlated with partial restoration of function after large stroke involving 
cortical areas. The potential supportive or compensatory role of the homologous 
contralesional cortex is discussed in more detail. Independent of stroke severity, 
intact interhemispheric neuronal communication seems to be crucial for 
improved behavioral outcome, which for its part may also reciprocally stabilize 
and strengthen new functional connections. Subsequently, the relationship 
between functional and structural connectivity is discussed. Next to a strong 
direct correlation between functional and structural connectivity changes (in the 
contralesional hemisphere for example), an indirect and probably reciprocal 
relationship exists between the reinstatement of interhemispheric signal 
synchronization and recovery of the structural integrity in the ipsilesional 
corticospinal tract. Moreover, despite strong correlations between recovery and 
MRI measures of functional reorganization, preserved structural integrity of the 
unilateral ipsilesional corticospinal tract appears to be the most essential basis 
for good functional outcome after unilateral stroke in rats. This may indicate 
that regained balance of somatosensory input and motor output signals between 
bilateral corticospinal tracts is essential for recovery of interhemispheric 
functional connectivity and subsequent sensorimotor function. 
The MRI findings discussed in this thesis corroborate the concept that a network 
perspective is fundamental to improve our understanding of underlying 
neuronal mechanisms of spontaneous functional recovery, and for developing 
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novel therapeutic or rehabilitative strategies in stroke subjects.  In spite of some 
significant limitations of the applied MRI methodologies, future advances in 
spatial and temporal resolution in combination with simultaneous 
electrophysiological recording and detailed histological validation of structural 
findings will definitely contribute to further unraveling of the complex pattern 
of adaptive neuronal reorganization and its relationship with improved function 
after stroke.
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sAmenvAtting 

Plotselinge afsluiting in de bloed toevoer naar hersengebieden, bijvoorbeeld 
door een thrombo-embolische occlusie van een hersenarterie, leidt tot 
ondermijnende effecten zoals neuronale dood, verlies van anatomische 
verbindingen tussen neuronen en vervolgens verlies van functie. Hoewel 
schade door een ischemisch herseninfarct destructief kan zijn, overleven veel 
patiënten het insult en ondergaan een bepaalde mate van herstel in de volgende 
weken en maanden. Een toenemend aantal dierexperimentele en humane 
studies over cerebrale ischemie heeft dit spontane functionele herstel in latere 
fases toegeschreven aan de capaciteit van de hersenen om aangedane bilaterale 
neuronale netwerken te reorganiseren en remodelleren. Toch blijven de 
onderliggende mechanismen van functionele en structurele plasticiteitsprocessen 
en hun relatie met verbeterd gedrag onvolledig begrepen. Het ophelderen van 
de neuronale substraten en de spatiotemporele kenmerken van 
hersenreorganisatie betrokken bij verbeterde functie zouden de ontwikkeling 
van nieuwe therapeutische strategieën op latere tijdstippen na cerebrale 
ischemie kunnen sturen.
Dit proefschrift, ‘Hersenreorganisatie na een Experimentele Beroerte: 
Functionele en Structurele MRI Correlaten’, gaat over de karakterisering van 
longitudinale veranderingen in functionele en structurele organisatie van het 
bilaterale sensorimotorische netwerk in relatie tot functioneel herstel na een 
herseninfarct in ratten, met behulp van verschillende magnetic resonance 
imaging (MRI) methoden. De studies waren gericht op de identificatie van de 
spatiotemporele veranderingen in intra- en interhemisferische functionele en 
structurele connectiviteit, die een cruciale rol zouden kunnen spelen in het 
verlies en herstel van functie na een herseninfarct. Verder werd het onderlinge 
verband tussen functionele en structurele modificaties van neuronale netwerken 
onderzocht. Hiervoor werd een relatief nieuwe techniek, resting-state 
functionele MRI (rs-fMRI), in combinatie met MRI van structurele connectiviteit 
(i.e., mangaan-versterkte MRI (MEMRI) en diffusion tensor imaging (DTI)) 
toegepast om non-invasieve en seriële metingen van veranderingen in 
organisatie van functionele netwerken mogelijk te maken na unilatere cerebrale 
ischemie in ratten.

Een korte introductie over de potentiële rol van hersenplasticiteit in spontaan 
functioneel herstel na een beroerte, zoals is beschreven in vorige studies, wordt 
in het eerste deel van hoofdstuk 1 gegeven. Eerdere electrofysiologische en 
histologische metingen in diermodellen van hersenischemie hebben belangrijke 
inzichten verschaft over de pathofysiologie en plasticiteit van neuronale circuits 
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op regionale en cellulaire niveau’s. Zoals wordt besproken, kan het gebruik van 
de veelzijdige neuroimaging techniek − MRI – op het niveau van neuronale 
netwerken daar waardevolle informatie aan toevoegen door multi-parametrische 
en herhalingsmetingen van gehele hersenen mogelijk te maken.
Het tweede deel van hoofdstuk 1 bespreekt verschillende functionele en 
structurele MRI methoden, die kunnen worden gebruikt om hersenreorganisatie 
na een beroerte te bestuderen. De meest toegepaste functionele techniek is 
blood oxygenation level-dependent (BOLD) fMRI, die neuronale activatie 
geïnduceerde veranderingen in bloed oxygenatie detecteert. Standaard fMRI 
richt zich op de activatie respons van de hersenen op somatosensorische stimuli 
of de uitvoering van een opdracht en maakt in patiënten en proefdieren, die 
herstellen van een beroerte, de detectie van verschuivingen van ipsi- en 
contralesionale functionele hersengebieden mogelijk. Een alternatieve, in 
toenemende mate toegepaste fMRI techniek is rs-fMRI. Deze techniek richt 
zich op de detectie van ‘baseline’ hersenactiviteit, die betrokken is bij de 
voortdurende neuronale signaaloverdracht in rust. Dit wordt mogelijk gemaakt 
door het doorlaten van laag-frequente spontane BOLD fMRI signaal fluctuaties 
(low-pass filtering). De mate van synchronisatie, die berekend wordt door 
middel van temporele correlatie, van deze laag-frequente fluctuaties tussen 
verschillende hersengebieden van een bepaald functioneel netwerk wordt 
verondersteld functionele connectiviteit weer te geven. Rs-fMRI is een ideale 
techniek om longitudinaal de functionele reorganisatie van diverse neuronale 
netwerken in een pathologisch brein, zoals na cerebrale ischemie, te vervolgen. 
Met deze techniek kunnen namelijk veranderingen in functionele connectiviteit 
tussen hersengebieden gedetecteerd worden. 
Structurele MRI methoden, zoals DTI en MEMRI, kunnen worden aangewend 
om de neuroanatomische reorganisatie na een herseninfarct te onderzoeken. 
DTI meet de gerichtheid van diffusie van weefselwater en kan worden gebruikt 
om de microstructurele integriteit van zeer gerichte witte stof bundels te 
beoordelen, maar ook om de zenuwvezel architectuur in het brein te modelleren 
(i.e., tractografie). Deze techniek heeft in humane en dierexperimentele studies 
van hersenischemie laten zien dat het mogelijk is om serieel te informeren over 
axonale degeneratie en demyelinisatie en structurele reparatie of remodellering 
van neuronale projecties. MEMRI is gebaseerd op de detectie van de 
paramagnetische neuroanatomische tracer mangaan. Deze MRI techniek 
beschikt over de unieke mogelijkheid om in vivo neuronale verbindingen te 
traceren en veranderingen in neuronale connectiviteit na een herseninfarct te 
beoordelen. 
De combinatie van deze opkomende MRI methoden in zowel de experimentele 
als de klinische praktijk kan essentiële aspecten van het complexe patroon van 
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neuronale reorganisatie ophelderen en aanknopingspunten leveren om het 
spontane functionele herstel na een beroerte op de lange termijn te 
stimuleren.

Hoofdstuk 2 heeft als doel het bepalen van de invloed van het vluchtige 
anestheticum, isofluraan, dat in dit proefschrift steeds is gebruikt voor het 
sederen van de ratten, op de BOLD rs-fMRI signalen in het rattenbrein. Daartoe 
werden zowel de temporele eigenschappen van spontane BOLD signaal 
veranderingen als de spatiële correlatie van laag-frequente BOLD signaal 
fluctuaties tussen sensorimotorische hersengebieden van gezonde ratten 
beoordeeld onder lichte, milde en diepe isofluraan-anesthesie niveau’s. De 
zich herhalende patronen in de tijd, gekarakteriseerd door de Hurst exponent, 
en de spatiële coherentie van spontane BOLD signaal schommelingen bleven 
behouden onder 0.5% en 1.0% isofluraan. Na verhoging van het anesthesie 
niveau kwam de Hurst exponent overeen met de waarde voor triviale witte 
ruis, werd de relatieve amplitude van de laag-frequente BOLD signaal 
fluctuaties lager en namen de cross-correlaties van deze oscillaties tussen 
functioneel verbonden gebieden significant af.  Deze resultaten benadrukken 
dat rs-fMRI eigenschappen in verband staan met de specifieke functionele 
status en intrinsieke netwerk organisatie van de hersenen. De temporele en 
spatiële karakteristieken van rs-fMRI signalen blijven grotendeels intact onder 
lichte tot milde isofluraan-niveau’s, maar verdwijnen onder diepere 
anesthesie. 

Hoofdstuk 3 beschrijft de temporele veranderingen in functionele connectiviteit 
in relatie tot de veranderingen in geasscocieerde functie na een experimenteel 
unilateraal herseninfarct. Rs-fMRI werd samen met herhaalde gedragsmetingen 
toegepast om de intra- en interhemisferische functionele connectiviteit in het 
bilaterale corticale sensorimotor systeem op verschillende tijdstippen na een 
beroerte te bepalen. Deze studie liet zien dat verlies en herstel van 
sensorimotorische functie na een herseninfarct gecorreleerd is met acute 
verslechtering en latere terugkeer van interhemisferische functionele 
connectiviteit tussen de bilaterale sensorimotorische cortex. Ondanks het 
significante verlies van sensorimotorische functie bleef de intrahemisferische 
functionele connectiviteit in de perilesionale sensorimotorische cortex intact. 
Het herstel van de interhemisferische functionele connectiviteit was onvolledig 
in ratten met grote laesies in subcorticaal en corticaal weefsel, terwijl in deze 
ratten de intrahemisferische functionele connectiviteit van de contralesionale 
hemisfeer tussen de primaire somatosensorische en motorische cortex was 
versterkt. Deze verbeteringen en consolidaties van de intra- en interhemisferische 
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synchronisatie van neuronale signaaloverdracht in rust in de sensorimotorische 
cortex kunnen een cruciale rol spelen in het bevorderen van herstel van 
somatosensorische en motorische functies na een beroerte.

Hoofdstuk 4 doet verslag van de correlatie tussen functionele connectiviteit, 
zoals gemeten met behulp van rs-fMRI, en neuroanatomische connectiviteit, 
zoals gemeten met behulp van MEMRI, in ratten op tien weken na een 
herseninfarct en controle ratten van dezelfde leeftijd. Toegenomen 
intrahemisferische functionele connectiviteit tussen de contralesionale 
sensorimotorische gebieden was geassocieerd met locaal verhoogde 
neuroanatomische tracer opname op dit chronische tijdstip na een beroerte. 
Afgenomen interhemisferische functionele connectiviteit ging gepaard met 
een afname in transcallosale overdracht van mangaan vanuit de contralesionale 
primaire motor cortex naar de ipsilesionale sensorimotorische cortex in ratten 
met subcorticale en corticale weefselschade. Deze bevindingen onderstrepen 
het sterke verband tussen functionele en structurele reorganisatie van neuronale 
netwerken na hersenischemie.

In hoofdstuk 5 werden longitudinale rs-fMRI, DTI en netwerk analyses 
gecombineerd om aanpassingen in functionele en structurele connectiviteit 
van het sensorimotorische netwerk in verband te brengen met veranderingen 
in sensorimotorische functie na een unilateraal herseninfarct in ratten. Verder 
werden de veranderingen in interhemisferische functionele connectiviteit 
gecorreleerd met veranderingen in structurele integriteit van de belangrijkste 
witte stof banen. Deze studie bewees dat de omvang van ischemische schade 
de mate van functionele en structurele hersenreorganisatie bepaalt tijdens het 
herstel van een beroerte. Na ischemische schade van subcorticaal en corticaal 
weefsel waren uitgebreide en langdurige veranderingen in functionele en 
structurele connectiviteit in het bilaterale sensorimotorische netwerk 
geassocieerd met geleidelijk en gedeeltelijk herstel van sensorimotorische 
functie scores. Daarentegen was snellere en bijna volledig gedragsherstel meer 
gerelateerd aan locale adaptatie van perilesionaal weefsel in ratten met alleen 
subcorticale laesies. Tegelijkertijd waren de veranderingen in netwerk 
configuratie − die van subacuut toegenomen small-worldness verschoven naar 
normalisatie van small-world topologie in chronische stadia − sterker en 
langduriger aanwezig na een groot herseninfarct. Wij speculeren dat deze 
initiële toename in small-worldness en het verlies van neuronale synchronisatie 
verband zouden kunnen houden met een tijdelijke staat van overconnectiviteit. 
Deze staat wordt in de eerste dagen na het herseninfarct mogelijk bereikt als 
gevolg van het in gebruik nemen van diffuus aanwezige overtollige neuronale 
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projecties en een toegenomen willekeurige dendritische en axonale ontspruiting 
van onbeschadigde neuronen. Op latere tijdstippen verdwijnen door 
fysiologisch gedrag nutteloze projecties en blijven essentiële verbindingen 
over in een nieuw gereorganiseerd netwerk, dat weer een normale small-world 
topologie en terugkeer van neuronale synchronisatie laat zien. 
Verder blijkt dat (gedeeltelijk) functioneel herstel na een groot herseninfarct 
zeer afhankelijk is van grootschalige netwerk reorganisatie die ook het 
betrekken van de contralesionale homologe corticale gebieden en uitgebreide 
herstructurering van de aangedane tractus corticospinalis behelst. Ondanks 
significante correlatie tussen interhemisferische functionele connectiviteit en 
de structurele integriteit van het corpus callosum was het herstel van 
interhemisferische synchronisatie van neuronale signaaloverdracht het sterkst 
gecorreleerd met het herstel van structurele integriteit in de ipsilesionale 
tractus corticospinalis. Bovendien bleek dat van alle gemeten MRI indices van 
hersenplasticiteit alleen de mate van structurele integriteit van de ipsilesionale 
tractus corticospinalis voorspellend was voor de uiteindelijk behaalde 
sensorimotorische functie. Deze bevindingen suggereren een wederkerigheid 
tussen functionele en structurele plasticiteit, waarin herstel van 
interhemisferische neuronale communicatie zowel berust op als bijdraagt aan 
herstel van de integriteit van de aangedane tractus corticospinalis. Hierdoor 
zou weer een normale balans van bilaterale somatosensorische input en 
motorische output signalen kunnen ontstaan.

In hoofdstuk 6 wordt een alternatieve BOLD fMRI techniek beschreven, 
waarmee bilaterale activatie responsen in de sensorimotorische cortex tijdens 
directe intracorticale stimulatie (DICS) van de contralesionale primaire motor 
cortex beoordeeld kunnen worden na hersenischemie in ratten. Daarnaast 
werd in deze studie DTI toegepast om de structurele integriteit van het corpus 
callosum te bepalen. Ondanks grote ischemische infarcten, verstoorde 
sensorimotorische functie en significant afgenomen structurele integriteit van 
het corpus callosum subacuut na een herseninfarct bleven de activatie respons 
amplitudes behouden in de perilesionale sensorimotorische cortex op zowel 
subacute als chronische tijdstippen na een beroerte. Echter, de perilesionaal 
opgewekte BOLD responsen waren significant vertraagd met een paar seconden 
in het subacute stadium en normaliseerden op latere tijdstippen. Het behoud 
van DICS gestimuleerde responsiviteit in de perilesionale cortex, ondanks 
verlies van transcallosale integriteit, zou cruciaal kunnen zijn voor latere 
functionele plasticiteit en zou daarom kunnen informeren over de capaciteit 
van dit perilesionale weefsel om functionele responsen op normale perifere 
stimuli te herstellen in latere stadia. Niettemin, de vertraging van de BOLD 

Samenvatting



164

respons wijst op een tijdelijk verstoorde neurovasculaire koppeling, die zich 
chronisch herstelde.

In hoofdstuk 7 worden de bovenstaande MRI bevindingen over functionele 
en structurele veranderingen in connectiviteit en netwerk organisatie na een 
beroerte besproken in het licht van eerder beschreven plasticiteitsmechanismen. 
Ook worden de mogelijkheden en valkuilen van de toegepaste MRI technieken 
en analyses geëvalueerd.
De studies in dit proefschrift hebben uitgewezen dat snelle en voornamelijk 
perilesionale remodellering met tijdelijke verstoring van functionele netwerk 
organisatie verband houdt met bijna volledig functioneel herstel na subcorticale 
infarcten, terwijl langdurige en uitgebreide bilaterale reorganisatie inclusief 
toegenomen contralesionale connectiviteit is gecorreleerd met gedeeltelijk 
herstel van functie na grote infarcten met ook corticale weefselschade. De 
potentiële ondersteunende en compensatoire rol van de homologe 
contralesionale cortex wordt meer in detail besproken. 
Intacte interhemisferische neuronale communicatie blijkt cruciaal te zijn voor 
het herstel van functie onafhankelijk van de ernst van het herseninfarct. Op 
haar beurt zorgt deze verbetering in functie omgekeerd ook voor het stabiliseren 
en versterken van nieuwe functionele verbindingen. Vervolgens wordt de 
relatie tussen functionele en structurele connectiviteit besproken. Naast een 
sterke directe correlatie tussen functionele en structurele connectiviteit bestaat 
er een indirecte en waarschijnlijk wederzijdse relatie tussen de terugkeer van 
interhemisferische functionele connectiviteit en het herstel van structurele 
integriteit in de ipsilesionale tractus corticospinalis. Bovendien blijkt dat, 
ondanks sterke correlaties tussen gedragsherstel en MRI maten van functionele 
reorganisatie, behouden structurele integriteit van de unilaterale ipsilesionale 
tractus corticospinalis de belangrijkste basis is voor goed functioneel herstel 
na een unilateraal herseninfarct in de rat. Dit geeft aan dat een herwonnen 
balans van somatosensorische input en motorische output signalen tussen de 
bilaterale corticospinale banen essentieel kan zijn voor het herstel van 
interhemisferische functionele connectiviteit en dus voor de daarmee 
samenhangende sensorimotorische functie.
De MRI resultaten uit dit proefschrift bekrachtigen het concept dat een netwerk 
benadering fundamenteel is voor het verbeteren van ons begrip van de 
onderliggende neuronale mechanismen van spontaan functioneel herstel en 
voor het ontwikkelen van nieuwe therapeutische en/of rehabilitatieve 
strategieën in patiënten met een herseninfarct. Ondanks enkele substantiële 
beperkingen van de toegepaste MRI methoden zullen toekomstige vorderingen 
in spatiële en temporele resolutie in combinatie met simultane electro-
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fysiologische registratie en gedetailleerde histologische validatie van structurele 
bevindingen beslist bijdragen aan het verder ophelderen van het complexe 
patroon van adaptieve neuronale reorganisatie en haar relatie met verbeterde 
functie na een beroerte.
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Dit proefschrift was niet tot stand gekomen zonder de hulp, kennis en 
betrokkenheid van vele mensen. Graag wil ik iedereen bedanken die een bijdrage 
heeft geleverd aan dit gebundelde werk. Tot een aantal mensen wil ik in het 
bijzonder het woord richten en expliciet mijn dank betuigen. 

Allereerst wil ik het woord richten tot mijn co-promotor, mijnheer dr. R.M. 
Dijkhuizen. Beste Rick, het onmogelijke afronden is dan toch gelukt. Ondanks 
de snelle groei van je lab van één tot tien promovendi, twee scanners, twee OK-
voorbereidingsruimtes, twee subthema-meetings en één inductie-stolp, bleef jij 
altijd onvermoeid ad hoc je persoonlijke aandacht geven aan essentiële problemen 
en allerlei trivialiteiten. Je eindeloze optimisme en enthousiasme, onuitputtelijke 
creativiteit, immer kritische en gedetailleerde blik, onaflatende doorzettings-
vermogen en toewijding aan ‘hypothesis driven’ onderzoek zijn zeer 
bewonderenswaardig en maken je tot een buitengewoon goede wetenschapper. 
Jouw roze bril mentaliteit is niet voor niets een begrip geworden op de in vivo 
NMR, waar je nu waarschijnlijk nog steeds regelmatig de gitzwarte brillen van 
zich beklagende pessimistische aio’s afzet. Hetzelfde geldt voor je gave om het 
positieve en krachtige van onverwachte onderzoeksresultaten te benadrukken 
en uit te dragen naar de buitenwereld. Dit bleek direct in 2007 al uit de inmiddels 
gevleugelde uitspraak: “the term high potential sounds fantastic”. Het tonen 
van commitment en het nastreven van het zelfs onhaalbare blijven niet alleen 
beperkt tot de wetenschap. Voor de jaarlijkse UMC estafette werd tot het uiterste 
gegaan ondanks een kapotte knie of een meeting in het buitenland. En of het nu 
op Hawaii of midden in de nacht op de Uithof was, een sprint op de fiets moest 
op zijn minst gewonnen worden. Naast het fanatisme voor de sport was je vooral 
in de eerste jaren ook altijd enthousiast aanwezig tot in de nachtelijke uren en 
werden je verhalen steeds sterker na enkele glazen perenwodka. Kortom, Rick, 
bedankt voor je vakkundige inzicht en de bijzondere tijd, die eigenlijk al dateert 
vanaf eind 2002 en, onder andere afhankelijk van het huidige subsidie gedreven 
onderzoek, misschien nog zou kunnen voortduren. 
Aan mijn promotor, prof. dr. ir. M.A. Viergever, ben ik ook op meerdere vlakken 
dank verschuldigd. Beste Max, ik wil je graag bedanken voor het vertrouwen 
in en de ondersteuning van het aanvragen van het Alexandre Suerman 
stipendium en het snelle handelen om een sollicitatie bij de radiologie mogelijk 
te maken. Tevens waardeer ik je snelle en toch zeer nauwkeurige en kritische 
evaluatie van enkele manuscripten. Ondanks de letterlijke en figuurlijke satelliet-
positie van de in vivo NMR binnen het beeldverwerkende ISI wist je af en toe 
een realistisch licht op de gang van zaken te werpen.

Dankwoord
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Het idee om een aanvraag in te dienen voor het Alexandre Suerman stipendium, 
die o.a. tot dit proefschrift heeft geleid, begon al in 2005 ten tijde van een co-
schap in Suriname met een emailtje van mijn tweede co-promotor, dr. J.W. 
Berkelbach van der Sprenkel. Beste Jan Willem, hoewel we enigszins zijn 
afgeweken van de oorspronkelijke plannen voor dit promotie-onderzoek, wil 
ik je graag bedanken voor de praktische adviezen (o.a. de gouden elektrode van 
André van Dieren) en klinisch relevante vragen en opmerkingen, die je zeker in 
de beginfase hebt kunnen meegeven.

Eén van de belangrijkste zaken tijdens een promotie-onderzoek, zo niet de 
belangrijkste, is een goede samenwerking met je directe labgenoten, met wie je 
het allerbeste de eindeloze lijst van tegenstrijdige belangen, technische problemen 
en vooral onvermijdelijke frustraties kunt relativeren. 
Karel van der Marel, van der Marcel, van der Merkel, Mw. van der Marel, Mina 
de poes, Kajoe, Kayo, Kalo, Kano, Mijnheer Kalo Mahalo, graag wil ik in eerste 
instantie enkele woorden tot jou richten en mijn hartelijke dank uitspreken voor 
het onvoorstelbare snelle programmeer-werk, dat weliswaar altijd tot de 
allerlaatste nachtelijke uren werd uitgesteld, maar onontbeerlijk is geweest voor 
het enigszins behapbaar maken van de terabytes aan data. Dit resulteerde tot 
vele zinloze of juist zinvolle ‘mickey mouse’ maps met scheve grafieken en 
vormde jaren achtereen de basis van abstracts, orals, manuscripten en onlangs 
zelfs voor een prijswinnend HESDI-artikel. De inmiddels vergelende ontelbare 
briefjes met volgekraste lijsten van (sub)groepen, ROIs en scores aan de muur 
en het plafond boven jouw bureau zijn nog steeds stille getuigen van de aanzet 
tot jouw vele data-analyses, die in ieder geval allemaal ooit geprobeerd zijn. 
Uiteraard heeft deze belangrijke samenwerking alleen maar kunnen plaatsvinden 
danzij Alex Meijer, die de in principe onbeperkt durende labdagen vulde met 
de onvergetelijke geur en smaak van zijn bittere koffie. Onder het verteren van 
deze budget koffie zijn in de afgelopen vier jaar in goede verstandhouding 
bovenaan de brandtrap, met af en toe een felle brandende zon of klapperende 
wind, de zin en onzin van vele zaken besproken of goed overdacht en beklonken, 
al starend naar de imponerende onverwoestbare onvergankelijke schoorsteen. 
Daarnaast zijn de gezamenlijke vroegere micro-borrels, de latere palm- en 
spontaniteitsborrels zonder of met slecht eten op de meest uiteenlopende 
tijdstippen absoluut van onschatbare waarde geweest voor het beginnen, 
uitvoeren of afronden van de vaak eindeloos durende experimenten en het halen 
van abstract deadlines, maar ook voor de nog steeds gestaag groeiende 
verwoordende lijst van alle aspecten in de dagelijkse gang van zaken. Gelukkig 
bezit jij ook de uitzonderlijke gave van verbeuzeling in combinatie met een 
ongekend doorzettingsvermogen tot het bittere einde, die in de loop der jaren 
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elke nieuwe tijdslimiet heeft verpulverd. Een kwa kleurtint en tijdstip 
onvermijdelijk bezoek aan de Reiger en automatisch daarop volgende afsluiting 
in de Vooghel vormde meestal de enige uitweg na deze extreme scan-, of reken- 
en schrijfsessies. Kortom, Kalo, Mahalo en hang loose! 
Wim, veel dank gaat uit naar de snelle hulp bij het maken van de mens 
overstijgende laesie segmentatie methoden, talloze mixed-model plotjes en de 
nog steeds door de experimentele stroke-wereld onbegrepen graph analyses. 
Oorspronkelijk is dit allemaal begonnen met het ooit zo efficiënt opgezette 
epilepsie-stroke project, dat uiteraard nog steeds voortduurt. Het hoogtepunt 
van efficiëntie werd echter pas echt bereikt tijdens het simultaan scannen en het 
met quatro stagioni verrijken van hemisferectomieën. Jouw nuchtere en cynische 
analyses van de huidige wetenschap en haar dubieuze peer review systeem 
blijven onovertroffen. Daarnaast zijn je droge opmerking over een bepaald 
troetelskelet en je snelle ontwikkeling van de eerste 9.4T espressobar onvergetelijk. 
Uiteraard vertrouw ik jou als grondlegger de succesvolle voortzetting van de 
wall of rejections toe.
Gerard, jij bent absoluut onmisbaar op de in vivo NMR en lost alle problemen 
met scanners, haperende beademingsapparatuur, draadbreuken, versleten 
schroevendraaiers en gebroken elektroden op, of maakt desnoods gewoon een 
nieuwe stimulator en een temperatuurregelaar voor gradiënt danwel rat. Op 
wat voor plaats of in wat voor situatie jij je ook bevond, bij voorkeur onderweg 
met of zonder doel, je kwam altijd op het cruciale moment op je slippers 
aanslenteren om in alle rust met een paar gouden handen de chaos en paniek 
weg te nemen. 
René, jij hebt mij in de laatste jaren enorm geholpen met de vele occlusies en 
veelal tevergeefse varianten van filamentdikte en opvoer- en terugtrek-
technieken. Zeker na jouw bijna fatale stridor door die ene onfortuinlijke 
rattenbeet, is het prijzenswaardig dat je gewoon stug door bleef opereren en 
onvermoeibaar het aantal simultane operaties in de twee voorbereidingsruimtes 
op peil wist te houden. 
Bart Bis, wat een luxe dat ik altijd in aller ijl, inmiddels zeer gefrustreerd, mijn 
laptop op je bureau kon neerzetten om onverklaarbare photoshop- en AI-
problemen, met een scheve figuur of een plaatje voor op een champagnefles, 
recht te zetten. Van je fotografische kunsten, die je al eerder als volleerd Vogel-
fotograaf op Kauai ten toon spreidde, heb ik zelfs onlangs dankbaar gebruik 
kunnen maken om de eerste aanzet tot de omslag van dit boekwerk mogelijk te 
maken. Daarnaast blijven jouw onomstotelijke definities van hypocriete rokers 
en vele stoom afblazende irritaties tijdens de vloeibare etentjes in de Brink, of 
met skippy bal tegen het plafond aan, zeer gedenkwaardig.
Annette, het zal niet altijd makkelijk geweest zijn, als ik jou weer eens om vijf 
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voor zes met je jas al aan kwam lastig vallen met de boodschap: ‘ik heb een rood 
scherm gekregen’. Daarom ben ik je des te meer erkentelijk voor jouw altijd 
bereidwillige hulp en doorzettingsvermogen om de vele noodzakelijke 
aanpassingen van de sequenties in VnmrJ en Matlab door te voeren.  
Umesh, I am grateful to you for your understanding and nice broadening 
explanations in MR physics issues during our collaboration in the obviously still 
ongoing fDTI project. Furthermore, you really shouldn’t underestimate your 
career as a cook: your really delicious and elaborate home-made Indian dishes 
above the pizzeria in Bunnik won’t be easily equalled and will definitely be a 
targetable part in the local market. 
Erwin, jouw sterk op één lijn staande begrip voor het oh zo vertrouwde lableed 
en vooral ook jouw cynische realiteitszin hebben zeker op bepaalde momenten 
het moeizame beginnen aan experimenten of schrijven verlicht. 
Geralda, Lisette, Ivo, Ona, Kim, Peter S., Pavel, Arend, Wouter, Casper, Wenche 
en de cardio’s, Marcel, Kees, Eissa, Bernard en Sandra, heel veel dank voor jullie 
interesse, adviezen op allerlei gebieden, acute hulp en voor jullie eigen en 
verschillende manier van gezelligheid uitdragen in de vorm van o.a. spontaan 
enthousiasme, bizarre lichaamshoudingen, onverstaanbaarheid, droge 
nuchterheid, selectieve interesses en absoluut pessimisme.

Ook wil ik een aantal oud- en bij-labgenoten apart noemen. Mijnheer Raoul 
Oude Engberink, ook al hebben we de alomtegenwoordige ellende en rampspoed 
slechts twee jaar kunnen delen, de belangrijke klaagmomenten beneden en vele 
dart-competities om het nu nog steeds fameuze krat Palm hebben veel goed 
gemaakt. Gelukkig zijn de daaruit voortgevloeide palmborrels en zelfs enkele 
spontaniteitsborrels niet geheel verloren gegaan. Sterker nog, het beschonken 
besturen van een rijwiel met Selle Royal heeft zelfs een heel politiekantoor in 
Loosduinen uren bezig gehouden. Als mede-diagnosticus zou zo maar de 
illusionaire 08.45 uur weer binnen handbereik kunnen komen. 
Pieter, met je sporttas in je ene en de NRC Next in je andere hand hebben we op 
een uiterst efficiënte manier, met of zonder aangesloten kabels, aan een typisch 
in vivo NMR project gewerkt. Veel dank gaat uit naar je direct spontane aanbod 
om enkele maanden Achter de Dom te kunnen verblijven toen ik die ochtend 
enigszins verfomfaaid als dakloze met mijn sporttas het lab binnenliep. Het 
geruiten dekentje, de groene thee en de fles port tussen jouw honderden boeken 
heb ik erg gewaardeerd in die tijd. Misschien treffen wij elkaar, nu deze jaren 
durende beklimming bijna voldongen is, nog eens aan de voet van een echte 
berg. Succes op Witte Donderdag! 
Ward, hoewel onze talloze pogingen om simultane EEG-fMRI te realiseren 
vruchteloos zijn gebleven, ben ik je zeer dankbaar voor het beschikbaar stellen 
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van je self-made fijngevoelige versterkers, filters en elektroden. Buiten je goede 
gezelschap op het lab heb je je ergens middenin de Grote oceaan onsterfelijk 
gemaakt vanwege acuut zoolverlies, dat inmiddels een heus begrip is geworden 
op de in vivo NMR.
Een speciaal woord van dank wil ik ook graag richten aan mijn studenten, 
Soufian en Steven. Soufian, ongelooflijk veel respect voor hoe jij je door de 
immunohistochemische kleuringen in de kelder van de Functionele Anatomie 
heen hebt geslagen. Je doorzettingsvermogen en toewijding, ondanks alle 
technische tegenslagen, hebben absoluut voor de finishing touch van het 
belangrijkste artikel in dit proefschrift gezorgd. Ik was ook blij verrast toen ik 
jouw reactie op mijn uitnodiging las: ‘met verbazing las ik je mail’. 
Steven, bedankt voor je hulp tijdens het ontwikkelen van het experimentele 
DICS protocol en leuk dat jij je, ondanks ontbrekende diploma’s, wilde verdiepen 
in de waarde van nieuwe diffusion imaging technieken voor het stroke 
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