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Introduction and outline of this thesis

Recovery after stroke
Despite improvements in the treatment of acute stroke, it still is a leading cause of 
disability worldwide. In the last decade substantial progress has been made with 
respect to treatment in the acute stage, resulting in a better outcome for patients 
with acute ischaemic stroke. After the acute phase, recovery of impairment is 
believed to be largely attributed to neuronal plasticity,1 which may be promoted 
by rehabilitation therapy. However, for individual patients, prediction of outcome 
and selection of the optimal rehabilitative therapies in the early phase of stroke is 
difficult. The selection of rehabilitation strategies may be improved by using neuro-
imaging techniques that inform on the potential for brain plasticity after stroke. In 
order to use these modern imaging applications in the most optimal way, we need to 
better understand the characteristics and underlying mechanisms of brain plasticity 
after stroke. Loss of motor and language function are cardinal symptoms of stroke. 

Language
In most people, and especially in the right-handed, the left hemisphere is dominant 
for language processing. The use of functional imaging from 1990 onwards showed 
that preservation or restitution of the language network in the left hemisphere 
is crucial for good recovery after stroke. More recently, the right, non-dominant 
hemisphere has also been shown to contribute to recovery, but the extent, timing 
and circumstances in which the right hemispheric part of the language system 
contributes remain to be elucidated.2 

Apart from damage to classical cortical language areas, such as Broca’s and Wernicke’s 
areas, the status of white matter tracts that connect individual parts of the language 
network also determines the extent of language deficits.3 The superior longitudinal 
fasciculus or arcuate fasciculus connecting Broca’s, Geschwind’s and Wernicke’s areas 
has been shown to be crucial for language processing. Mirroring the dominance of 
left perisylvian language areas, superior longitudinal fasciculi have a strong leftward 
asymmetry. The size of this tract in the non-dominant hemisphere is usually smaller 
but to a variable degree. Its size may determine the potential for right hemispheric 
language areas to support the recovery of the language network and consequently 
may predict the outcome of aphasia after stroke.4

Functional MRI (fMRI) has emerged in the late 20th century as a powerful tool to 
study brain functioning.5 It is readily available, non-invasive and has excellent spatial 
resolution. As there is a robust association between local blood flow and electrical 
neuronal activity,6 a vascular signal can be used to indirectly probe processing of 
information in the brain. However, stroke is a disease that affects blood vessels in 
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1the brain and may therefore affect the relation between the vascular signal and local 
neuronal activity. Consequently, impaired neurovascular coupling in stroke patients 
may consequently have important implications for the interpretation of functional 
MRI studies. 

Motor function
Like the disruption of language skills, impaired motor function after ischemic stroke 
has a large impact on patients’ lives. Also, analogous to aphasia, recovery of motor 
function is variable. Motor recovery after stroke has been associated with changes in 
functional activation of the sensorimotor cortex.7 Somatosensory input to the motor 
cortex seems important in learning new motor skills in healthy subjects. Therefore, 
responsiveness of the sensorimotor cortex to somatosensory feedback may be 
important in regaining motor function after stroke.

Dyslexia
Dyslexia is a language impairment due to a presumed developmental disorder as 
opposed to brain damage like stroke. Reading and spelling are specifically affected. The 
dominant view on the pathophysiology of dyslexia involves a deficient recognition and 
processing of speech sounds (phonological processing). The focus of neuroanatomical 
research has been on supratentorial classical perisylvian language areas. Children and 
young adults with developmental dyslexia, however, also may exhibit deficient skills 
during execution of several motor and cognitive tasks that involve the cerebellum. 
The cerebellum may play an important role in procedural learning. As an alternative 
to the phonological hypothesis, the Cerebellar Deficit Hypothesis (CDH) has been 
formulated.8 This theory predicts impaired acquisition of reading and spelling skills, as 
well as mildly affected motor performance in dyslexia patients. To date, the CDH lacks 
unequivocal behavioural and anatomical support. 
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Outline and aims of this thesis

In this thesis we aimed to elucidate several unresolved issues regarding recovery 
and brain reorganisation after stroke, and cerebellar involvement in relation to 
developmental dyslexia, as outlined below. 

First, the contribution of left and right hemispheric parts of the language system 
during recovery of aphasia after ischemic stroke is still largely unresolved, which we 
aimed to elucidate using fMRI. Knowledge of the spatiotemporal pattern of post-
stroke brain reorganisation may lead to identification of therapeutic targets for 
novel rehabilitation techniques. Improvement of prediction of outcome in individual 
patients may be achieved by adding information on functional activation of the 
language network in the earlier phases after stroke to well-known determinants, 
such as lesion size, age and severity of the language deficit acutely after ischemia. 
Second, impaired function of cerebral blood vessels may interfere with correct 
interpretation of fMRI findings in stroke patients. It is therefore critical to determine 
if local cerebrovascular reactivity is impaired and confounds the interpretation of 
fMRI results in ischemic stroke patients. Third, premorbid white matter connectivity 
between important nodes of the right hemispheric language network may be critical 
for effective incorporation of right hemispheric language areas in the recovering 
network after stroke. Specifically, the significance of the integrity of the right superior 
longitudinal fasciculus for outcome of language function after stroke remains to be 
elucidated. Fourth, responsiveness of the sensorimotor cortex to somatosensory 
feedback may contribute to recovery of motor function after ischemic stroke. It may 
lead to novel rehabilitation techniques. Finally, we aim to investigate the role of the 
cerebellum and deficient cerebellar function in developmental dyslexia.

Chapter 2 describes our studies on recovery of aphasia after ischemic stroke. 
Using fMRI with two language tasks, the contribution of left and right hemispheric 
parts of the language system during recovery after stroke was assessed cross-
sectionally in the chronic phase (chapter 2.1), and longitudinally over 1 year after 
stroke (chapter 2.2). Besides, vascular responsiveness during a breath hold task 
and its relation with language-related fMRI activity was investigated in chapters 
2.1 and 2.2. The significance of the morphology of the right superior longitudinal 
fasciculus for language outcome was assessed with diffusion tensor imaging (DTI) 
in chapter 2.3. In chapter 3, we investigated the relevance of responsiveness of 
the sensorimotor cortex for recovery of motor skill after hemiparetic stroke. Serial 
fMRI experiments using tactile stimulation of the affected hand in conjunction with 
assessment of motor skill were conducted in ten hemiparetic stroke patients over 
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1one year. In chapter 4, the role of the cerebellum in developmental dyslexia was 
studied by conducting voxel-based morphometry (VBM) in 26 dyslexic adults and 25 
healthy participants. Finally, a discussion of the achievement of the aims and future 
directions of research are presented in chapter 5. 



12

Introduction and outline of this thesis

References

1. Cramer, S. C. & Riley, J. D. Neuroplasticity and brain repair after stroke. Curr.Opin.Neurol. 21, 76–
82 (2008).

2. Hartwigsen, G. & Saur, D. Neuroimaging of stroke recovery from aphasia - Insights into plasticity 
of the human language network. NeuroImage (2017). 

3. Jang, S. H. Diffusion Tensor Imaging Studies on Arcuate Fasciculus in Stroke Patients: A Review. 
Front Hum.Neurosci. 7, 749 (2013).

4. Forkel, S. J. et al. Anatomical predictors of aphasia recovery: a tractography study of bilateral 
perisylvian language networks. Brain 137, 2027–2039 (2014).

5. Ogawa, S., Lee, T. M., Kay, A. R. & Tank, D. W. Brain magnetic resonance imaging with contrast 
dependent on blood oxygenation. Proc.Natl.Acad.Sci.U.S.A 87, 9868–9872 (1990).

6. Logothetis, N. K., Pauls, J., Augath, M., Trinath, T. & Oeltermann, A. Neurophysiological 
investigation of the basis of the fMRI signal. Nature 412, 150–157 (2001).

7. Schaechter, J. D., Moore, C. I., Connell, B. D., Rosen, B. R. & Dijkhuizen, R. M. Structural and 
functional plasticity in the somatosensory cortex of chronic stroke patients. Brain 129, 2722–
2733 (2006).

8. Nicolson, R. I., Fawcett, A. J. & Dean, P. Developmental dyslexia: the cerebellar deficit hypothesis. 
Trends Neurosci. 24, 508–511 (2001).



13

1



14



15

2.1

Contribution of the left and 
right inferior frontal gyrus in 
recovery from aphasia
A functional MRI study in stroke patients with 
preserved hemodynamic responsiveness

Casper A.M.M. van Oers
Matthijs Vink
Martine J.E. van Zandvoort 
H. Bart van der Worp
Edward H.F. de Haan 
L. Jaap Kappelle
Nick F. Ramsey 
Rick M. Dijkhuizen

Neuroimage. 2010 Jan 1;49(1):885-93.



16

Inferior frontal gyrus in aphasia recovery

Abstract 

The relative contribution of dominant and non-dominant language networks to 
recovery from aphasia is a matter of debate. We assessed with functional magnetic 
resonance imaging (fMRI) to what extent the left and right hemispheres are 
associated with recovery from aphasia after stroke. fMRI with three language tasks 
was performed in 13 aphasic stroke patients and in 13 healthy subjects. Severity 
of aphasia was examined within 2 months after stroke and after at least 1 year. 
Recovery of naming ability and scores on the Token Test were correlated with data 
from fMRI in the chronic phase. A breath-hold paradigm was used to investigate 
hemodynamic responsiveness.

Overall language performance in the chronic phase correlated with higher relative 
activation of left compared to right perisylvian areas. Recovery of naming ability 
was positively correlated with activation in the left inferior frontal gyrus (IFG) for 
semantic decision and verb generation. Recovery on the Token Test was positively 
correlated with activation in both left and right IFG during semantic decision and 
verb generation. Hemodynamic response to the breath-hold task was similar in 
patients and controls.

Our study suggests that in the chronic stage after stroke left IFG activity is associated 
with improvement of picture naming and sentence comprehension, whereas activity 
in the right IFG may reflect up-regulation of non-linguistic cognitive processing. 
Altered hemodynamic responsiveness seems an unlikely confounder in the 
interpretations of fMRI results.
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Introduction

Recovery of language function after stroke is variable and prediction of outcome in 
individual patients is difficult.1 Understanding the mechanisms that play a role in the 
recovery of language function may aid to predict outcome and potentially reveal 
targets for new therapeutic approaches.

In more than 90% of right-handed healthy people, the left hemisphere is dominant 
for language.2 After ischemic damage to the left hemispheric language network, 
enhanced activation of perilesional left hemispheric areas as well as activation of right 
hemispheric areas have been observed.3–5

Several neuroimaging studies assessing recovery from aphasia after brain injury 
have shown robust correlations between language function and activation in left 
hemispheric language areas,6,7,4,8,5 suggesting that preservation or restoration of 
the left hemispheric language network is important for recovery of aphasia. The 
functional relevance of activation of homologous right hemispheric language areas 
in stroke patients is more ambiguous.

Patients who regained language function after left hemispheric damage have been 
shown to relapse after subsequent right hemispheric damage.9,10 Furthermore, loss 
of language function has been observed when the right, but not the left hemisphere 
was anesthetized during Wada testing in aphasic patients.11

However, earlier imaging studies have not found a direct relation between right 
hemispheric activation and functional recovery.3–5 Enhanced activation of the right 
hemisphere can be observed within 2 weeks after stroke and may return to control 
levels after 1 year, whereas left hemispheric activity increases gradually over  
months to years,12 suggesting that the temporary early increase of right hemispheric 
activation does not reflect a functionally relevant gradual reorganization process.  
Some studies have suggested that early activation of right hemispheric areas 
reflects changes in transcallosal inhibition and may even be maladaptive.13 For 
example, activation of primarily right frontal areas has been observed in aphasic 
patients with left frontal lesions,14,15,13,16 whereas significant right temporo-parietal 
activation occurred in patients with left temporo-parietal lesions.17,18 Today, the 
question is not if the right hemisphere can contribute to language recovery, but 
under which circumstances, when, and to what extent. Increased activity in the right  
hemisphere is more frequently observed in patients with large ischemic lesions 
and poor recovery, while patients with small lesions display better outcome in 
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association with recruitment of primarily left language areas.3 Increases in activation 
in the right IFG from the acute to the subacute phase, but not from the subacute 
to the chronic phase, have been shown to be associated with improvement of 
language performance.12 Furthermore, transcranial magnetic stimulation (TMS) of 
the right IFG can hamper speech in aphasic patients in the subacute phase, while 
having no effect in some of these patients during follow-up in the chronic phase.19 
This suggests a temporary contribution of the right IFG in the early phase post-
stroke, which is absent or more modest at chronic stages, when recruitment of 
perilesional left hemispheric areas becomes predominant. The association between 
the extent of the lesion, time after stroke and the severity of aphasia, in relation to 
the involvement of the right language network to recovery from aphasia, however, 
remains largely unclear. 

Assessment of neural correlates of language recovery may be effectively conducted 
by combined structural and functional MRI, which allows concurrent measurement 
of structural damage and functional activation responses, respectively. It is, however, 
important to keep in mind that functional MRI (fMRI) does not directly measure 
neuronal activity but uses a vascular signal to probe neural processes. Aphasic 
stroke patients have been shown to exhibit changes in the hemodynamic response 
during the performance of a language task.20 This could have implications for 
the interpretation of fMRI results. Therefore, it is helpful to assess cerebrovascular 
reactivity in stroke patients who take part in an fMRI study. A breath-hold task provides 
a simple and effective means to evaluate functional status of the vasculature.21

To elucidate the contribution of left and right brain areas in language recovery, we 
conducted fMRI during execution of three different language paradigms in patients 
with aphasia of mixed severity in the chronic stage after stroke, and correlated brain 
activation with (i) severity of aphasia in the chronic stage (> 1 year), (ii) changes in 
language performance (i.e., picture naming and auditory sentence comprehension) 
between the subacute (1 month) and chronic (> 1 year) phases of stroke, and (iii) 
size and location of the lesion. Furthermore, a breath-hold paradigm was included 
to evaluate hemodynamic responsiveness.

 
Materials and methods

Subjects
A total of 13 stroke patients took part in this study. Characteristics of the patients are 
listed in Table 1. Patients were included if they (i) had a first-ever ischemic stroke 
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in the territory of the left middle cerebral artery (MCA); (ii) had aphasia assessed 
within the first two months after stroke with both the Token Test22 and the Dutch 
version of the Aachen Aphasia Test23 or the Boston Naming Task24; (iii) had a score < 3 
on the modified Rankin scale,25 moderate disability, but were able to walk without 
assistance; (iv) were right-handed; (v) could be followed up after at least 1 year after 
inclusion; and (vi) had Dutch as their native language. Patients were excluded 
from the study if they had (i) a history of other neurological or psychiatric diseases; 
(ii) an inability to perform at least two of the three fMRI language paradigms due 
to severe aphasia or other disturbances of cognition or sensory function; (iii) an 
inability to enter the MRI scanner because of non-MRI compatible prostheses; and 
(iv) an inability to visit the hospital because of reduced mobility. Patients were either 
selected from a database with 185 stroke patients (n = 6) who had been assessed with 
a battery of neuropsychological tests,26 or from a group of aphasic stroke patients that 
had been referred to rehabilitation center “de Hoogstraat” (n = 7). Characteristics 
of the patients (mean age 53 ± 14 years; four males) are listed in Table 1. Severity 
and subtyping of the aphasia (Broca’s, Wernicke’s, etc.) is conducted according to the 
Aachen Aphasia Test.

The severity is based on reference scores of a Dutch group of aphasia patients that 
was used to develop and test the Dutch version of the Aachen Aphasia Test.

At the time of MRI, the aphasia of three patients had completely recovered. The 
other patients had anomic aphasia (n = 5), Broca’s aphasia (n = 4), or Wernicke’s 
aphasia (n =1) (Table 1). Thirteen age-matched volunteers (mean age 54 ± 16 years; 
four males) without neurological or psychiatric illnesses were recruited as controls. 
Written consent was obtained from all subjects. The study was approved by the local 
Medical Ethical Review Board.

Language testing
At time-point 1, in the first 2 months (26 ± 18 days) after stroke, all patients underwent 
the Token Test, which is a part of the Aachen Aphasia Test. In addition, the severity of 
aphasia was assessed with the complete Aachen Aphasia Test (n = 8) or Boston Naming 
Task (n = 4), or both (n = 1).

At time-point 2, 1 day before the MRI session (1.3–4.7 years post-stroke) the Aachen 
Aphasia Test, Boston Naming Task, and Token Test were again conducted in all patients. 
The score on the Token Test was subtracted from its maximum score of 50 to ensure 
that higher scores reflected better performance, similar to the scores on the other 
subtasks of the Aachen Aphasia Test and the Boston Naming Task.
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In order to create a single measure reflecting overall language performance in the 
chronic phase, with within group differences being most important, a principle 
component analysis was performed on scores of all subtests of the Aachen Aphasia 
Test using MATLAB (The Mathworks Inc.).27,28 The first principle component, which 
accounts for the largest variability within the data, was taken as the composite 
language performance score.

Recovery of language function from the subacute to the chronic phase was measured 
from differences in confrontation picture naming (Boston Naming Task or naming 
subtask of the Aachen Aphasia Test) performance and Token Test scores. To combine 
the scores on the different naming tests into a single score reflecting change in 
naming performance over time, the scores on the Boston Naming Task and naming 
subtest of the Aachen Aphasia Test were normalized to scores from a Dutch control 
population of aphasia patients,23,29 and converted into Z scores. For each patient, 
the difference between the subacute and chronic stage Z scores was calculated as 
a measure of recovery. In addition, for all patients, recovery on the Token Test was 
measured by subtracting the score at time-point 2 from the score at time-point 1. 
The Token Test scores were not normalized before subtraction.

MRI
Language paradigms
In order to assess different aspects of the language system we used three different 
fMRI language paradigms. Tasks that require verbal fluency or semantic decision 
predominantly activate Broca’s area (left IFG).30,31 Since particular interest was paid 
to the IFG and the tasks had to be easy enough for aphasia patients we used the 
following tasks, all visually presented in a blocked design: (i) picture word matching; 
(ii) semantic decision; and (iii) verb generation.32–34 The semantic decision and picture 
word matching tasks both require a decision based on semantics. 

The picture word matching task consisted of trials (six blocks of 28 s) of a 
simultaneously presented picture35 and a word, of which the subjects were asked 
whether these matched. Subjects responded by pressing a left (correct) or right 
(incorrect) button with the left (non-paretic) hand. To control for non-language 
processing, such as activation of the motor system, task blocks were interleaved 
with a control condition where subjects were asked to press the left or right button 
when an arrow pointing left or right was presented (six blocks of 28 s). In addition, 
six blocks (28 s each) were added in which subjects had to fixate on a centrally 
presented stimulus.



22

Inferior frontal gyrus in aphasia recovery

In the semantic decision task, subjects had to judge whether a noun in the middle 
of the screen referred to an animal. These task blocks (6 × 28 s) were alternated with 
the same control condition and blocks with a fixation cross as in the picture word 
matching task.

During the verb generation task, subjects were instructed to think of a verb 
associated with a presented noun (for example, coffee–to drink). Task blocks  
(8 × 30 s) were alternated with visual presentation of a fixation cross in the middle  
of the screen (8 × 30 s).

During a training session 1 day before the MRI examination and again directly before 
scanning, subjects practiced all tasks with different stimuli. During the scanning 
session, subjects once more were given a few practice trials before each fMRI run. 
To match task difficulty between subjects, interstimulus intervals within blocks of 
the language tasks were individually calibrated by multiplying the mean reaction 
time during the practice session with 1.8. In a pilot study this turned out to ensure 
performance accuracy above 80% (data not shown).

Breath-hold paradigm
For the breath-hold paradigm, subjects were visually cued to hold their breath for 
20 s after normal inspiration by showing them a number counting down to zero. 
Breath-hold blocks (3 × 20 s) were alternated with rest blocks with a fixation cross in 
the middle of the screen (4 × 30 s). A belt around the abdomen registered respiration.

Data acquisition
MRI was performed on a Philips Achieva 3T scanner. A T1-weighted scan (repetition 
time (TR)/echo time (TE) = 9.9/4.6 ms, flip angle= 8°, acquired voxel size= 1.0 × 1.0 × 
1.0 mm3, reconstructed voxel size = 0.88 × 0.88 × 1.0 mm3, field-of-view (FOV) = 224 × 
168 × 160 mm3, transverse orientation) was used for anatomical localization. A FLAIR 
scan using an eight-element head coil equipped for parallel imaging (SENSE) (TR/
TE/inversion time (TI) = 11000/ 125/2800 ms, acquired voxel size= 0.65 × 0.94 × 4.0 
mm3, reconstructed voxel size= 0.45 × 0.45 × 4.0 mm3, FOV = 230 × 183 × 129 mm3, 
transverse orientation) was used for visualizing the lesion. For functional imaging a 
3D PRESTO-SENSE sequence (TE/TR = 32.4/21.75 ms, scan duration 500 ms, flip angle= 
10°, FOV = 256 × 192 × 160 mm3, voxel size= 4.0 mm3 isotropic, sagittal orientation) 
was used.36 The first 10 scans of each functional run were discarded to allow for signal 
saturation. The picture word matching and semantic decision sessions consisted of 
1008 scans, the verb generation session of 1020 scans, and the breath-hold session of 
360 scans.
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Data analysis
Data were analyzed using SPM2 (Wellcome Department of Imaging neuroscience; 
http://www.fil.ion.ucl.ac.uk/spm/). Functional images were realigned and co-registered  
with the anatomical and FLAIR images. A manually drawn outline of the hyperintense 
lesion on the FLAIR image was used for calculating lesion volume and was masked 
out during subsequent normalization of the patients’ images to the Montreal 
Neurological Institute template.37 Normalized functional images were smoothed  
with an 8-mm Gaussian filter.

Language paradigms
First, for each subject, and for each task separately, a general linear model (GLM) 
analysis was performed to obtain average brain responses (i.e., b values) associated 
with language processing. To correct for drifts in the signal, a high-pass filter was 
applied to the data with a cut-off frequency of 0.006 Hz for the semantic decision task 
and picture word matching task, and a cut-off frequency of 0.008 Hz for the verb 
generation task.

Second, regions-of-interest (ROIs) in the left hemisphere and their right hemispheric 
homologues were created using the Wake Forest University Pick Atlas38 and 
consisted of (i) the inferior frontal gyrus (IFG), representing the anterior language 
region, (ii) posterior language region consisting of the angular, supramarginal, and 
entire superior and middle temporal gyri, and (iii) combined anterior and posterior 
language regions (combined language areas). The inferior temporal gyrus was not 
included because of substantial magnetic susceptibility-induced signal loss in this 
area (data not shown). For each patient the relative amount of ischemic damage in 
each ROI was calculated by dividing the volume of lesioned tissue within the ROI by 
the total ROI volume.

Third, for each subject, the number of activated voxels (i.e., showing activation 
above a threshold of p < 0.05, Family Wise Error corrected) was counted in each 
ROI to obtain the degree of activation for each ROI. Since no significant activation 
was observed in the lesion, the lesion area was not masked out for this analysis. The 
laterality index was calculated for each pair (left and right) of ROIs using: laterality 
index = (L − R)/(L + R), where L is the number of activated voxels in the left ROI and 
R is the number of voxels in the right ROI. The laterality index reflects the degree of 
activation in a left hemispheric ROI in relation to its contralateral counterpart.
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Breath-hold paradigm
For analysis of the breath-hold data, the signal intensity time-course over 360 scans 
was averaged for all voxels in right combined language areas after filtering with  
a high-pass filter with a cut-off frequency of 0.008 Hz. First, to assess differences 
between the healthy hemisphere of patients and controls the time-course of  
individual patients was correlated with the average time-course of all control 
subjects. As a reference, the time-courses of the individual control subjects were 
correlated with the average time-course of the control group using the jack-knife 
approach. Second, to detect intra-individual differences between the left and 
right hemisphere, a GLM analysis was performed analogous to the analysis of the  
language fMRI sessions, using the individual average time-course in right 
homologous language areas as the regressor-of-interest.

The number of significantly responsive voxels (p < 0.001, uncorrected) in unlesioned 
left and right language areas were calculated for all stroke and control subjects. 
In contrast to the language paradigm, the breath-hold paradigm resulted in 
significantly responsive voxels inside the lesion area. Therefore, the lesion was 
masked out for ROI analysis of the breath-hold data for adequate comparison with 
the language fMRI data. The number of responsive voxels in each ROI was divided by 
the total number of voxels in the unlesioned part of the ROI.

Statistics
All values are expressed as mean ± SD. A p < 0.05 was considered statistically 
significant. A binomial test was used to test whether the subjects’ performance 
scores during the execution of language paradigms were above chance level. Group 
activation maps for the language paradigms were created with a one-sample t-test 
(p < 0.001, uncorrected). To test for differences in the amount of activation in the 
combined language area between the different tasks for both groups, a multivariate 
test was performed. Between-group differences in the number of activated voxels in 
each ROI were evaluated by two-sample t-testing.

Performance in the chronic phase, lesion size and fMRI activation
To assess the relation between language performance in the chronic phase and 
language related activation within the patient group, online performance on the 
picture word matching and semantic decision task during scanning and performance 
on the verb generation task right before scanning, were correlated with the 
number of activated voxels (for both hemispheres) and laterality indices in the ROIs. 
Furthermore, overall language performance in the chronic stage was correlated with 
the number of activated voxels (for both hemispheres) and laterality indices in the 
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ROIs. Lesion size was correlated with overall language performance. The number 
of activated voxels in right hemispheric ROIs was correlated with lesion volume and 
with the percentage of damage in their left hemispheric counterparts. Correlations 
were tested with a Pearson’s correlation test.

Recovery of language and fMRI activation
The difference between the Token Test score and naming Z score at time-points 2 
and 1 within the patient group was tested with a paired t-test. Recovery of naming 
and on the Token Test was correlated with the number of activated voxels (for 
both hemispheres) and laterality indices in the ROIs. Recovery of these language 
modalities was also correlated with lesion size with use of Pearson’s correlation test.

Breath-hold response
We calculated Pearson’s correlation coefficients between percentages of responsive 
voxels during language tasks and the breath-hold paradigm in the combined 
language area to evaluate whether the degree of activation was directly linked 
to the level of cerebrovascular reactivity. Two-sample t-tests were used for the 
comparisons of the numbers of activated voxels, laterality indices and percentages 
of responsive voxels during breath-hold, between patients and controls.

 
Results

Subjects
The locations of the patients’ chronic infarcts are shown in Fig. 1. The lesion size and 
location, and degree of damage in the left language ROIs are shown in Table 2. Three 
patients were not able to perform the verb generation task. Semantic decision results 
were excluded from the analysis for one patient who did not perform above chance 
level. The other tasks were successfully executed by these patients and included 
for further analysis. All other subjects performed well above chance level on all fMRI 
language paradigms. Performance accuracy (%; controls vs. patients) for picture 
word matching, semantic decision and verb generation were 93 ± 8 vs. 88 ±10, 91 
± 4 vs. 80 ± 15 and 97 ± 4 vs. 79 ± 17, respectively.

Activation pattern
For both groups, average activation maps showed activation in the inferior, middle, 
and medial superior frontal gyri, middle temporal gyrus, supramarginal gyrus, the 
angular gyrus, posterior part of the inferior temporal gyrus, basal ganglia, fusiform 
gyrus, posterior occipital lobe, and cerebellum on both sides (Fig. 2). The different 
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language tasks activated largely similar areas. The number of activated voxels in left 
language areas (patients vs. controls) for verb generation, picture word matching 
and semantic decision were 407 ± 156 vs. 590 ± 180, 165 ± 152 vs. 240 ± 162, and 152 
± 118 vs. 287 ± 164, respectively. These numbers were significantly larger for verb 
generation than for picture word matching and semantic decision for both patients 
and controls (F 22.3, p < 0.001). The number of activated voxels and laterality indices 
in ROIs for patients and controls are shown in Table 3. As a result of the lesion, the 
number of activated voxels in the left IFG was significantly lower in patients than in 
controls for all language tasks. The laterality index in the combined language areas 
was lower in patients than controls.

Fig. 1. FLAIR MR images of axial brain slice with maximum ischemic damage for each patient (1–13), 
and distribution of all patients’ lesion areas on a brain template. Color-coding reflects number of 
patients (1–13) with local lesion overlap.

Performance in the chronic phase, lesion size and fMRI activation
Within the patient group, activation in left or right hemispheric ROIs or laterality 
indices were not correlated with online performance on the fMRI tasks. Overall 
language performance was positively correlated with the laterality index for 
semantic decision (r = 0.60, p = 0.039) and we detected a trend for picture word 
matching (r = 0.51, p = 0.078). The overall language performance at the time of MRI 
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was inversely correlated with lesion volume (r = −0.64, p = 0.018). The number of 
activated voxels in right hemispheric ROIs was not related to either lesion volume or 
percentage of damage in the left hemispheric counterparts of the ROIs.

Recovery of language and fMRI activation
From the subacute to the chronic phase, patients’ performance on the Token Test and 
on naming improved significantly from 14.5 ± 14.3 to 27.9 ± 15.6 (p = 0.001) and from 
−10.2 ± 5.9 to −3.8 ± 6.2 (p = 0.004), respectively (see Table 1).

Table 2
Lesion site, size and degree of damage to left language ROIs.

Patient Site of lesion in left hemisphere Lesion volume 
(cm3)

Damage to 
IFG (%)

Damage to posterior language region 
(%)

1 Frontal, temporal, parietal 104.2 37 74

2 Frontal, parietal 49.6 54 8

3 Frontal 41.0 25 0

4 Frontal, parietal 69.3 50 31

5 Frontal 48.2 59 0

6 Frontal, temporal, striatocapsular 87.3 63 28

7 Striatocapsular 6.0 0 0

8 Temporal, parietal 49.3 0 28

9 Frontal, temporal, parietal 75.0 12 33

10 Frontal 49.8 2 2

11 Parietal 10.4 0 5

12 Frontal 41.6 65 0

13 Frontal, temporal, striatocapsular 167.3 93 55

Recovery of naming ability was positively correlated with the number of activated 
voxels in the left IFG for semantic decision ( r = 0.76, p= 0.004) and verb generation 
(r = 0.71, p = 0.021). Recovery on the Token Test was positively correlated with the 
number of activated voxels in both left and right IFG during semantic decision (r = 
0.77, p = 0.004 (left); r = 0.64, p = 0.024 (right)) and verb generation (r = 0.64, p =0.047 
(left); r =0.73, p =0.017 (right)). Change of naming and change on the Token Test were 
not correlated with lesion volume.

Breath-hold response
The average time-courses of BOLD signal intensity changes in right language areas in 
controls and patients during the breath-hold paradigm are shown in Figs. 3A and B, 



28

Inferior frontal gyrus in aphasia recovery

respectively. The area with significant BOLD responsiveness (p < 0.001, uncorrected) 
for a control subject and a patient are shown in Figs. 3C and D, respectively. One 
control subject was discarded, as she did not hold her breath during the second task 
block. Grey matter was widely responsive in both controls and patients. There was 
markedly reduced responsiveness in the infarcted area. The correlation coefficient 
between the average signal intensity time-courses in right language areas in 
individual healthy controls and the average time-course in all other controls was 0.61 
± 0.10 (range: 0.47–0.75). For patients, the correlation coefficient with the average 
time-course in controls was 0.44 ± 0.32 (range: −0.30–0.78). The difference between 
patients and controls did not reach significance (p = 0.13). For four patients with 
correlation coefficients more than 2 standard deviations lower than the mean in 
healthy controls, it was questionable whether they had fully held their breath. Since 
three of them exhibited above average activation during the language paradigms,  
it is unlikely that their cerebrovascular reactivity was substantially impaired. The 
other patient showed sparse language-related activation. However, exclusion of this 
patient from the fMRI analyses did not substantially change the results (data not 
shown).

Fig. 2. Group activation maps (p < 0.001, uncorrected) for controls (A, B, C) and patients (D, E, F) 
during picture word matching (A, D), semantic decision (B, E), and verb generation (C, F). Color-
coding reflects t-values.
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Percentage of activation during language tasks and percentage of responsiveness 
during breath-hold was not correlated in the combined language areas. Percentage 
of responsive voxels in the unlesioned part of left and right language areas combined 
in controls (left: 76.4 ± 9.2%; right: 72.3 ± 5.7%; laterality index: 0.03 ± 0.05) was not 
different from patients (left: 68.3 ± 24.6%; right: 77.5 ± 8.2%; laterality index: −0.10 
± 0.22).

 
Discussion

In the present study, better overall language performance more than 1 year after 
ischemic stroke was associated with higher relative activation of the left compared 
to the right hemisphere. Language recovery from the subacute phase to the chronic 
phase after stroke was associated with left IFG activity in the chronic phase. Both left 
and right IFG activation in the chronic phase were correlated with improvement of 
sentence comprehension (Token Test). A breath-hold paradigm demonstrated that 
the majority of chronic patients had adequate hemodynamic responsiveness in left 
and right language regions.

In the patient and control group, all three language tasks induced activation in 
language areas that are commonly activated across a range of comparable language 
tasks in controls.33 Activated volumes were larger in the verb generation paradigm 
than in the other tasks. This is at least partly explained by the stronger baseline task 
for the picture word matching and semantic decision tasks, while verb generation 
was contrasted with a fixation cross. Moreover, a smaller constraint in response 
options during verb generation as compared to the other tasks results in increased 
activation of the left IFG through a higher demand on selection between competitive 
alternatives.39

Activation responses in chronic stroke patients were detected in the same left 
hemispheric areas as in controls, although to a lesser extent due to the ischemic 
lesion. The amount of activity in right hemispheric areas was largely similar to that in 
controls. This corresponds with previous studies that showed normalization of right 
hemispheric activity in right perisylvian language areas after 2 weeks post-stroke.40,12
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Table 3
Language-related activation in patients and controls.

Task ROI Controls
Lefta Righta LIb

Patients
Lefta Righta LIb

Picture word matching Inferior frontal gyrus 172 ± 29 80 ± 21 0.47 ± 0.08 87 ± 21* 78 ± 20 −0.02 ± 0.15*

Posterior language areas 67 ± 19 24 ± 8 0.48 ± 0.12 78 ± 27 66 ± 26 0.19 ± 0.16

Combined language areas 0.47 ± 0.08 0.12 ± 0.12*

Semantic decision Inferior frontal gyrus 200 ± 24 84 ± 22 0.43 ± 0.07 85 ± 22* 57 ± 11 0.12 ± 0.16*

Posterior language areas 87 ± 25 41 ± 13 0.38 ± 0.14 67 ± 15 61 ± 15 0.10 ± 0.12

Combined language areas 0.43 ± 0.06 0.12 ± 0.13*

Verb generation Inferior frontal gyrus 371 ± 25 147 ± 24 0.47 ± 0.06 225 ± 43* 156 ± 32 0.16 ± 0.13*

Posterior language areas 220 ± 38 106 ± 33 0.41 ± 0.08 182 ± 34 145 ± 43 0.27 ± 0.13

Combined language areas 0.44 ± 0.06 225 ± 43* 0.27 ± 0.13*

a Number of activated voxels.
b Laterality index.
* p < 0.05, patients vs. controls.

Previous neuroimaging studies in stroke patients have underlined the importance of 
restitution or restoration of the pre-morbid language network in the dominant left 
hemisphere for recovery from aphasia.3–5 In line with these findings, we found that a 
better overall score on the Aachen Aphasia Test in the chronic phase was correlated 
with a higher relative contribution of left compared to right perisylvian areas during 
certain fMRI language tasks.

In our study, improvement on the Token Test was positively correlated with activation 
in both the left and right IFG during semantic decision and verb generation. By 
contrast, recovery of naming was only associated with activity in the left IFG. The 
left IFG is a crucial area for various linguistic processes such as lexical-semantics, 
phonology and syntax. It is therefore not surprising that the left IFG is involved in 
recovery of many subcomponents of language, such as sentence comprehension 
and picture naming. Our data suggest that the right IFG contributes more during 
auditory sentence comprehension than during picture naming.

Picture naming requires integration of the visual, phonological, semantic and motor 
systems, while auditory sentence comprehension involves auditory, phonological, 
semantic, syntactic and motor processing. Since the patients did not exhibit hearing or 
visual impairments in the subacute or chronic phase, reorganization of these primary 
sensory brain systems is not suggestive to play a role in the observed dissociation.
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Fig. 3. Response during breath-hold paradigm. Average change in signal intensity in right language 
areas over time in controls (A) and patients (B). BH: breath-hold block. Standard deviations for time-
points (mean; range) for controls: 0.48; 0.20–1.0, and patients: 0.59; 0.18–1.26. Map of responsiveness 
(p < 0.001, uncorrected) in a control (C) and patient (D) superimposed on subject’s anatomical scan. 
Color-coding reflects t-values.

Right IFG may be especially involved in making inferences when processing load 
increases.41 Indeed, the right IFG has been shown to be activated when processing 
load of various linguistic tasks increases,42 besides playing a role in oddball 
detection43 and inhibition.44 In our study, each of the words comprising the stimulus 
sentences in the Token Test have to be kept in working memory before a correct 
motor program can be initiated to solve the trial. The demand on working memory 
and executive processing during the Token Test would therefore be higher than for 
picture naming. The increase of right IFG activation with increased task difficulty and 
learning of new or forgotten words in healthy controls as well as patients45 points 
toward an indirect contribution of the right IFG to linguistic processing in terms of 
working memory or executive control.13
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The incorporation of contralesional (right) homologues into the language network 
may be more prominent in case of extensive damage. In our study, the infarction 
varied substantially in extent and location. Yet, the IFG was most consistently affected 
(10 out of 13 patients). However, we did not find a significant correlation between 
lesion volume or damage in the language areas in the dominant hemisphere (i.e., left 
IFG and posterior language area) and activation in the non-dominant hemispheric 
counterparts.

Breath-hold
BOLD fMRI measures a hemodynamic response of the brain that is related to neuronal 
activity.46 In patient studies the assumption that vascular reactivity is unaltered and 
that differences in the measured BOLD MR signal response therefore directly reflect 
differences in neuronal activity is not unequivocal. In patients with stroke, altered 
cerebrovascular reactivity may distort hemodynamic activation responses.47,48 In 
stroke patients with aphasia this may result in an increase in time-to-peak of the 
hemodynamic response in left perisylvian areas.20 Assessment of vascular reactivity 
could aid in distinguishing between altered neuronal processing and altered 
hemodynamic responsiveness as an explanation for changes in fMRI responses 
in cerebrovascular disease patients. We applied a 20-s breath-hold paradigm 
that has been shown to be a practical approach to test cerebrovascular reactivity 
non-invasively.21 The temporal pattern of BOLD signal intensity changes during the  
breath-hold paradigm in healthy controls in our study corresponded with that 
described previously: (1) an initial small increase in signal reflecting chest expansion 
and decreased intra-thoracic pressure, reduced vascular resistance and increase 
of blood inflow of blood to the brain; (2) a decrease of the signal due to lowering 
heart rate and decreasing cerebral perfusion as a result of autonomic regulation by 
baroreceptors; (3) a signal increase due to increase in cerebral blood flow following 
rise in arterial CO2 pressure; (4) return to baseline signal following normalization of 
physiological parameters.21

In our study, the time-course of the BOLD MR signal during a breath-hold paradigm 
was largely similar in structurally intact right and left language areas in all subjects 
that performed the paradigm adequately, except for one patient. The observed 
differences in language-related fMRI activation can therefore not be explained 
by altered cerebrovascular reactivity. Nevertheless, assessment of hemodynamic 
responsiveness may well provide important information for fMRI studies in stroke 
patients, particularly at earlier stages when reactivity may be impaired.12
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Limitations and future directions
In order to make inferences about the contribution of the observed activation to 
specific subcomponents of language, the tests used for the behavioral assessment and 
the tasks used during the fMRI examination should ideally be matched. Nevertheless, 
in our study activation of left and right hemispheric ROIs was not significantly 
correlated with performance of the online fMRI tasks. The fMRI tasks had been designed 
to be easy enough for dysphasic patients to perform. Although three patients were 
unable to conduct the verb generation and one was unable to conduct the semantic 
decision task, many patients reached accuracy higher than 90% (7 out of 13 for picture 
word matching, 6 out of 12 for semantic decision and 4 out of 10 for verb generation). 
This ceiling effect may have masked a possible correlation.

The language tasks in this study were not designed to activate Wernicke’s area to a 
large extent. Therefore, no conclusions can be drawn from the absence of evidence 
of involvement of the posterior language area in recovery from aphasia in the 
chronic phase.

Unfortunately, fMRI was not conducted in the earlier phases after stroke in the 
current study. Future studies with a longitudinal design, with a close match between 
the tasks used for neuroimaging and behavioral assessment, can help to further 
elucidate the contribution of different brain areas and particularly the right IFG in 
relation to behavioral recovery.

Conclusions
Our study confirms that restoration of left hemispheric language areas, including 
the IFG, the superior and middle temporal gyri, and the angular and supramarginal 
gyri is associated with good language performance more than 1 year after ischemic 
stroke. Left IFG activity was associated with improvement of linguistic functions such 
as object naming and sentence comprehension, while the right IFG may contribute 
through non-linguistic processing related to increased demand of working memory 
or executive control reflecting task difficulty or learning. The majority of patients 
showed a similar hemodynamic responsiveness to a breath-hold paradigm in 
structurally intact language areas compared to healthy controls, making altered 
cerebrovascular reactivity an unlikely confounder in the interpretations of our fMRI 
results in chronic stroke patients.
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Abstract

Knowledge of spatiotemporal patterns of language network changes may help in 
predicting outcome in aphasic stroke patients. Here we assessed language function 
and performed functional MRI four times during one year to measure language 
network activation and cerebrovascular reactivity (with breath-holding) in twelve 
left-hemispheric stroke patients, of whom two dropped out before the final 
measurement, and eight age-matched controls. Language outcome was related to 
increase of activation in left and right posterior inferior temporal gyrus over the first 
year, while activation increase in right inferior frontal gyrus was inversely correlated 
to language recovery. Outcome prediction improved by addition of early language-
induced activation of the left posterior inferior temporal gyrus to a regression model 
with baseline language performance as first predictor. Variations in language-
induced activation in right inferior frontal gyrus were primarily related to differences 
in vascular reactivity. Furthermore, several language-activation changes could not 
be linked to alterations in language proficiency nor vascular reactivity, and were 
assumed to be caused by unspecified intersession variability. In conclusion, early 
functional neuroimaging improves outcome prediction of aphasia after stroke. 
Controlling for cerebrovascular reactivity and unspecified intersession variability 
may result in more accurate assessment of the relationship between activation 
pattern shifts and function after stroke.    
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Introduction

Each year, around 15 million people are affected by stroke worldwide.1 After 
dementia, it is the second leading cause of disability. Roughly a third of stroke 
patients are affected by aphasia.2 Spontaneous recovery from aphasia after stroke 
is variable, and prediction of individual outcome is difficult.3 Classical prediction 
models with conventional predictor variables, such as acute language deficit, lesion 
size and location, and patient characteristics, may however improve by incorporating 
brain activation during language performance in the subacute phase –when acute 
non-system specific changes have mostly dissolved– as a predictor variable.4 The 
activation pattern within the brain’s language network has been shown to alter over 
time after stroke: left frontal parts of the language network often harbor increase of 
activation from the subacute to chronic phase, whereas activity in the right inferior 
frontal gyrus (IFG) decreases.5 While the right IFG may have a negative influence on 
local processing in the chronic phase,6 a positive contribution has been suggested 
during earlier phases of recovery.5,7 Knowledge of the potential contribution of 
different left and right hemispheric language nodes at different stages of recovery is 
crucial for the understanding of changes of processing within the language network, 
which could further assist prediction of outcome in individual patients.

Functional MRI (fMRI) provides a practical tool for non-invasive whole-brain 
assessment of activation patterns during execution of language tasks. In fMRI, 
neuronal activity is inferred from a hemodynamic response. Since stroke patients 
with cerebrovascular dysfunction may have a significantly altered neuronal-
hemodynamic coupling,8 cerebrovascular reactivity is a critical factor in the 
sensitivity and specificity of fMRI-based detection of post-stroke network activity. 
Moreover, changes in vascular reactivity over time may be a serious confounder in 
the interpretation of serial fMRI studies. Although we have previously shown with 
a breath hold paradigm that no significant misinterpretation is expected in the 
chronic phase,9 this remains unclear for earlier phases after stroke. 

An additional confounder in (serial) fMRI studies is nonspecific intersession variability. 
Variations in fMRI-detected activation patterns have been observed between 
different language task sessions in healthy subjects and in aphasic patients, which 
were not related to actual changes in network properties.10 Therefore, changes in 
activation measured from repetition of a single fMRI task may not necessarily reflect 
reorganization of the involved neural network.  
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In the current study, we aimed to predict language outcome at one year in a group 
of aphasic stroke patients by applying fMRI in the subacute phase and assessing the 
contribution of different parts of the brain to language performance in the subacute 
to chronic phase after stroke. A longitudinal fMRI study was conducted in patients 
with aphasia after stroke and healthy controls. Two language tasks, as well as a 
breath hold paradigm, were included at two weeks, three, six and twelve months 
after stroke. We hypothesized that (i) the extent of activity in left hemispheric 
language areas around two weeks after stroke as a predictor variable improves 
prediction of outcome at one year; (ii) the amount of language-induced activation in 
the left hemisphere is positively related to language performance, while activation 
of language areas in the right hemisphere is inversely related to language skill; and 
(iii) cerebrovascular reactivity and intersession variation of undetermined origin can 
confound the interpretation of changes of the fMRI signal over time. 

Methods

Subjects
Patients were recruited at the stroke units of the University Medical Center Utrecht 
and the Sint Antonius Hospital Nieuwegein, The Netherlands. Inclusion criteria 
were: i) first-ever ischemic stroke in the territory of the left middle cerebral artery; 
ii) aphasia measurable on the Dutch version of the Aachen Aphasia Test (AAT);11 iii) 
mild to moderate disability (modified Rankin scale score ≤ 3);12 iv) right-handedness; 
and v) Dutch as native language. Exclusion criteria were; i) history of another 
neurological or psychiatric disease; ii) MRI-incompatible prosthesis; and iii) inability 
to perform the MRI paradigms due to the severity of aphasia or comorbidity. 

The control subjects were matched for age, and level of education, by including the 
patients’ spouses, siblings, similarly aged other relatives or acquaintances. Exclusion 
criteria for controls were: i) neurological or psychiatric disease; ii) Dutch not being 
the native language; iii) MRI-incompatible prostheses; and iv) left handedness. 

All methods were carried out in accordance with relevant guidelines and 
regulations. All experimental protocols were approved by the local Medical Ethical 
Review Board of the University Medical Center Utrecht. Written informed consent 
was obtained from all subjects.
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Data acquisition
Language testing
Patients were examined at four time points after stroke: within 2 weeks and at 3, 6, 
and 12 months. Control subjects were examined at the same time intervals. Language 
testing of the stroke patients consisted of the Dutch version of the AAT and the 
Boston Naming Task (BNT).13 Type (Broca, Wernicke, Anomic, Transcortical, Global) 
and severity of aphasia were defined with software included in the test battery. For 
further analysis, the sub-scores on the AAT and score on the BNT were transformed 
into Z-scores based on the scores of a reference population of Dutch aphasia 
patients.11 Scores on the Token test, as part of the AAT, were inverted to have higher 
scores reflect better performance. The average of all Z-scores was used as a measure 
of language performance as described previously.9 Language performance during 
online fMRI tasks was defined as the proportion of correct responses (language 
accuracy). Our previous study showed that ceiling effects restrict the usefulness of 
the online language accuracy. Therefore, to optimally relate the activation response 
associated with each fMRI task to language function, we averaged the Z-scores 
of subtasks of the AAT and BNT that matched most with the language processes 
essential for performance of the particular fMRI task (see below).

MRI
A 3T Philips Achieva MR scanner and an eight-element RF head coil were used for 
all scans.  At the first session around 2 weeks post-stroke, a T2-weighted multi-slice 
FLAIR scan (repetition time (TR)/ echo time (TE)/inversion time (TI) = 11000/125/2800 
ms, acquired voxel size = 0.65 x 0.94 x 4.0 mm3, reconstructed voxel size = 0.45 x 0.45 
x 4.0 mm3, field-of-view (FOV) = 230 x 183 x 129 mm3, transverse orientation) was 
acquired to localize the lesion. For anatomical reference, a 3D T1-weighted scan was 
acquired at each time point (TR/TE = 9.9/4.6 ms, flip angle = 8°, acquired voxel size 
= 1.0 × 1.0 × 1.0 mm3, reconstructed voxel size = 0.88 × 0.88 × 1.0 mm3, FOV = 224 × 
168 × 160 mm3, transverse orientation). For BOLD (Blood Oxygen Level Dependent) 
MRI during execution of language tasks (828 scans per task) and a breath hold 
paradigm (253 scans; see below), a 3D PRESTO-SENSE sequence (TE/TR = 33.2/22.5 
ms, acquisition time per image = 609 ms, flip angle = 10°, FOV = 256 × 224 × 160 
mm3, voxel size = 4.0 mm3 isotropic, sagittal orientation) was used.14 

fMRI language tasks
We used a picture word matching (PWM) and a semantic decision (SD) task for the 
fMRI assessments.9 PWM consisted of the simultaneous presentation of a picture15 
and a word. Subjects had to decide whether these matched, and had to respond by 
pressing the left (correct) or right (incorrect) button with the left (non-paretic) hand. 
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During SD, subjects had to decide if a visually presented noun referred to an animal. A 
control condition for both tasks consisted of an arrow pointing left or right. Pressing 
the corresponding button was required.  This condition was added to mask out non-
language related activation, such as motor activity, visual processing and cognitive 
processes needed for decision making other than the specific language skills. 
Stimulus presentation was self-paced, in order to induce a constant effort corrected 
for possible altered proficiency during recovery. During rest blocks a fixation cross 
was presented in the middle of the screen. Both tasks consisted of six study blocks, 
six control blocks and six rest blocks of 28s (46 scans) that were interleaved.   

Breath hold paradigm
During the breath hold paradigm, subjects were cued to hold their breath after 
normal inspiration by showing a bar that decreased in size according to the time 
that was left. Our previous study in patients with chronic aphasia showed that not all 
patients can resist 20 seconds of breath holding.9 Since robust signal changes could 
be observed when alternating 14 seconds of breath holding with normal respiration, 
and blocks longer than 9s have been shown to elicit clear BOLD signal responses,16 
14-second blocks were used. Respiration was recorded with a pressure-sensitive belt 
around the abdomen.

The datasets generated during and/or analysed during the current study are available 
from the corresponding author on reasonable request.

Data analysis
We used SPM8 (Wellcome Department of Imaging Neuroscience; http://www.fil.ion.
ucl.ac.uk/spm/) for data analysis. Using rigid body transformations, all functional 
runs at all sessions were realigned to each other and to the FLAIR and anatomical 
scans. The patients’ lesions were manually outlined on the FLAIR images obtained 
at the first session around 2 weeks post-stroke. The segmentation was used to 
calculate lesion volume, and to mask out the lesion for subsequent normalization of 
all scans to the Montreal Neurological Institute (MNI) template.17 Functional images 
were smoothed with an 8mm kernel (FWHM).

Analysis of activation response to language tasks
A generalized linear model (GLM) with a boxcar function convolved with a 
hemodynamic response function was used. A high pass filter with a cut-off period 
of 128s was applied. Rigid body realignment parameters (six) were added to the 
design matrix. Besides, scans that were affected by motion were effectively excluded 
by adding finite impulse response (FIR) functions to the design matrix. Volumes 
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affected by motion were identified by first high-pass filtering the time-series (cutoff 
0.01 Hz.), then calculating the mean volume across the time-series, and then for 
each individual volume estimating the mean sums of squares (MSS) of the deviation 
from the mean volume. If the MSS of a volume exceeded twice the mean MSS of all 
volumes, the volume was marked as affected, and a FIR was added to the design 
matrix. 

For each subject at each time point an activation map was created with the estimate 
of the contrast between the language condition and the control condition (language 
activation), and a map with the corresponding statistical values.  

Analysis of vascular response to breath hold paradigm
In order to assess vascular reactivity in response to the breath hold paradigm, 
analysis was conducted at two levels, similar to the approach in our previous study.9 
For the first part of the analysis, grey matter area was segmented in all subjects and 
lesions were masked out based on FLAIR imaging data. Subsequently, the average 
signal time course within the grey matter of the (healthy) right hemisphere from all 
subjects was calculated during the whole breath hold paradigm period. This signal 
was converted to percent signal change, and filtered using a high-pass filter with 
a cut-off period of 56s (double duration of task and rest block) using spm_filter. 
Then we looked for changes over time of this response in the control group, and 
for differences between patients and controls. For each control subject, the signal 
response at each session was correlated with the average signal time course from 
all other healthy controls at session 1 with Matlab (the Mathworks inc.). Similarly, 
each patient’s signal time course was correlated with the average signal time course 
from all controls at session 1. As a result a distribution of correlation coefficients 
was available for each group at each session. Since correlation coefficients were not 
normally distributed, values were rank transformed. Subsequently a generalized 
linear mixed effects model was performed on the rank-transformed correlation 
coefficients using R (https://www.r-project.org) for each group at each session to 
test group,  time, and group-time interaction effects (lme4 package “Fitting linear 
mixed-effects models using lme4” 18).

For the assessment of whole-brain differences in breath hold responsiveness, the 
average signal time course in the grey matter of the right hemisphere of each 
individual was used as the regressor of interest in a GLM analysis for that particular 
subject (conform a regular first level fMRI analysis) to get an estimate of breath 
hold responsiveness in all voxels (effect size) and a statistical value of the fit 
(t value). Because the time course of each subject was used as regressor for that 
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subject, differences in amplitude between subjects could not be detected, since 
the amplitude of the signal was effectively normalised. Therefore, the amplitude of 
the signal was determined from the amplitude of the sine wave with the dominant 
frequency (as identified from Fourier transformation of the signal time course). 
Before entering the voxel-wise GLM, the regressor was normalized by multiplication 
with the inverse of this amplitude. As a result, for each subject and each session two 
brain responsiveness maps were created: one with an estimate of the size of the 
breath hold response in each voxel, and another with the corresponding statistical 
value of the fit. 

Identification of regions-of-interest
For each language task separately, activated brain areas in the control group were 
extracted and used as regions-of-interest (ROIs). A one-sample t-test was conducted 
on the signal contrast associated with the language task versus the control condition 
over all sessions, thresholded at p < 0.001 (uncorrected) with a cluster size of at least 
10 voxels (k≥10). Effectively, the resulting language activation map contained all 
brain areas robustly activated over all sessions in the control group. Since activation 
of the visual cortex was present despite addition of a corrective control condition, 
especially for PWM, activation within the occipital lobe was masked out. Since 
aphasic stroke patients predominantly activate areas similar to healthy subjects in 
the undamaged parts of the left hemisphere and recruit contralateral mirror sites in 
the undamaged right hemisphere across a large variety of language tasks,19 ROIs in 
the left hemisphere were also flipped to the right hemisphere.  If resulting clusters 
overlapped with originally activated right hemisphere areas in controls, these 
clusters were combined.

Prediction of outcome
Prediction analyses were conducted using SPSS 19.0. Language outcome was 
defined as Language Performance at the last session at one year after stroke. 

First, separate simple Pearson correlations were calculated between language 
outcome and several baseline characteristics, i.e. lesion volume, language 
performance in the subacute phase, and age, as well as between language outcome 
and the fMRI-detected amount of activated voxels (p < 0.001, uncorrected) in each 
ROI during each language tasks. 

Second, linear regression was conducted using a forward stepwise selection with 
the same baseline characteristics to extract the most relevant variables. Adding 
extra regressors to the model would invariably lead to an increased explained 
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variance. Therefore, a goodness of fit corrected for complexity of the model (Akaike 
Information Criterion (AICc)) 20 was used to select the best model.

Third, fMRI-detected language activation that was correlated to language outcome 
in the first step was separately added to the model defined in the second step in 
another linear regression analysis. Predictive power was calculated and the AICc was 
used to determine if the model with added fMRI-detected language activation was 
superior to the one with only baseline variables.

Regions-of-interest analysis
ROI analyses were done with R using the lme4 package.18 For each subject and each 
ROI, numbers of activated and responsive voxels (p < 0.001 uncorrected) during 
language tasks and breath hold paradigm, respectively, were calculated. 

To elucidate the possible etiology of changes of language fMRI responses over 
time, we related language activation signals to language performance and to 
cerebrovascular reactivity. Changes in language activation responses over time that 
were not correlated with language performance or cerebrovascular reactivity were 
considered to reflect non/specific intersession variability. Below follows a description 
of the analyses for the factors language performance, cerebrovascular reactivity and 
intersession variability. Separate tests were conducted for each ROI and each task.

1) Factor language performance: Only patient data were used in this analysis. A 
correlation analysis was performed between language-related brain activation and 
language function. As language performance measures, we used online language 
accuracy, the composite language score (Language Performance), as well as specific 
measures for each language task. For PWM, the average of the Z-scores of the 
comprehension subtask of the AAT and BNT was used, while for SD the average of 
the comprehension and written language subtasks of the AAT was used.  A Spearman 
correlation analysis was performed on the transformed data from all sessions.  

2) Factor cerebrovascular reactivity. First, similar to above, a Spearman correlation 
between rank-transformed breath hold responsiveness and language activity in each 
ROI over all sessions was conducted. Second, to investigate if changes in vascular 
responsiveness in the patient group could have been responsible for changes in 
language task-related responses, two GLMs were built with language activation 
in each ROI as dependent variable. Since data were not normally distributed, a 
transformation into ranks was performed. Group, time and group-time interaction 
were used as fixed factors. With the first model we assessed changes in language-
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related activation over time within both groups. The second model was identical to 
the first, with the addition of breath hold responsiveness as covariate.  Brain areas 
that fulfilled the following criteria were considered to harbor a change in activation 
response that was associated with altered cerebrovascular reactivity: i) exhibiting a 
significant time effect with the first model, that disappeared in the second model (when 
adding breath hold responsiveness as covariate); ii) the breath hold responsiveness 
covariate in the second model was significant, and thus explained a significant 
amount of variance. The last criterion was added to prevent extracting time effects 
with a borderline p-value that moved from just below 0.05 to just above, without the 
breath hold responsiveness covariate explaining a significant amount of variance. 
3) Factor intersession variability. All areas showing changes that could not be related 
to alterations in language performance or to cerebrovascular reactivity, as described 
above, were considered to be associated with test-retest effects, non-biological 
intersession variability, or brain reorganization not or indirectly related to language 
recovery.

Statistics
Baseline characteristics of patients and controls were compared using Student’s 
t-tests and Fisher’s exact test. Changes of language performance over time in 
patients were assessed with a linear mixed effect model. Distribution of correlation 
coefficients for breath hold responsiveness was assessed with a linear mixed effects 
model. To correct for multiple comparisons, we applied false discovery rate (FDR) 
correction to results from the ROI analyses. A p < 0.05 was considered significant. 
Means are shown with standard deviation, unless otherwise specified. 

Results

Subjects
Twelve patients (age 67.9 ± 11.4 years, ten males) and eight controls (age 65.9 ± 6.3 
years, six males) were included. The location of the lesions is shown in Figure 1A. 
Scores on the AAT and BNT at session 1, and type and severity of aphasia at the first 
and last sessions are shown in Table 1. The patients showed considerable recovery 
of language function over time (F(3,37) = 4.56,  p = 0.008, Fig. 1B). Not all patients 
could be examined at all time points, due to various reasons, mainly tiredness or 
discomfort. One patient (#9) had a second stroke two months after inclusion and 
was not followed-up thereafter. For this reason, this patient only contributed to the 
baseline data. All twelve patients attended the first examination session. Time points 
of the last session for each patient are indicated in Table 1.  
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Figure 1. Lesion distribution and language performance scores of patients
(a) All lesions of patients are in the left hemisphere (radiologic orientation; left side is right 
hemisphere). Color indicates the number of overlapping lesions. (b) Language performance (Z-score, 
with a Dutch sample of aphasia patients as reference) on different subtasks of Aachen aphasia test 
and Boston naming task (BNT) over one year (within 2 weeks and at 3,6 and 12 months (sessions 1-4)).  

Activated brain areas during language processing
Average activation maps for language tasks in controls (over all sessions) and in 
patients (each session separately) are shown in Figure 2. MNI coordinates 21 and 
cluster sizes of activated areas in controls are shown in Table 2. The identified ROIs 
including right hemispheric homologous areas (mirrored from left hemispheric 
parts of the network) are shown in Figure 2F and 2L. The PWM task was associated 
with activation of the inferior frontal gyrus pars triangularis/ opercularis, angular 
gyrus, and middle frontal gyrus in the left hemisphere; and the angular gyrus and 
inferior frontal gyrus pars triangularis in the right hemisphere. The lateral thalamus, 
dorsal anterior cingulate and a large part of the cerebellum and occipital lobe were 
activated bilaterally. During SD, the angular gyrus, inferior temporal gyrus and 
inferior frontal gyrus pars triangularis/ opercularis were activated bilaterally. 

Prediction of language outcome
Language outcome of patients that were examined at one year (N = 10) correlated 
with language performance at session 1 (r = 0.57, p = 0.007) as well as with the 
amount of language-related activity in the left posterior inferior temporal gyrus 
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during PWM (r = 0.65, p = 0.043) at session 1.  As reflected by the correlation analyses, 
forward stepwise selection yielded a linear regression model with only language 
performance at session 1 as best model to predict language outcome (adjusted r2 = 
0.57, F(1,8) = 12.9, p = 0.007, AICc = -11.118). Although predictive power increased 
somewhat when adding lesion volume and age, the goodness of fit (AICc) was lower 
(adjusted r2=0.70; F(3,6) = 8.08, p = 0.016, AICc = -7.4). Adding fMRI activity in the 
left posterior temporal gyrus during PWM to the model increased predictive power 
with an increase of the goodness of fit (adjusted r2 = 0.69; F(2,7) = 11.2, p = 0.007, 
AICc = -11.596).

Table 2. Activated brain areas in healthy subjects

Brain area Side MNI
X Y Z t

Picture word matching

Angular gyrus R 22 -64 4 8.04

Lateral thalamus R 26 -20 -6 7.61

IFG pars triangularis R 34 32 -6 7.16

Dorsal anterior cingulate Bil 6 12 46 7.01

Lateral thalamus L -22 -8 -6 5.75

Angular gyrus L -26 -64 42 14.84

Temporal occipital cerebellum Bil -34 -52 -14 22.81

IFG pars triangularis/opercularis L -38 24 -2 9.36

Middle frontal gyrus L -50 -4 46 10.41

Semantic decision

Angular gyrus L -26 -64 46 12.48

Posterior inferior temporal gyrus L -34 -84 -10 13.47

IFG pars triangularis/opercularis L -50 16 30 10.82

Relation between task-induced activation and language performance
Significant correlations between language activation and performance in the patient 
group were found for left and right ROIs during PWM. Language performance 
(composite score of off-line language tests) was associated with activation in the 
left posterior inferior temporal gyrus (r = 0.48, p = 0.0038) (Table 3). The average 
Z-score of comprehension and BNT was associated with right inferior frontal gyrus 
pars triangularis/ operculars activation (r = -0.34, p = 0.043), and language accuracy 
during the online fMRI task was associated with activation in right posterior inferior 
temporal gyrus (r = 0.35, p = 0.036) (Table 3).  
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Relation between task-induced activation and vascular reactivity
The majority of patients successfully executed the breath hold tasks at sessions 1 
(N = 9), 2 (N = 6), 3 (N = 10) and 4 (N = 10). The shape of the mean signal over time 
in grey matter of the healthy right hemisphere during execution of the breath hold 

Table 3. Change of language activation over time, and presence or absence of relation with vascular 
reactivity or language performance

Control 
Change over time

Breath hold 
response

Stroke 
Change over time

Language 
performance

Breath hold 
response

Region of interest Side Effect 
size

p r p Effect 
size

p r p r p

Picture Word Matching task

Dorsal anterior cingulate B 0.0043 0.0002

Angular gyrus L 0.0023 0.0002

IFG pars triangularis/opercularis L 0.0015 0.0006 -0.001 0.0031

Thalamus L 0.005 0.0002

Middel frontal gyrus L 0.0012 0.0005 0.0018 0.0002

Posterior inferior temporal gyrus L 0.0009 0.0043 0.0041 0.0002 0.48* 0.0038

Angular gyrus R -0.0011 0.0012 0.0029 0.0002

IFG pars triangularis R 0.58 0.0015

Thalamus R 0.39 0.035 0.0018 0.0002

Posterior inferior temporal gyrus R 0.0014 0.0002 0.35** 0.036

IFG pars triangularis/opercularis R 0.0022 0.0002 -0.34*** 0.043 0.38 0.045

Middel frontal gyrus R 0.0029 0.0002 0.002 0.0002

Semantic Decision task

Angular gyrus L -0.0013 0.0004

IFG pars triangularis/opercularis L 0.0015  0.0002 0.40 0.030 -0.0002 0.0002

Posterior inferior temporal gyrus L 0.0018 0.0002

Angular gyrus R -0.0028 0.0002 0.0014 0.0005

IFG pars triangularis/opercularis R -0.0011 0.0015 0.39 0.038

Posterior inferior temporal gyrus R -0.0021 0.0002

Summary of results of analysis of change of activation within the language system with or without relation to cerebrovascular reactivity and language 
performance (* composite score of all off-line language tests, ** accuracy of on-line task, *** combination of comprehension subtask of AAT and BNT). 
Change over time: Effect size (log odds) and statistical value (p, FDR-corrected) of linear fit through average activity in language areas (transformed 
into ranks) at each session over one year (<2 weeks, and 3, 6 and 12 months). Correlation with language performance (only in patients) with average 
activity within language area: r, correlation coefficient (Spearman) with p value (FDR-corrected). Correlation with breath hold response (both patients 
and controls) with average activity within language area: r, correlation coefficient (Spearman) with p value (FDR-corrected). IFG inferior frontal gyrus, 
B bilateral, L left, R right
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paradigm (Fig. 3A and B) did not differ between patients and controls, nor was there 
a significant change over time (group effect: F = 0.75, p = 0.39; time effect: F = 0.024, 
p = 0.99; group-time effect: F =1.0, p = 0.40). Amplitudes did not show differences 
either (group effect: F = 1.58, p = 0.21; time effect: F = 0.13, p = 0.94; group-time 
effect: F = 0.33, p = 0.81). Figure 3C shows the strong breath hold responsiveness 
of grey matter in the control group. As the average signal of the right hemisphere 
was used as regressor, stronger activation was measured in that part of the brain, as 
expected. 

Figure 3. Breath hold responsiveness 
Fitted BOLD signal change over time in the right hemisphere of healthy controls (a) and in patients 
(b). Statistical map showing vascular responsiveness (p<0.0001, t>3.5, uncorr) in controls based on 
correlation with the breath hold signal time course in the right hemisphere (left is left (c)).

Significant positive correlations between breath hold responsiveness and language-
related activation were found in patients in right inferior frontal gyrus pars 
triangularis/ opercularis for PWM (r = 0.38, p = 0.045) (see also Figure 4) and SD  
(r = 0.39, p = 0.038), and right pars triangularis for PWM (r = 0.58, p = 0.0015). In 
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controls, positive correlations between hemodynamic responses to the breath hold 
paradigm and language tasks were present in right thalamus for PWM (r = 0.39,  
p = 0.035), and left inferior frontal gyrus pars triangularis/ opercularis for SD  
(r = 0.40, p = 0.030).

Analysis of changes of language activation over time with correction for breath 
hold responsiveness revealed a breath hold-associated increase of language-related 
activation during PWM in right inferior frontal gyrus pars triangularis/ opercularis 
of controls. No breath hold-associated change in language network activation was 
observed in stroke patients.

Functional activation not related to changes in language performance 
or vascular reactivity
For both patients and controls, significant changes of PWM- and SD-induced 
activation over time were present in several ROIs, which did not show a significant 
correlation with either language performance or vascular reactivity (number of ROIs 
with significant change over time: 8 (controls, PWM), 5 (controls, SD), 8 (patients, 
PWM) and 3 (patients, SD) (Table 3) (see also Figure 4).

Correlations with level of activity instead of number of activated voxels for the 
region-of-interest analyses show similar trends but were not statistically significant, 
presumably because of introduction of noise since ROIs in individual subjects 
partially overlap.

Discussion

In this longitudinal study, activation of different parts of the language system was 
measured over one year and related to language performance and cerebrovascular 
reactivity in control subjects and aphasic stroke patients, which led to four main 
findings. First, prediction of language outcome is improved by adding the extent 
of activation of the left posterior inferior temporal gyrus during PWM in the 
subacute phase to a regression model including age, lesion volume, and language 
performance at baseline. Second, language (i.e. PWM)-related activation in the left 
and right posterior inferior temporal gyrus is related to improved language function, 
whereas activation in the right inferior frontal gyrus pars triangularis/ opercularis 
is inversely correlated to language recovery. Third, variations in language-induced 
BOLD activation in some parts of the language network can be related to differences 
in vascular reactivity (measured with a breath hold paradigm), as observed in the 



57

2.2

right inferior frontal gyrus in patients, and in the right thalamus and left inferior 
frontal gyrus in controls. Fourth, in both patients and healthy subjects several 
changes of language-related brain activation over time could not be directly 
linked to alterations in either language proficiency or vascular reactivity, reflecting 
unspecific intersession variability.   

Prediction of language outcome
Predicting outcome in individual patients with aphasia may support the development 
of new therapeutic strategies and the selection of patients in whom these therapies 
have the largest benefit. Several variables at the time of hospital admission are 
predictive of long-term outcomes, such as age, lesion size and localization and 
initial aphasia severity.2,22,23 Including information about the structural status of 
the language system, such as involvement of language areas in the lesion territory 
after stroke,24,25 as well as structural integrity of right hemisphere white matter 
language tracts.26,27 Our study shows that assessment of functional activation of 
intact language network areas can further help in outcome prediction. Saur et al. 
used a multivariate classification technique, with baseline characteristics such as 
age, language performance, and fMRI data from the subacute phase to categorize 
patients into “good” and “bad” recovery groups.4 Activation of the right inferior 
frontal gyrus was most relevant in their model. In our study, activation of the left 
inferior temporal lobe in the subacute phase was associated with language recovery. 
This finding is in line with the concept that recruitment or preservation of key left 
perisylvian language areas is most important for recovery.  However, we did not 
account for a non-linear relation between fMRI activation and outcome, which may 
partially explain the difference between the results of Saur et al. and ours.  To further 
improve prediction, a classification algorithm such as that of Saur et al.4 could 
incorporate language function at baseline and data obtained with fMRI of frontal 
and temporal areas, DTI and structural MRI (lesion location and size).

Plasticity of the language system
To assess changes in activation of different parts of the language network we 
selected a set of brain areas incorporating the majority of nodes of the network used 
for processing language, which were identified in control subjects and included 
homologous regions in the non-dominant hemisphere. Our approach was based 
on a meta-analysis of Turkeltaub et al. which demonstrated that the areas that are 
activated by a certain task in patients recovering from aphasia are similar to the ones 
activated in healthy subjects, with the addition of right hemispheric homologues 
in the inferior frontal and temporal lobes.19  Therefore, we are confident that most 
if not all relevant nodes of the residual and recovering language network have 
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been included in our analyses. Moreover, the activated areas that were identified 
are similar to the ones found in our previous study on recovery from aphasia in 
chronic patients.9,28 Most consistently, recovery of aphasia has been attributed to 
upregulation of unlesioned left hemispheric language areas within the temporal 
and frontal lobe (see reviews29–31). This is supported by the association that we 
found between recovery of language function and increase in activation in the left 
posterior inferior temporal gyrus over the first year after stroke onset. The positive 
correlation of language function and activity in the posterior inferior temporal 
gyrus in both hemispheres may reflect upregulation of activity linked to reading.32 
However, this area may also contribute as part of a network for processing of higher 
order visual input. Alternatively, homologues brain areas in the right hemisphere 
and midline frontal structures such as dorsal anterior cingulate may contribute 
to language recovery by reflecting widespread upregulation of domain-general 
attentional and control processing.33–35 The contribution of the right inferior frontal 
gyrus to language recovery after stroke is variable. Increase of activation of the 
right inferior frontal gyrus from the acute to the subacute phase of stroke is directly 
correlated with increase of language function,5 and disruption of local neuronal 
processing in this region by TMS can worsen language performance in some, but not 
all patients.7 On the other hand, TMS-induced inhibition of the right inferior frontal 
gyrus in the chronic phase has been shown to improve language performance.6 The 
inverse correlation between language function and activation of the homologue of 
Broca in the right hemisphere, as found in our study, does not rule out the possibility 
of a contribution during separate phases such as the subacute one, as published 
previously, since it reflects an average effect over the whole first year of recovery. 
Besides, the ROI within the inferior frontal gyrus could actually consist of smaller 
separate adjacent areas that could not be separated with our approach. These 
parts may have a different role within the language network emerging at different 
phases during recovery. Indeed, inhibitory rTMS over the right pars triangularis 
has been shown to improve language production (increase naming accuracy and 
decrease latency), while inhibitory rTMS over the right pars opercularis can impede 
production.6,36 

Cerebrovascular reactivity
fMRI has been used extensively to probe plasticity of brain function after stroke. 
However, since stroke affects cerebrovascular reactivity, the coupling between 
blood flow and underlying neuronal activity, which is the basis of fMRI signals, 
may be disturbed in patients with cerebrovascular disorders. For example, task-
related activation has been shown to be decreased in patients with cerebral 
amyloid angiopathy, which could be related in part to diminished cerebrovascular 
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reactivity.37 Indeed, in stroke patients with aphasia the hemodynamic response 
during execution of a language task can be altered.8 In an earlier study we have 
shown that interpretation of the fMRI signal in the chronic phase after stroke is 
not confounded by altered vascular reactivity as measured through a breath hold 
paradigm,9 although this may not hold for peri-lesional areas.38 In the current study, 
we found that the vascular response in the right healthy hemisphere in patients was 
similar to that in controls at all time points. This supports the validity of using the 
temporal profile of this normal response in the right hemisphere for each subject 
individually to detect regional abnormalities (particularly the left hemisphere). The 
level of vascular reactivity correlated with the level of task-induced BOLD activation 
in the right inferior frontal gyrus in patients, and in the thalamus in controls. In healthy 
subjects change of language-related activation could be explained by a concordant 
change in vascular reactivity in several areas. Since no vascular events were noted in 
the healthy subjects, we assume that this reflects intersession variability rather than 
actual changes in vessel function. In stroke patients, however, no change of language 
related activity was explained by changes in vascular reactivity. This supports that 
also in earlier stages after stroke no significant misinterpretation is expected in fMRI 
studies in stroke patients. It should be noted that tasks were presented in blocks in 
our study. Signal time course analysis under these paradigm conditions is much less 
dependent on the hemodynamic response. When using event-related fMRI designs, 
however, interpretation may be biased to a larger extent. The assessment of vascular 
reactivity, preferably using breath holding while measuring end-tidal CO2, such 
as has been done previously,39 is likely to overcome difficulties with interpreting 
breathold data in patients who may perform the breath hold task inadequately. 

Unexplained intersession variability
More than half of all language areas (13 of 18 in controls and 11 of 18 in patients), 
showed changes in task-induced activation over time that could not be related to 
either language recovery or alterations in vascular reactivity. The lack of a correlation 
with behavior may be due to a lack of statistical power or an indirect relationship 
with functional adaptations, but their occurrence in healthy controls suggests that 
such changes may not necessarily reflect post-stroke adaptive plasticity. Biological 
mechanisms such as a learning effect (test-retest variability) –which might be 
reflected by the reduction of activation in several right hemisphere areas during 
SD in control subjects– use of different cognitive strategies, unstable activity of 
the language network, and scanner-related variance, may be responsible. Yet, 
some caution is advised in the interpretation, since the results were not confirmed 
using whole-brain analyses. The substantial amount of intersession variability in 
healthy controls has implications for serial fMRI studies on (recovery of ) language 
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functions, in control as well as patient populations. This emphasizes the importance 
of incorporating a control group in longitudinal studies on functional recovery using 
fMRI in order to accurately distinguish specific disease-related changes in brain 
activation patterns from non-specific ones. 

Limitations
The relatively small sample size of the patient and control group and the fact that 
not all patients could attend all examinations may have masked effects by lack of 
statistical power and forced us to use a relatively liberal statistical threshold (but 
corrected for multiple comparisons). Activation of the occipital cortex during PWM 
was excluded in the analyses, as this most probably reflected visual processing that 
is inadequately masked out by the control condition. We cannot rule out presence of 
relevant activation in this part of the brain during this language task. 

Conclusions
Inclusion of functional activity of the language network in the subacute phase after 
stroke could aid in predicting language outcome in patients with aphasia. Changes 
of language-related activation over time in patients recovering from aphasia may 
reflect neuroplasticity within the language system or adaptations in cognitive 
strategy involving left and right hemispheric frontal and temporal language areas. A 
change in breath hold responsiveness over time was identified in healthy subjects, 
which suggests that part of the change in language-induced BOLD activation 
responses may be related to altered cerebrovascular reactivity. Moreover, changes 
in language-related activation not associated with either language recovery or 
alterations in cerebrovascular responsiveness were detected in several nodes of 
the language network in patients and controls. These may represent unspecific 
intersession variability. Our study supports the usefulness of controlling for external 
factors such as cerebrovascular reactivity and intersession variability in fMRI studies 
that aim to assess the etiology of activation patterns shifts in relation to function in 
patients with ischemic stroke. 
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Abstract

The volume of the right superior longitudinal (arcuate) fasciculus has been associated 
with language outcome after stroke. In this exploratory study in five patients with 
left-sided hemispheric stroke we demonstrate that integrity of the right superior 
longitudinal fasciculus, measured with diffusion tensor imaging (DTI), does not 
differ from controls (n=12) but does correlate with language outcome one year after 
stroke. 
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Introduction

Accurate prediction of outcome of aphasia after stroke is important to patients 
and their families. With established clinical markers, such as aphasia severity in the 
subacute phase and lesion characteristics on MRI, only about 40% of the variance 
in outcome can be explained.1 Information on activation of the language network 
from functional MRI in the subacute phase after stroke has been demonstrated 
to improve prediction models substantially.2,3 Furthermore, knowledge about the 
extent of damage to white matter tracts that contribute to the language network 
may also aid in predicting recovery of language function.4 The morphology of the 
left arcuate fasciculus, specifically the superior longitudinal fasciculus (SFL) that 
connects frontal (Broca’s), parietal (Geschwind’s) and temporal (Wernicke’s) areas, 
plays a critical role in language recovery.5 The right arcuate fasciculus’ structural 
status may also contribute to prediction of language recovery.6 

In this study, we aimed to validate the role of the right SFL in language outcome, for 
which we assessed the relationship between volume and integrity of the right SFL 
with language performance at one year after stroke. 

Materials and Methods

Subjects
Twelve right-handed patients with aphasia after ischemic stroke and eight control 
subjects were examined in a previously reported longitudinal study.3 Participants 
underwent language testing and language fMRI within two weeks post-stroke and 
at three, six and 12 months. Patients 1, 2, 3, 4 and 5 from the original series (age 71.5 
± 7.3 years, all males) also underwent diffusion tensor imaging (DTI) one year after 
stroke.  The same investigations were also performed in eight control subjects (age 
65.9 ± 6.3 years, six males).  All subjects provided written informed consent and the 
study was approved by the local medical ethical committee. 

Language testing
Language performance was tested with the Aachen Aphasia Test (AAT)7  and 
the Boston Naming Task (BNT).8 For correlation analyses, at each examination a 
composite score was created by transforming all subtests of the AAT and the BNT 
into Z-scores based on a Dutch aphasic reference population.7 The resulting average 
Z-scores reflect aphasia severity. Language outcome was defined as the severity of 
aphasia at 12 months.
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MRI examination
A 3T Philips Achieva MR scanner and an eight-element RF head coil were used. The 
MRI session consisted of a T2-weighted FLAIR image to visualize the lesion and a 3D 
T1-weighted scan as described before,3 and DTI consisting of 2 sets, each with 30 
diffusion-weighted scans and five scans without diffusion-weighting (b=0) (parallel 
imaging with SENSE reduction factor 3; high angular gradient set of 30 different 
diffusion-weighting directions, TR/TE = 7035/68 ms, 2×2×2 mm3 voxels, 75 slices, 
b = 1000 s/mm2, second set with reversed k-space read-out).9  All DTI images were 
registered to the ICBM-DTI-81 white-matter atlas (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/
Atlases) by linear (FLIRT) and non-linear (FNIRT) registration in FSL (http://fsl.fmrib.
ox.ac.uk/fsl/fslwiki/FSL). DTI images were corrected for eddy currents and B-matrix 
rotation was applied. Tensors were computed from the DTI volumes using weighted 
least squares on a voxel-by-voxel basis. Whole-brain maps of fractional anisotropy 
(FA) and mean diffusivity (MD) were created. Atlas labels were transformed to subject 
space. To assess structural integrity of the right SFL, we measured its mean volume, 
FA and MD.   

Statistics
Volume, FA and MD of the right SFL were compared between patients and controls 
with Student’s t-test. Relationships between aphasia severity and volume, FA and 
MD of the right SFL at one year were measured with Pearson correlation coefficients.  
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Results

Figure 1 shows the right SFL in a patient and a healthy control subject. There were 
no differences in volume, MD and FA of the right SFL between patients and controls 
(Figure 2). Language performance at one year after stroke was not related to the 
total volume of the right SFL (r = 0.79, p = 0.12) but there were significant positive 
and negative relationships between language outcome and FA (r = 0.94, p = 0.019) 
and MD (r = -0.95, p = 0.008) of the right SFL, respectively. 

Fig.1 Example of right SFL in a patient and in a control
Sagittal slice of an FA map showing the right SLF in patient (a) and in a control (b) 

Fig.2 Morphology of right SFL in patients and controls 
Morphologic features of the right SFL in stroke patients and in controls: (a), mean diffusivity (MD); 
(b), fractional anisotropy (FA); and (c), volume
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Discussion

Our data support the earlier reported findings that language outcome after stroke 
is associated with integrity of the right SFL.6 Because structural features of the SFL 
were similar in patients and controls, it seems unlikely that the morphology of the 
right SFL undergoes substantial remodeling from the subacute to the chronic phase.

In one study, more severely affected aphasic patients in the chronic phase showed 
a decreased volume and integrity of the right SFL,10 but no relation was found in 
another.11 These different results may be explained by differences in aphasia severity 
of the study population. More severely affected patients may depend more heavily 
on the right hemisphere and thus the right SFL. 

The contribution of the non-dominant right hemisphere to recovery of aphasia 
after stroke depends on several factors, such as time after stroke and lesion size 
and location.12 For example, functional activation of the right inferior frontal gyrus 
during sentence comprehension is enhanced in the first weeks after-stroke and 
related to improvement of language proficiency.13,14 On the other hand, increased 
language proficiency has been related to renormalization of functional activation of 
right hemispheric brain areas during recovery in the chronic phase,13 while sustained 
right-sided activation after one year has been associated with worse recovery.15 

We speculate that stronger connectivity via the right arcuate fasciculus mediates 
a direct contributing role of the language network in the right hemisphere during 
recovery after stroke. Alternatively, the right-hemispheric SFL may facilitate 
upregulation of general attentional and executive processing and as such indirectly 
promotes language recovery after stroke.

A limitation of our study is the small sample size which forced us to use a liberal 
statistical threshold. Nevertheless, our data support that language outcome in 
patients with aphasia after stroke is related to the integrity of the right SFL. Future 
longitudinal studies may shed light on the relation between morphology of the right 
arcuate fasciculus and changes in functional language networks during recovery 
over time. 



71

2.3

References

1  Pedersen PM, Vinter K, Olsen TS. Aphasia after stroke: type, severity and prognosis. The 
Copenhagen aphasia study. CerebrovascDis 2004; 17: 35–43.

2  Saur D, Ronneberger O, Kümmerer D, Mader I, Weiller C, Klöppel S et al. Early functional magnetic 
resonance imaging activations predict language outcome after stroke. Brain 2010; 133: 1252–
1264.

3  van Oers CAMM, van der Worp HB, Kappelle LJ, Raemaekers MAH, Otte WM, Dijkhuizen RM. 
Etiology of language network changes during recovery of aphasia after stroke. Sci Rep 2018; 8: 
856.

4  Jang SH. Diffusion Tensor Imaging Studies on Arcuate Fasciculus in Stroke Patients: A Review. 
Front HumNeurosci 2013; 7: 749.

5  Kim SH, Jang SH. Prediction of aphasia outcome using diffusion tensor tractography for arcuate 
fasciculus in stroke. AJNR Am J Neuroradiol 2013; 34: 785–90.

6  Forkel SJ, Thiebaut de SM, Dell’Acqua F, Kalra L, Murphy DG, Williams SC et al. Anatomical 
predictors of aphasia recovery: a tractography study of bilateral perisylvian language networks. 
Brain 2014; 137: 2027–2039.

7  Graetz P, De Bleser R, Willmes K. Akense Afasietest, Nederlandse versie. Swets & Seitlinger, Lisse, 
1992.

8  Kaplan E, Goodglass H, Weintraub S. The Boston Naming Test. Lea & Febiger, Philadelphia, 1978.
9  Verstraete E, Veldink JH, Mandl RCW, van den Berg LH, van den Heuvel MP. Impaired Structural 

Motor Connectome in Amyotrophic Lateral Sclerosis. PLoS One 2011; 6: e24239.
10  Lee WM, Kyeong S, Park EY, Yang HS, Kang H, Kim DH. Bilateral hemispheric changes and 

language outcomes in chronic left hemisphere stroke. Neuroreport 2018; 29: 30–35.
11  Geva S, Correia MM, Warburton EA. Contributions of bilateral white matter to chronic aphasia 

symptoms as assessed by diffusion tensor MRI. Brain Lang 2015.
12  Meinzer M, Harnish S, Conway T, Crosson B. Recent developments in functional and structural 

imaging of aphasia recovery after stroke. Aphasiology 2011; 25: 271–290.
13  Saur D, Lange R, Baumgaertner A, Schraknepper V, Willmes K, Rijntjes M et al. Dynamics of 

language reorganization after stroke. Brain 2006; 129: 1371–1384.
14  Crinion J, Price CJ. Right anterior superior temporal activation predicts auditory sentence 

comprehension following aphasic stroke. Brain 2005; 128: 2858–2871.
15  Szaflarski JP, Allendorfer JB, Banks C, Vannest J, Holland SK. Recovered vs. not-recovered from 

post-stroke aphasia: the contributions from the dominant and non-dominant hemispheres. 
Restor Neurol Neurosci 2013; 31: 347–60.

16  Geranmayeh F, Brownsett SLE, Wise RJS. Task-induced brain activity in aphasic stroke patients: 
what is driving recovery? Brain 2014; 137: 2632–48.



72



73

3

Increase in sensorimotor 
cortex response to 
somatosensory stimulation 
over subacute post-stroke 
period correlates with motor 
recovery in hemiparetic 
patients

Judith D. Schaechter
Casper A.M.M. van Oers
Benjamin N. Groisser
Sara S. Salles
Mark G. Vangel
Christopher I. Moore
Rick M. Dijkhuizen

Neurorehabilitation Neural Repair. 2012 May;26(4):325-34.



74

Sensory feedback in motor recovery

Abstract

Background: Somatosensory input to the motor cortex may play a critical role in 
motor re-learning after hemiparetic stroke. 

Objective: We tested the hypothesis that motor recovery after hemiparetic 
stroke relates to changes in responsiveness of the sensorimotor cortex (SMC) to 
somatosensory input.

Methods: Ten hemiparetic stroke patients underwent serial functional magnetic 
resonance imaging (fMRI) during tactile stimulation and testing of sensorimotor 
function over one year - at early subacute, late subacute and chronic post-stroke 
time-points.

Results: Over the subacute post-stroke period, increased responsiveness of the 
ipsilesional SMC to tactile stimulation of a stroke-affected digit correlated strongly 
with concurrent gains in motor function. Increased responsiveness of the ipsilesional 
and contralesional SMC over the subacute period also correlated strongly with 
motor recovery experienced over the first year post-stroke.

Conclusions: These findings suggest that increased responsiveness of the SMC to 
somatosensory stimulation over the subacute post-stroke period may contribute to 
motor recovery.
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Introduction

The mechanisms underlying recovery of motor function after hemiparetic stroke are 
incompletely understood. Functional neuroimaging studies suggest that a change 
in processing of somatosensory information in the SMC may play an important 
role in motor recovery.1-6 Neurophysiological studies have provided evidence that 
somatosensory input to the motor cortex, via cortico-cortical connections with the 
somatosensory cortex, is important for learning new motor skills.7-9 Somatosensory 
input to the SMC may similarly be critical to re-learning motor skills in hemiparetic 
stroke patients.

We hypothesized that motor recovery after hemiparetic stroke involves increased 
responsiveness of the SMC to somatosensory input. Patients underwent fMRI and 
sensorimotor function testing at three sessions over the first year after hemiparetic 
stroke - at early subacute, late subacute and chronic post-stroke time-points. We 
tested whether change in SMC responsiveness to somatosensory stimulation over 
study session intervals related to motor recovery.

Methods

Subjects
Ten patients fulfilling the following inclusion criteria were enrolled: 1) first-ever 
unilateral ischemic stroke sparing precentral and postcentral cortices based on MRI; 
2) at study enrollment, stroke symptoms involved weakness of contralesional hand 
grip, defined by scoring ≤ 4 on the Medical Research Council scale (score 0-5, 5 = 
normal strength)10 or reduced individuated finger movement evaluated clinically. 
Exclusion criteria were: 1) inability to detect with ≥ 80% accuracy the tactile stimulus 
to be used during fMRI; 2) hemisensory neglect or inattention; 3) significant aphasia 
or altered mental status that would preclude competent participation in study 
procedures or informed consent; 4) pre-stroke orthopedic or neurologic injury 
causing somatosensory or motor impairment of the contralesional upper limb that 
could interfere with sensorimotor testing or confound motor recovery; or 5) MRI 
risk factor. Patient characteristics are provided in Table 1 and Figure 1. All patients 
received standard physical rehabilitation during the study period. No patient had a 
surgical intervention (e.g., carotid endarterectomy) during the study period. 

Seven control subjects with no history of stroke and normal neurological examination 
were also enrolled. These subjects were well-matched to the enrolled patients with 
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regard to age (mean = 58 years, SD = 16; range 27-72) and gender (3 females, 4 
males). All controls and patients (pre-stroke) were right hand dominant based on 
the Edinburgh Handedness Inventory (laterality quotient ≥ 62.5; scale: 100 to -100, 
0 = ambidexterous)11.

All subjects provided written informed consent in accordance with the Human 
Subjects Committee of the Partners Institutional Review Board.

Study Design
Subjects were evaluated at three time-points. For patients, these evaluations were 
targeted for 2-4 weeks (early subacute), 2.5-3 months (late subacute), and 12 months 
(chronic) post-stroke. Actual study visits were 3.8 ± 1 weeks (Session 1, S1), 2.7 ± 
0.2 months (S2), and 11.8 ± 1.3 months (S3) post-stroke. Two patients (#3 and #6,  
Table 1) failed to return for the 12-month evaluation. For controls, S2 and S3 were 
targeted for 3 and 12 months after S1, respectively. Actual intervals were 3.0 ± 0.4 
months (S2) and 12.2 ± 0.7 months (S3) relative to S1.

Table 1: Patient characteristics

Patient Age 
(year)

Gender Pre-morbid Hand 
Dominance

Stroke-affected 
Hand

Lesion

Location Volume (cm3)

1 46 F R L R CR 50.6

2 73 F R L R CR 1.1

3 23 F R L R CR, caudate, putamen 8.4

4 61 M R L R CR, putamen 4.0

5 81 M R R L CR, PLIC 3.4

6 51 M R L R CR, caudate, putamen, insula, PLIC 21.0

7 70 M R L R PLIC, thalamus 0.3

8 52 M R L R CR, PLIC, putamen, cerebral 
peduncle, medial temporal

8.1

9 65 F R R L pons 2.7

10 54 M R R L CR, PLIC 1.8

Summary 58 ± 16 4 F/6 M 10 R 6 L/3 R

Lesion volumes determined from T2-weighted images acquired at S1 (3.8 ± 1 weeks post-stroke); F = female; M = male; R = right; L = 
left; CR = corona radiata; PLIC = posterior limb of internal capsule

Testing of Sensorimotor Function 
Motor function of the stroke-affected upper limb was tested at each study session. 
The Fugl-Meyer Stroke Scale measured overall motor impairment (score 0-66, 66 = 
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normal).12 The score was converted to percent of maximum. A computerized 
dynamometer measured grip strength (mean peak force, 2 ́  5-s trials).13 Grip strength 
of the stroke-affected hand was normalized, in percent, to that of the opposite hand. 
The Jebson Hand Function Test (JHFT) measured hand function in everyday activities, 
with five of the original seven items applied (turning cards, moving small objects, 
stacking checkers, moving empty can, moving full cans) based on prior 
recommendations.14 The summed time for the stroke-affected hand to accomplish 
the tasks was normalized, in percent, to that taken by the opposite hand, with 0% 
recorded if the stroke-affected hand was not able to perform the JHFT items. While 
these tests measure different aspects of motor function, they were highly correlated 
among the patients (r = 0.86 – 0.88). Accordingly, to provide a reasonable univariate 
measure of motor function while minimizing multiple statistical comparisons, a 
composite motor function score was computed for each study session for each 
patient by averaging the three normalized scores. Previous serial studies have 
employed similar data reduction strategies to evaluate recovery-related changes in 
brain function.15, 16 Motor recovery was computed as the composite motor function 
score at the later session minus the earlier session. 

Figure 1. Axial T2-weighted image from each patient at the level where the infarct (circled) was at its 
maximal cross-sectional extent. Patient numbers correspond with those in Table 1. 

Also at each study session, tactile sensitivity at the glabrous surface of the middle 
phalanx of both third digits (D3) was tested using Semmes–Weinstein monofilaments 
(0.008 to 300 g, North Coast Medical, Inc., San Jose, CA, USA). This was the same skin 
surface to which tactile stimulation was applied during fMRI (see below). Testing was 
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conducted using a forced-choice, adaptive psychophysical algorithm17 over 40 trials, 
with the tactile sensitivity determined as the force perceived with 80% accuracy. 

Image Acquisition
A 3T Siemens Allegra MRI scanner was used for image acquisition. A thermoplastic 
(WFR/Aquaplast Corporation, Avondale, PA, USA) head restraint was custom fit 
at S1 and re-used at subsequent sessions. This system has been shown to reduce 
subject head motion during scanning and enable reproducible intra-subject head 
positioning at serial imaging sessions.18 The upper limbs of each subject were 
positioned using an apparatus we described previously,6 allowing for easy access to 
the volar surface of D3 for receiving tactile stimulation during fMRI and minimizing 
stimulation-induced limb movement.

At S2, high-resolution T1-weighted, magnetization prepared rapid gradient echo 
(MP-RAGE) images (repetition time (TR) = 7 ms; echo time (TE) = 3 ms; flip angle (µ) 
= 7°; field-of-view (FOV) = 256 ´ 256 mm; slice thickness = 1.33 mm; voxel size = 1 ´ 
1 ´ 1.33 mm) were collected for cortical surface modeling and spatial normalization. 
At S1 and S3, lower resolution MP-RAGE images were collected with the same 
parameters except for voxel size (1 ´ 1 ´ 2.98 mm) for spatial normalization of BOLD 
data acquired at these sessions. T2-weighted turbo spin-echo images (TR = 10 s; TE = 
65 ms; µ = 120°; FOV = 210 ´ 210 mm; slice thickness = 5 mm; interslice gap = 1 mm; 
voxel size = 0.45 ´ 0.45 ´ 6 mm) were collected at S1 for lesion volume determination. 

For fMRI, a blood oxygenation level-dependent (BOLD) T2
*-weighted gradient-echo, 

echo planar imaging sequence (TR = 2 s; TE = 30 ms; µ = 90°; FOV = 200 ´ 200 mm; 
matrix size = 64 ´ 64; slices thickness = 5 mm; interslice gap = 1 mm; voxel size = 3.125 
´ 3.125 ´ 6 mm; number of slices = 20; number of acquisitions/slice = 130) equipped 
with real-time correction for head motion19 was used. During BOLD imaging, periods 
of supra-threshold, punctate tactile stimulation (6 ´ 20 s) alternated with periods 
of no stimulation (7 ´ 20 s). Tactile stimulation to the glabrous surface of the D3 
middle phalanx using a Semmes–Weinstein monofilament (60 g) was delivered by 
an investigator paced by a 3 Hz computer-generated metronome (MacStim, version 
2.6) via pneumatic headphones. We chose to apply this intensity of tactile stimulation 
because our previous studies found it to elicit robust SMC activation in stroke patients 
and normal subjects without discomfort.6, 20 Four functional runs were collected 
during unilateral D3 stimulation (two right D3, two left D3) to each subject. The 
side of stimulation during the first functional run was randomized across subjects, 
and alternated during subsequent functional runs for each subject. Subjects were 
instructed to close their eyes. (See Supplementary Note for additional information).
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Image Analysis
MP-RAGE and BOLD images from patients with left-sided stroke (Patients #5, 9, 10) 
were flipped midsagittally, thereby lateralizing the lesioned hemisphere to the right 
in all patients. Accordingly, hereafter the right hemisphere will be considered the 
ipsilesional hemisphere contralateral to the left, stroke-affected hand.

Freesurfer software21 was used to compute a model of each subject’s cortical surface 
based on the high-resolution MP-RAGE images.22, 23 Each cortical surface model was 
spatially normalized to a spherical surface template using an automated procedure 
that optimally aligns major cortical gyri and sulci.24 Visual inspection of each 
normalized cortical surface model to the spherical surface template in the region 
of the precentral and postcentral cortices, our region-of-interest, showed good 
alignment, as would be expected given that the stroke spared these cortices in all 
patients. Each normalized cortical surface was transformed to a node-based cortical 
surface using cortical surface-based tools of SUMA25 within AFNI software.26

BOLD images were pre-processed using AFNI/SUMA software. They were motion-
corrected, intensity-normalized and co-registered with the high-resolution 
structural volume. The BOLD data were mapped to the node-based cortical surface, 
then spatially smoothed using a 2-dimensional Gaussian filter27 with a full-width at 
half-maximum (FWHM) of 6 mm.

To test our main hypothesis, we sought to first empirically identify regions of the SMC 
that normally respond to D3 tactile stimulation. Therefore, using BOLD data from 
control subjects, a general linear model was fit node-wise that included a stimulus 
input function defined as a boxcar convolved with a canonical hemodynamic 
response, baseline and linear drift terms. The resultant regression coefficient 
reflecting the stimulation-induced BOLD response was entered into a node-wise 
mixed-model regression analysis (3dLME program) to test for a possible effect of 
time interval from S1, with subject as a random effect. Output statistical maps were 
corrected for multiple comparisons to a cluster-wise significance level of 0.01. The 
parameters for this correction were determined by Monte Carlo simulations (10,000 
iterations) performed on synthesized white Gaussian noise data resampled onto 
the cortical surface and smoothed. These simulations indicated that with the node 
probability set to 0.05, a cluster having a surface area of ≥ 250 mm2 controlled the 
false-positive rate to 0.01. Mixed-model regression analyses revealed no significant 
effect of time on the BOLD response to right or left D3 stimulation in controls. 
Accordingly, the group-average BOLD response to unilateral tactile stimulation 
was determined by averaging regression coefficients across the three imaging 
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sessions of each control subject, then performing a one-sample t-test node-wise. 
Resultant statistical maps were corrected for multiple comparisons to a cluster-
wise significance level of 0.01 as described above. Significant clusters in the SMC, 
considered to include the precentral and postcentral cortices superior to the inferior 
frontal and intraparietal sulci, were deemed the SMC functional regions-of-interest. 
These SMC functional regions-of-interest were applied in analysis of BOLD data 
acquired from patients during tactile stimulation. 

For each functional run acquired from patients, the BOLD signal time-series were 
averaged over all nodes of each SMC functional region-of-interest; the linear trend 
was removed; and the detrended time-series of replicate functional runs were 
averaged. Within a SMC functional region-of-interest, the mean BOLD response over 
the six epochs of stimulation relative to the no-stimulation baseline was calculated 
in percent signal change. Finally, the average BOLD response over the 2-22 s interval 
from stimulus onset was calculated, with the 2-s offset applied to account for the 
hemodynamic delay; these values were entered into secondary analyses. For the 
purpose of comparing the BOLD response in the SMC functional regions-of-interest 
in patients relative to controls, the same computations were done on data from 
controls. 

Statistical Analysis
Statistical analyses were conducted using JMP software (version 8.01; SAS Institute 
Inc.). Mixed-model regression analyses were used to test for an effect of time post-
stroke on: 1) motor function, 2) tactile sensitivity, and 3) BOLD response to tactile 
stimulation in SMC regions-of-interest, with subject as a random effect for each 
analysis. Post-hoc paired t-tests were applied when appropriate. Unpaired Student’s 
t-tests were used to test for between-group differences in the average BOLD response 
in SMC regions-of interest. Correlation analyses were used to evaluate relationships 
between: 1) motor recovery over two study session intervals; 2) change in BOLD 
response and change in motor function over study sessions; and 3) change in BOLD 
response over sessions and sensorimotor function at a single study session. 

The 0.05 two-tailed significance level was applied to test hypotheses. Results are 
presented as the mean ± SD unless otherwise noted.
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Results

Sensorimotor function
At the early subacute study session (S1), patients showed a range in motor function 
of the stroke-affected upper limb (composite motor function 2.5-91.6%; Fig. 2A, 
see Supplementary Figure for measures on each test). As a group, patients showed 
significant motor recovery over the year (P < 0.001, mixed-model regression analysis), 
with a significant gain over both study session intervals (S1 to S2: P < 0.05, S2 to S3: 
P = 0.01, paired t-tests; Fig. 2B). Motor recovery over the subacute period (S1 to S2) 
was not significantly correlated with motor recovery over the later period (S2 to S3, 
r = 0.49, P = 0.22), but was highly correlated with motor recovery over the year (S1 
to S3, r = 0.91, P < 0.005).

At S1, patients exhibited a range in tactile sensitivity of the stroke-affected D3 
(0.008-4 g; see Supplementary Table). Tactile sensitivity of only one patient (#7) was 
outside the range of the opposite-sided D3 (0.008-1 g). Notably, even with 
consideration given to this patient, tactile sensitivity of all patients was more than 
an order of magnitude greater than the strength of tactile stimulation delivered 
during fMRI (60 g). Accordingly, the stimulus applied during fMRI to the stroke-
affected D3 at S1 was detectable in all patients, as per enrollment criterion. Tactile 
sensitivity of the stroke-affected D3 did not change significantly over the study 
period (P = 0.22; mixed-model regression analysis). 

Figure 2. Composite motor function scores of the stroke-affected upper limb over the three study 
sessions: S1 - S3 at about 1, 3 and 12 months post-stroke, respectively. 
A. Trajectory of composite scores for each patient. B. Mean ± SD composite scores at each session. 
Number (N) of patients included in calculations is noted. * P < 0.05 (N = 10), † P < 0.01 (N = 8),  
paired t-test.
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BOLD response to tactile stimulation
Figure 3 shows regions of the SMC with a significant BOLD response to D3 tactile 
stimulation in controls. Left D3 stimulation elicited a significant positive BOLD 
response in the right, contralateral hand knob region28 that included the postcentral 
gyrus and precentral gyrus (Fig. 3 A1), with the BOLD signal increasing relative to 
baseline (Fig. 3 A2). Left D3 stimulation also elicited a significant negative BOLD 
response in the left, ipsilateral postcentral and precentral gyri that extended both 
superiorly and inferiorly from the hand knob (Fig. 3 B1), with the BOLD signal 
decreasing relative to baseline (Fig. B2). Right D3 stimulation yielded a significant 
positive BOLD response in the left, contralateral hand knob region of the postcentral 
and precentral gyri (Fig. 3 C1 and C2). Right D3 stimulation also yielded a negative 
BOLD response in the right, ipsilateral SMC, but it did not reach statistical significance 
(data not shown). The former three SMC regions were thereafter regarded as the 
functional regions-of-interest. 

Figure 3. BOLD response to unilateral tactile stimulation in SMC functional regions-of-interest. Top 
row: Regions of the SMC with a significant (P < 0.01, corrected) BOLD response to unilateral tactile 
stimulation in control subjects. A1. Region in right hemisphere (RH) of SMC with positive BOLD 
response to left D3 stimulation. B1. Region in left hemisphere (LH) of SMC with negative BOLD 
response to left D3 stimulation. C1. Region in LH of SMC with positive BOLD response to right D3 
stimulation. Maps are overlaid on a model of the group-average, inflated cortical surface. Dark gray 
region is the fundus of a sulcus; light gray region is the crown of a gyrus. Green arrowheads point to 
central sulcus. Bottom row: Mean BOLD response (± SEM) to unilateral tactile stimulation in controls 
and patients in the respective SMC functional regions-of-interest shown in the top row. Filled circles 
= controls; open circles = patients. 
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Table 2: Motor Function of Stroke-Affected Upper Extremity 

Patient Test S1 S2 S3

1 Grip 37.8 81.3 116.7

FMSS 9.1 84.9 93.9

JHFT 0 57.8 91.2

 Avg 15.6 74.7 100.6

2 Grip 28.2 72.1 99.8

FMSS 84.9 97.0 100

JHFT 64.4 88.0 89.2

Avg 59.2 85.7 96.4

3 Grip 94.8 87.7 NA

FMSS 100 100 NA

JHFT 80 89.6 NA

Avg 91.6 92.4

4 Grip 80.2 99.4 128.3

FMSS 98.5 98.5 100

JHFT 74.5 79.7 87.0

Avg 84.4 92.5 105.1

5 Grip 0.0 0.0 0.0

FMSS 7.6 7.6 9.1

JHFT 0 0 0

Avg 2.5 2.5 3.0

6 Grip 56.1 100.3 NA

FMSS 84.9 97.0 NA

JHFT 55.9 73.3 NA

Avg 65.6 90.2 NA

7 Grip 65.5 69.4 68.1

FMSS 89.4 92.4 92.4

JHFT 15.9 24.9 39.1

Avg 56.9 62.2 66.7

8 Grip 0 0 16.1

FMSS 7.6 7.6 27.3

JHFT 0 0 0

Avg 2.5 2.5 14.4

9 Grip 0 15.5 40.8

FMSS 15.2 34.9 68.2

JHFT 0 0 43.2

Avg 5.1 16.8 50.7

10 Grip 20.8 28.0 121.3

FMSS 65.2 84.9 98.5

JHFT 17.0 64.3 77.6

Avg 34.3 59.0 99.1
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The BOLD response in each SMC functional region-of-interest in controls was 
compared to that in patients, with the response of each subject averaged over study 
sessions. The negative BOLD response in the left (contralesional) SMC to left (stroke-
affected) D3 stimulation was diminished in patients to a level that neared statistical 
significance (patients: -0.11 ± 0.13%; controls: -0.21 ± 0.08%, P = 0.053, unpaired 
t-test; Fig. 3 B2). There was no significant between-group difference in the positive 
BOLD response in the right (ipsilesional) SMC to left (stroke-affected) D3 stimulation 
(Fig. 3 A2), nor in the positive BOLD response in the left SMC to right (stroke-
unaffected) D3 stimulation (Fig. 3 C2).

Figure 4. BOLD response (mean ± SEM) to left, stroke-affected D3 stimulation in the right, ipsilesional 
SMC at each of the three study sessions in patients. The average BOLD response during the 2-22 s 
post-stimulus onset interval was significantly greater at S3 relative to S1 (P < 0.05, paired t-test). S1 
= filled circles; S2 = open circles; S3 = filled triangles. 

Change in patients’ BOLD response in each SMC functional region-of-interest over 
the year was evaluated. The positive BOLD response in the ipsilesional SMC to stroke-
affected D3 stimulation showed a significant change over time (P < 0.05, mixed-
model regression analysis), with post-hoc tests revealing a significant increase in 
the BOLD response over the year (S1: 0.16 ± 0.37%, S3: 0.42 ± 0.31%, P < 0.05, paired 
t-test, Fig. 4). There was no significant effect of time on the negative BOLD response 
in the contralesional SMC to stroke-affected D3 stimulation, nor on the positive 
BOLD response in the contralesional SMC to stroke-unaffected D3 stimulation.
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Correlations between change in BOLD response and sensorimotor 
function
Relationships between change in the BOLD response to stroke-affected D3 
stimulation and motor recovery of the stroke-affected upper limb over study session 
intervals were evaluated. Over the subacute period (S1 to S2), there was a significant 
positive correlation between change in the BOLD response in the ipsilesional SMC 
and motor recovery (r = 0.81, P < 0.005; Fig. 5A). This strong correlation was not 
simply an epiphenomenon of patients’ initial level of sensorimotor function since 
change in ipsilesional SMC responsiveness was not significantly correlated with  
S1 motor function (r = -0.20, P = 0.58) or S1 tactile sensitivity (r = -0.27, P = 0.46). 
Over the subacute period, there was also a trend toward a significant correlation 
between change in the BOLD response in the contralesional SMC and motor recovery  
(r = 0.59, P = 0.07). 

Figure 5. Plots of relationship between change in BOLD response to stroke-affected D3 stimulation 
and motor recovery of the stroke-affected upper limb over study session intervals. Numbers identify 
patients as listed in Table 1. A. Correlation between change in BOLD response in ipsilesional SMC and 
motor recovery over subacute period (S1 to S2; r = 0.81, P < 0.005). B. Correlation between subacute 
(S1 to S2) change in BOLD response in ipsilesional SMC and motor recovery over full study period 
(S1 to S3; r = 0.80, P < 0.05). C. Correlation between subacute (S1 to S2) change in BOLD response in 
contralesional SMC and motor recovery over full study period (S1 to S3; r = 0.77, P < 0.05).

Motor recovery over the year (S1 to S3) significantly and positively correlated 
with change in the stimulation-induced BOLD response over the subacute period  
(S1 to S2) in the ipsilesional SMC (r = 0.80, P < 0.05; Fig. 5B) and contralesional SMC  
(r = 0.77, P < 0.05; Fig. 5C). These results indicate that long-term motor recovery 
is related to change in the SMC BOLD response over the subacute period. Partial 
correlation analyses revealed that the correlations between long-term motor 
recovery (S1 to S3) with subacute change (S1 to S2) in the BOLD response in the 



86

Sensory feedback in motor recovery

ipsilesional and contralesional SMC were no longer significant after accounting for 
each variable’s correlation with subacute motor recovery. Collectively, these results 
suggest that subacute change in SMC responsiveness correlates with subacute 
motor recovery, and by virtue of a strong correlation between subacute and long-
term motor recovery, the subacute change in SMC responsiveness also predicts 
long-term motor recovery. 

In notable contrast to the strong correlation between change in the BOLD response 
to stroke-affected D3 stimulation and motor recovery over the subacute period, 
the correlation between change in the stimulation-induced BOLD response and 
motor recovery from the late subacute session to chronic session (S2 to S3) was 
weak (ipsilesional SMC: r = -0.20; contralesional SMC: r = -0.20). There was also no 
significant correlation between change in the BOLD response in the contralesional 
SMC due to stroke-unaffected D3 stimulation and motor recovery of the stroke-
affected upper limb over any study session interval. Together, these findings indicate 
that change in SMC responsiveness to stroke-affected D3 stimulation is linked most 
strongly to motor recovery during the subacute post-stroke period. 

Discussion

Prior studies suggest that somatosensory input to the motor cortex is normally 
important for learning new motor skills7-9 and may play a critical role in motor re-
learning after hemiparetic stroke.29-31 This serial fMRI study probed the relationship 
between motor recovery and change in SMC responsiveness to tactile stimulation 
over the first year post-stroke in hemiparetic patients. The most important finding 
was that increased responsiveness of the ipsilesional SMC over the subacute 
period correlated with concurrent motor recovery and predicted motor recovery 
experienced over the year. This finding suggests a strong link between change in 
processing of somatosensory information in the SMC during the early post-stroke 
period and motor recovery in hemiparetic patients.

BOLD Response to Tactile Stimulation
Tactile stimulation to D3 of controls elicited a positive BOLD response in the hand 
knob region of the contralateral SMC involving the postcentral and precentral gyri. 
The sign and location of this BOLD response is consistent with findings of our prior 
fMRI studies6, 20 and studies by other groups that delivered tactile stimulation to a 
digit.32 D3 tactile stimulation in controls also resulted in a negative BOLD response 
in the ipsilateral SMC, reaching statistical significance with left- but not right-sided 
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stimulation. A negative BOLD response in the SMC ipsilateral to digit tactile stimulation 
in normal subjects has been described previously,33 and may be secondary to the 
positive BOLD response in the contralateral SMC. Neuroanatomical studies have 
observed transcallosal connections between digit representations in area 2 of the 
somatosensory cortex34 and between forelimb representations in the primary motor 
cortex.35, 36 Intrahemispheric SMC connections37 may have contributed to spatial 
spreading of the negative BOLD response in the ipsilateral SMC. The neurovascular 
mechanism underlying the stimulus-induced negative BOLD response is an area of 
active research, though is generally believed to represent decreased local blood 
flow due to reduced neuronal activity.38, 39 The nearly significant reduction in the 
negative BOLD response in the contralesional SMC may reflect impaired intracortical 
inhibition, a phenomenon observed by others in stroke patients.40, 41 

BOLD Response Related to Motor Recovery
From about one month to one year post-stroke, the BOLD response in the ipsilesional 
SMC to tactile stimulation of the stroke-affected D3 increased significantly. This 
increase in SMC responsiveness was not paralleled by a significant change in tactile 
sensitivity of the stroke-affected digit. A previous serial study in hemiparetic stroke 
patients with minimal somatosensory deficit showed that the BOLD response in the 
ipsilesional SMC during tactile exploration increased from 2-4 weeks to >1 month 
post-stroke.42 Together, these studies suggest that the ipsilesional SMC increases 
its response to a relatively fixed level of somatosensory input from the stroke-
affected hand over the initial months following stroke, perhaps reflecting a loss of 
intracortical inhibition in the ipsilesional SMC early after stroke.41 

The functional relevance of increased SMC responsiveness to somatosensory 
stimulation is supported by the observed relationships to motor recovery. Increased 
responsiveness of the ipsilesional SMC to tactile input over the subacute post-stroke 
period correlated with motor recovery of the upper limb over the same period. 
While this correlation does not necessarily mean that increased SMC responsiveness 
causes motor recovery, the result suggests that the two variables are linked. Prior 
studies showed that somatosensory stimulation to hemiparetic stroke patients 
results in improved motor function30, 43-46 and motor cortex plasticity.46, 47 Together, 
these studies raise the possibility that an increase in ipsilesional SMC responsiveness 
to somatosensory stimulation over the subacute period is an important factor in 
motor recovery.
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In contrast to the strong correlation between change in ipsilesional SMC 
responsiveness and motor recovery over the subacute post-stroke period, this 
correlation was weak over the subacute to chronic post-stroke period. Collectively, 
these findings suggest two phases of motor recovery related to changes in 
ipsilesional SMC responsiveness. The first phase may be within the first few months 
after stroke when a gain in SMC responsiveness to somatosensory input is linked 
directly to motor recovery. The second phase may be over the remaining months 
of the first year post-stroke when restorative mechanisms other than enhanced 
SMC responsiveness to somatosensory input play a more significant role in motor 
recovery. Previous animal and clinical studies have similarly suggested that 
functional recovery proceeds by successive phases during which different brain 
restorative mechanisms dominate.16, 48

The patients in our study exhibited a range in change in SMC responsiveness 
in relation to motor recovery over the subacute period. This range suggests 
differences in spontaneous plasticity of the SMC among subacute stroke patients, 
perhaps related to genetic (e.g., brain-derived neurotrophic factor polymorphism49) 
and other inherent variations. As others are exploring the use of supplemental 
somatosensory stimulation to promote motor recovery in stroke patients,30, 43-46 the 
variability in SMC change we observed may translate into differential effectiveness 
of this approach due to individual differences in the linkage of somatosensory 
stimulation to favorable SMC plasticity. 

Conclusions
Findings of the current study suggest that over the subacute post-stroke period, the 
increase in SMC responsiveness to somatosensory input is linked to motor recovery 
in hemiparetic patients. These findings provide new insight into plastic changes in 
the SMC that may play a role in motor recovery. 
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Supplementary Table: Tactile sensitivity of the stroke-affected D3 and opposite-sided D3
at the three study sessions

Patient Stroke-affected D3 Opposite-sided D3

S1 S2 S3 S1 S2 S3

1 1 0.07 0.04 0.16 0.16 0.07
2 0.04 0.16 0.16 0.16 0.16 0.16
3 0.008 0.008 NA 0.008 0.04 NA
4 0.16 0.16 0.02 0.04 0.16 0.02
5 0.6 0.4 0.16 0.07 0.07 0.07
6 0.16 0.04 NA 0.16 0.04 NA
7 4 0.4 0.4 0.16 0.16 0.16
8 0.16 0.04 0.02 1 0.04 0.04
9 0.16 0.04 0.04 0.07 0.04 0.04
10 0.04 0.008 0.04 0.04 0.008 0.04

Sensitivity determined using Semmes-Weinstein monofilaments, in grams.
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Dyslexia and the cerebellum

Abstract 

Developmental dyslexia is commonly believed to result from a deficiency in the 
recognition and processing of speech sounds. According to the Cerebellar Deficit 
Hypothesis this phonological deficit is caused by deficient cerebellar function. In the 
current study twenty-six adults with developmental dyslexia and 25 non-dyslexic 
participants underwent testing of reading-related skills, cerebellar functions, 
and MRI-scanning of the brain. Anatomical assessment of the cerebellum was 
conducted with voxel-based morphometry. Behavioral evidence, that was indicative 
of impaired cerebellar function, was found to co-occur with reading impairments 
in the dyslexic subjects, but a causal relation between the two was not observed. 
No differences in local grey matter volume, nor in structure-function relationships 
within the cerebellum were found between the two groups. Possibly, the observed 
behavioral pattern is due to aberrant white matter connectivity. In conclusion, no 
support for the Cerebellar Deficit Hypothesis or presence of anatomical differences 
of the cerebellum in adults with developmental dyslexia was found. 
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Introduction

Developmental Dyslexia (DD) is a learning disorder that is characterized by 
difficulties in accurate and fluent written word recognition. It is associated with 
poor spelling and reading abilities, despite normal intelligence, normal hearing, 
adequate classroom exposure, and absence of physical, emotional or socioeconomic 
problems (International Dyslexia Association, 2002).1 DD is regarded as a deficit in 
the acquisition of written language, which is most likely the result of a deficiency 
in the recognition and processing of speech sounds (‘phonological deficit’).2,3 
However, symptoms associated with the condition appear to extend beyond the 
language domain. Difficulties in motor learning and co-ordination have been 
reported in dyslexic individuals. For instance, several studies report that individuals 
with DD may be less stable during a variety of balancing tasks,4–9 and may be slower 
in peg moving,10 rapid pointing11,12 and bead threading.13 Implicit perceptual-motor 
learning, as measured with tasks such as the Serial Reaction Time task,14 is also 
impaired in people with DD.15–17 In addition, they may show disturbances in binocular 
control, in tasks that involve reading18,19 as well as in non-reading processes, such 
as gaze stability.20–24 Furthermore, they may have abnormal control of saccadic eye 
movements25 and can show deficits in time estimation.26 

Abovementioned deficiencies in people with dyslexia have led to the cerebellar 
deficit hypothesis (CDH; Nicolson et al. 2001, 1995).27,26 The cerebellum is presumed 
to regulate processing of information from and to the cortex and other areas by 
forward loops.28 Presumably, the anterior lobe and lobule VII of the cerebellum 
are involved in fine tuning and supporting processing of sensorimotor programs, 
while lobules VI and VII contribute during a wide range of cognitive tasks.29 The 
CDH proposes that deficient phonological processing and awareness, generally 
assumed to be a proximal cause of difficulty in learning to read, result from impaired 
articulatory skill acquisition, which in turn results from an ontogenetic cerebellar 
deficit. Nicolson and Fawcett (2007)30 incorporated the CDH into Ullman’s (2004)31 
procedural/declarative framework for language functions, and proposed a taxonomy 
of learning disabilities, based on a division of the procedural learning system into 
cortico-striatal and cortico-cerebellar subsystems. These investigators argued that 
the primary neural deficit in dyslexia is caused by functional disturbances in the 
language-cortico-cerebellar system, although they stated that it is “premature to 
rule out language-cortico-striatal involvement in dyslexia”.30 Importantly, both the 
original CDH and its more recent incarnation are based on cerebellar dysfunction in 
people with dyslexia. Thus, a critical assumption is that the characteristic symptoms 
of dyslexia are correlated with the presence of (possibly mild) motor difficulties, and 



98

Dyslexia and the cerebellum

that in the presence of such correlations functional or anatomical abnormalities of 
the cerebellum should be demonstrable. 

The predictions made by the CDH hypothesis have so far not found unequivocal 
support. The strength of the association between the characteristic literacy-related 
symptoms of dyslexia and difficulties in motor skill acquisition and motor co-
ordination is still unknown, as is the extent to which such difficulties can be associated 
with cerebellar abnormalities.25,20–23,5,15,6,17,7,19,8,10–12,9 In recent meta-analyses of voxel-
based morphometry (VBM) studies, grey matter volume reduction in the cerebellum 
did not reach statistical significance.32,33 However, in a meta-analysis of functional 
and structural imaging studies, of which four studies were executed in children 
(5-15 years of age), a reduction of grey matter volume in both hemispheres of the 
cerebellum in people with DD was observed.34 A large-scale study in adults showed 
that local grey matter volume (LGMV) in the right cerebellum (and right lentiform 
nucleus) of dyslexic people varied considerably, and could be smaller or larger than 
in the control group.35 In another study with a large sample of adults, spelling was 
associated with smaller LGMV of the left posterior cerebellum in the control and 
dyslexic groups combined.36 Currently, it is unclear whether findings of structural 
abnormalities in children can be generalized to adults, and whether the language 
difficulties and motor function impairments observed in dyslexic children persist 
into adulthood.37 Disappearance of these impairments could imply a developmental 
delay in maturation of involved brain systems instead of a persisting disorder. 

The aim of the present study was to investigate cerebellar involvement in dyslexia in 
young adults. The questions we addressed were the following: (a) Do young adults 
with DD show impaired performance on neuropsychological tasks that typically 
rely on cerebellar function? (b) Are decrements in cerebellar function associated 
with reduced reading performance? (c) Do adults with DD show deviations in 
cerebellar structure? (d) Are there any structural deviations in the cerebellum that 
are associated with reading impairments or (e) with performance on tasks that rely 
on cerebellar function? 

Methods

Participants
The dyslexic group included 26 participants (10 males) with a mean age of 23.8 years 
(SD=5.3; range 18.7-35.8). The control group included 25 participants (8 males) with 
a mean age of 23.9 years (SD=5.6; range 18.4-36.8). Both groups were matched for 
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age and gender (no statistically significant differences). The DD group had higher 
education than controls (90% versus 81% had more than 12 years education; Mann-
Whitney U = 418.5, p = 0.045). 

Dyslexic participants were recruited via advertisements posted at various locations 
at Utrecht University, the University Medical Center Utrecht, and the University of 
Applied Sciences Utrecht, as well as via online calls for dyslexic participants on the 
websites of the Stichting Dyslexie Nederland (Dyslexia Foundation of the Netherlands) 
and the Faculty of Humanities of Utrecht University, via student counselors at 
several faculties of Utrecht University and via the ‘Proefbunny online database’ of 
participants for scientific research. The control participants were selected from 
the Utrecht Institute of Linguistics OTS participant database as well as from the 
‘Proefbunny database’. Written consent was obtained from all participants. The study 
was approved by the local Medical Ethical Review Board and in accordance with the 
ethical standards laid down in the 1964 Declaration of Helsinki.

Exclusion criteria were left-handedness (measured by the Edinburgh Lateralization 
Inventory questionnaire38), self-reported hearing or visual impairments, other native 
language than Dutch, neurological or psychological disorders (in particular attention 
disorders such as ADD/ADHD), impossibility to enter an MRI scanner, and history of 
neurological or psychiatric diseases. For participants to be included in the dyslexic 
group, a formal diagnosis of dyslexia, supplied by an accredited clinical psychologist, 
was required. The presence of literacy difficulties at the time of participation in the 
present study was verified with a procedure adopted from Kerkhoff et al. (2013)39 and 
Kuijpers et al. (2003).40 To this end, the One-Minute-Test (OMT) word reading test41 and 
the ‘Klepel’ pseudo-word reading test,42 as well as the verbal competence test from 
the Dutch version of the Wechsler Adult Intelligence Scale43 were used. The dyslexic 
participants needed to meet at least one of the following three criteria to be included: 
(1) a score below or equal to the 10th percentile on either the OMT or the Klepel test; 
(2) a score below or equal to the 20th percentile on both the OMT and the Klepel test; 
or (3) a discrepancy of at least 60 percentile points between the performance on the 
verbal competence test and the performance on the OMT and the Klepel test. The 
non-dyslexic participants were not to comply with any of these criteria. 

Neuropsychological test battery
We employed a battery of tests that, in addition to the tests of verbal competence 
and reading skills mentioned above, comprised tests of automatized lexical access 
and executive function (Rapid Automatized Naming test), phonological working 
memory (Non-word Repetition test and Forward and Backward digit span tests), 
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performance IQ (Wechsler Adult Intelligence Scale, Matrix Reasoning) and verbal 
IQ (Wechsler Adult Intelligence Scale, Vocabulary). The tests were presented in the 
following order: (1) One-Minute Test, (2) Klepel test, (3) Non-word Repetition Test, (4) 
Rapid Automatized Naming test, (5) WAIS Matrix Reasoning, (6) WAIS Vocabulary, (7) 
verbal competence test, and (8) Digit Span forward and backward. Participants also 
underwent other neuropsychological tests, that were not relevant for the purpose 
of the current study. Participants were tested in a sound-proof cabin at the Utrecht 
Institute of Linguistics OTS (UiL-OTS). All tests took around 90 minutes. 

The One-Minute test (OMT)41 is a standardized reading test, consisting of a list of 
116 semantically unrelated Dutch words printed in four columns on a single sheet. 
Participants read as many words as possible in one minute. The number of words the 
participant reads correctly is tallied. 

The Klepel test is a standardized Dutch pseudo-word reading test,42 which consists 
of 116 items printed in four columns on a single sheet. Participants read as many 
pseudo-words as possible within two minutes. The number of words the participant 
reads correctly was tallied. 

The Rapid Automatized Naming test (RAN)44 consists of six cards presented in a fixed 
order, with numbers, capital letters, pictures, lower-case letters, colors, and object 
icons respectively. Participants were instructed to name out loud the items (50 per 
card), as fast and as accurately as possible. The time spent per card was recorded, as 
well as the number of mistakes. In our analyses, only speed was included. 

In the Matrix Reasoning subtest of the Dutch version of the Wechsler Adult 
Intelligence Scale (WAIS_MR, WAIS-III;,43 participants were presented with a matrix 
in which a piece was missing. They were asked to indicate which item out of five 
possible alternatives was the missing piece in the pattern. Answers were scored 
as correct (1) or incorrect (0), with a maximum possible score of 26. In the WAIS-
III Vocabulary subtest (WAIS_VC) participants were asked to give a definition of 33 
words presented visually and read aloud. Each answer was scored as correct (2), 
partially correct/incomplete (1) or incorrect (0). 

For the verbal competence test (VC), participants were given 20 word pairs (e.g. the 
pair ‘poem’, ‘statue’) and asked to describe the similarity between the two items of 
each pair. Answers were scored as correct (2), partially correct/incomplete (1) or 
incorrect (0). 
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Working memory was measured with the WAIS-III Digit Span (DS) subtest43 and Non-
word Repetition Test (NWRT). We used a Dutch adaptation45 of the original46 non-word 
repetition test. Participants were instructed to repeat auditorily presented pseudo-
words, which complied with phonotactic constraints of Dutch. The number of words 
the participant repeated correctly was measured. During DS, the experimenter 
read sequences of digits aloud and the participant was instructed to repeat each 
sequence as accurately as possible. The sequences were of increasing length. In 
the second part of the test, the participant was asked to repeat each sequence in 
reversed order. Two scores were collected corresponding to the number of correctly 
repeated sequences in the forward and backward conditions. 

Cerebellar functions were tested with the Bead Threading task (BT), a subtest of the 
Dyslexia Screening Test47 and the Time Discrimination (TD) task.26  

In the BT task, participants were provided with a string and 15 wooden beads and 
were asked to thread the 15 beads as fast as possible, holding the string in the right 
hand. The relevant measure was the time it took the participant to thread the 15 
beads. More brain areas besides the cerebellum are involved during performance of 
this task, such as the pre- and postcentral gyrus, secondary motor areas and basal 
ganglia. Nevertheless, the task has been used extensively with the aim to assess 
cerebellar function in relation to dyslexia.48–50,13,37,51

The TD task was used to assess non-motor cerebellar function.47 Specifically patients 
with cerebellar lesions as opposed to patients with motor impairment due to different 
neurological diseases show deficient performance on this task.52 Better judgment 
has been associated with higher LGMV in the anterior cerebellum.53 During the task, 
participants were presented with pairs of tones, and asked to indicate for each pair 
whether the second tone was shorter or longer than the first one, by pressing one 
of two buttons (marked ‘longer’ and ‘shorter’). The first tone in each pair was 1200 
milliseconds long with a frequency of 392 Hz. The comparison tones were of longer 
(1220, 1240, 1260, 1300, 1350, 1400, 1450, 1500, 1600, 1700, or 2000 ms) or shorter 
duration (1180, 1160, 1140, 1100, 1050, 1000, 950, 900, 850, 800, 700, or 400 ms) but 
identical in frequency.  A 1 second interval separated the first and second stimulus. 
The task consisted of 66 trials, in which each of the 22 comparison tones was 
presented three times in a randomized order. A measure of the participant’s ability 
to distinguish between stimuli that takes a possible response bias into account, D’, 
was calculated as previously described.54 One control subject and one participant 
with DD were not tested with TD due to technical issues.  
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MRI 
Scanning was performed on a 3.0 T Philips Achieva scanner. Anatomical images were 
acquired with a 3D T1-weighted turbo-field echo sequence (flip angle 8°, repetition 
time = 7.9 ms, echo time = 4.5 ms, inversion time = 955 ms, repetition time of the 
inversion pulses = 3,000 ms, matrix size = 256 x 232, 192 slices, resolution of 1.0 x 1.0 
x 1.0 mm3). Scan duration was 6 minutes 43 seconds.

Image analysis
For the VBM analysis we used SPM8 (http://www.fil.ion.ucl.ac.uk/spm/). To normalise 
scans during VBM analysis, typically, a Montreal Neurological Institute (MNI) 
template is used. However, registration of infra-tentorial structures is known to 
be less accurate if this template is used, as the larger variability of supra-tentorial 
structures prohibits precise alignment of the cerebellum. Therefore, we used an SPM 
toolbox that incorporates a specifically designed spatially unbiased template of the 
cerebellum and brainstem (SUIT; http://www.diedrichsenlab.org/imaging/suit.htm) 
to obtain accurate alignment.55 

First, all structural images were manually aligned to the anterior commissure. 
The cerebellum and brainstem were subsequently isolated using an anatomical 
mask provided by the toolbox. Resulting images were visually checked and 
manually corrected if necessary, for example, if occipital grey matter was included. 
Segmentation was performed subsequently into grey matter, white matter and CSF. 
Total cerebellar volume was calculated (grey and white matter) and used further 
down the line to correct for individual cerebellar size. The segmented grey matter 
images were normalized to the cerebellum (SUIT) template using DARTEL.56  The 
images were modulated by the Jacobian determinant, i.e., scaling was performed 
by the amount of contraction during normalisation. This resulted in sensitivity 
to differences in volume instead of differences in density. To optimize alignment 
with the specific atlas, smoothing was performed with a relatively small Gaussian 
kernel of 6mm full-width at half maximum (FWHM). Implicit masking was performed 
to remove voxels of no interest. Finally, images were re-sliced into MNI space for 
statistical analysis and reporting. 

Statistical analysis
To test group differences in performance on neuropsychological tests, including 
performance on tests that typically rely on the cerebellum, independent sample 
t-tests or Mann-Whitney U tests were used, depending on normality of the 
distribution of variables in each group.  
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Second, Pearson or Spearman rank correlation, depending on distribution of the 
outcome variable, was used to assess the association between cerebellar function 
and reading-related performance in dyslexics, controls and both groups together. 
Values outside an interquartile range of 1.5 were identified as outliers. 

Third, group difference in total cerebellar volume was assessed using a t-test. For 
LGMV a General Linearized Model, controlling for total cerebellar volume, age and 
gender, was used. 

Fourth, for assessment of the association between cerebellar morphology and 
reading-related skills, multiple regression including fixed factors for age, gender was 
used, while correcting for total cerebellar volume. For all participants we calculated 
a composite reading score (CR) to represent ability in literacy-related skills, and, 
thus, severity of dyslexia. The reasons for doing so were that (i) the individual test-
scores that made up the CR were highly correlated (Table 1), and (ii) it increases 
statistical power by reducing the number of comparisons. The CR was calculated as 
the mean of the z-scores derived from the OMT, Klepel, NWRT, and RAN scores. Post-
hoc testing using each individual test score was subsequently conducted. An across-
group relation was assessed for CR using multiple regression with age and gender 
as covariates (Figure 1a). Subsequently, a multiple regression model with similar 
covariates as the previous model was created to identify brain areas where dyslexics 
exhibit a different relationship between CR and Local Grey Matter Volume (LGMV) 
compared to controls. Additionally, a regressor with group level and a regressor with 
CR for both groups separately were added (Figure 1b). This allowed for comparing the 
structure-function relationships (see below) between both groups.  No correction 
for multiple testing was used to reduce the likelihood of missing relevant results. 

Fifth, to assess structure-function relationships between cerebellar local grey matter 
and cerebellar function, similar GLMs were built with BT and TD as parameters. 
VBM analyses were corrected at p = 0.05 (False discovery rate).  
P < 0.05 was considered statistically significant.

Results

Baseline characteristics, and neuropsychological and literacy tests 
Results from neuropsychological tests are shown in Table 2 (baseline characteristics 
and raw test scores are shown in supplementary Table 1). As expected, participants 
with dyslexia showed poorer performance on language- and reading-related 
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tests, as well as on tests for short-term and working memory (Verbal competence  
(p = 0.038), One-Minute-Test (p <0.001), Klepel test (p <0.001), Non-word repetition 
(p = 0.001), Rapid Automatized Naming (p <0.001), WAIS-III Vocabulary (p = 0.003), 
Digit Span Forward (p <0.001) and Digit Span backward (p = 0.042)), compared to  
the controls. No significant group differences were found for WAIS-III Matrix 
Reasoning.  

Cerebellar function tests 
Dyslexics showed worse performance on bead threading (BT, 51.8 ± 7.8) than 
controls (46.4 ± 4.2; t=3.10, p = 0.004), as well as on time discrimination (TD, 
1.82±0.50) compared to controls (2.12±0.41; t=2.25, p = 0.029, Figure 2). Two outliers 
were detected and removed from the group comparison and correlation analysis 
between cerebellar function and literacy skills (see below).

Relationship between cerebellar function and literacy skills
Significant correlations were found between BT and NWRT (r = -0.44; p = .002), 
and between BT and the composite reading score (CR, r = -0.46, p = 0.001) in the 
combined dyslexics and control group (Spearman rank tests were used since 
distributions of outcome variables were not sufficiently close to normal). Besides, 
TD showed significant correlation with NWRT (r = 0.40; p = .004), RAN (r = 0.33,  
p = 0.021), and CR (r = 0.39, p = 0.006, Figure 3). These correlations indicated that 
subjects with low scores on the behavioral tasks informing on cerebellar function 
(BT, TD), tend to have poorer reading and reading-related performance. However, 
within the dyslexic or control groups separately, no such correlations were present. 

Table 1 Correlation between components of the composite reading score 

OMT Klepel test NWRT

Klepel test r = .837***

NWRT r = .464** r = .665***

RAN r = .660*** r = .552*** r = .304*

OMT one-minute test, NWRT non-word repetition test, RAN rapid automatized naming test

*P < 0.05; **P < 0.01; ***P < 0.001; 

Differences in cerebellar structure between groups
No group differences in LGMV were observed within the cerebellum, and total 
cerebellar volume was similar in dyslectics (161.3 ± 18.7 cm3) and controls (160.4 ± 
14.5 cm3) (p = 0.84).



105

4

Relationship between cerebellar structure and literacy skills and 
cerebellar function. 
There were no significant correlations between LGMV and language, reading, and 
reading-related test scores, nor between LGMV and scores on the behavioral tests 
associated with cerebellar function (BT, TD), either across both groups or within the 
dyslexic or control groups.    

Post-hoc testing of the individual neuropsychological test scores did not yield 
significant differences. 

Table 2 Neuropsychological measurements in dyslexics and controls 

Dyslexics (N = 26) Controls (N = 25) Test statistic
p Mean Median SD Mean Median SD

VC 19.4 19 2.2 20.8 21 2.6 U = 216 0.038

OMT 65.8 65 10.0 102.1 104.5 11.6 t = 12.2 <0.001

Klepel test 61.2 64 13.0 105.3 108.5 9.3 U = 3.0 <0.001

NWRT 34.8 33 6.0 40.4 40.5 3.8 U = 155.5 0.001

RAN 183.6 186 57.3 130.1 129 21.1 U = 559 <0.001

WAIS-III Matrix Reasoning 21.6 22 2.6 21.4 21 2.6 U = 348 0.66

WAIS-III Vocabulary 45.4 46 9.1 51.7 51.5 5.4 t = 3.19 0.003

DS forward 8.3 8 1.9 10.5 10 1.8 t = 3.93 <0.001

DS backward 6.5 7 2.0 7.7 7 2.1 U = 218.5 0.042

BT 51.9 51 8.0 47.7 47 6.0 U = 436.5 0.035

TD 1.82 1.89 0.50 2.12 2.16 0.41 t = 2.25 0.029

VC verbal competence, OMT one-minute test, NWRT non-word repetition test, RAN rapid automatized naming test, WAIS-III Wechsler 
Adult Intelligence Scale vocabulary subtest, DS digit span, BT bead threading, TD time discrimination.

Discussion

In this study using neuropsychological tests and VBM to investigate the role of the 
cerebellum in DD, dyslexics showed impaired performance on a motor task (BT) and 
cognitive task (TD) that have previously been associated with cerebellar function. 
Within the dyslexic group, subjects with worse cerebellar performance did not show 
larger impairments on literacy skills. In spite of these functional impairments, no 
differences in LGMV were found in the cerebellum between dyslexics and controls. 
In addition, no significant correlations were found between volumes of these 
regions and behavioral measures that represent severity of the reading difficulty or 
performance of tasks that (partly) rely on the cerebellum. 
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Cerebellar function and dyslexia
The individuals diagnosed with dyslexia in this study showed marked deficiency 
in reading, pseudo-word reading, non-word repetition and rapid automatized 
naming. At the same time, non-reading skills, such as general intelligence and 
verbal competence were unaffected. Together, they make up the core features of 
the condition and support the validity of the study population. 

Figure 1. Design matrices for VBM structure-function analysis
Design matrix for structure-function relation; (a) across-group effect with columns for factors: 1 
intercept, 2 gender, 3 age, 4 CR, and (b) between-group effect: 1 intercept, 2 gender, 3 group, 4 CR in 
controls, 5 CR in dyslexics. CR composite reading score.

Several studies have addressed the question if subjects afflicted with DD are impaired 
in performing motor skills, that require cerebellar involvement. Bead threading has 
been shown to be impaired in children with DD.13 In our study, on a behavioural 
level, adult subjects with DD showed signs of impaired cerebellar processing. This 
is in line previous data showing that patients with cerebellar lesions show deficient 
performance on TD as opposed to patients with motor impairments due to damage 
to other neural circuits.52 However, we cannot rule out that impaired cortico-striatal 
processing may also be responsible for our findings.

Ramus et al. (2003)57 suggested that the occurrence of motor impairments in 
children with dyslexia results from ADHD or developmental coordination disorder 
(DCD). On the basis of subjects’ self-reports (requested at inclusion), ADHD or DCD 
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was not prevalent in our study population. Hence, ADHD or DCD co-morbidities are 
an implausible explanation for our dyslexic participants’ reduced performance on 
the cerebellar tasks. In a causal relationship, worse cerebellar performance would 
be expected to be associated with worse literacy skills, which we did not find. 
This may imply that the relationship between language disorders and cerebellar 
impairments in the dyslexic group is not causal, but rather the co-occurrence of 
separate symptoms of the underlying systems disorder, as proposed previously for 
dyslexic children.37 

Structure of the cerebellum in dyslexia
Although we found support for the co-existence of a possible cerebellar dysfunction 
in DD on a behavioral level without strong support for a causal relation with reading 
skill, no neuro-anatomical structural differences were found between participants 
with DD and healthy controls. Neither did we find a relationship between local 
grey matter volume and reading skill or cerebellar tasks, even without correction 
for multiple testing. Therefore, we are confident that no relations between affected 
language skills and brain structure in our sample of adults with dyslexia were present. 

Several studies in DD have investigated differences in brain structure when compared 
to unimpaired readers using voxel based morphometry, with or without functional 
MRI.58–60,32,61–69,35,70–73,36,74–76 

Structural differences in part of the cerebellum were found in five of these 
studies.58,59,61,67 Two of these investigated children.58,59 In two meta-analyses, 
structural differences did not reach statistical significance in the cerebellum.32,33 
In another meta-analysis of structural and functional imaging studies, a reduction 
of LGMV in both cerebellar hemispheres was found,34 Four included studies had 
relatively small sample sizes (10-20), and four studies focused on children. As recently 
argued by Ramus et al. (2017)77 sample sizes may have to be much larger than those 
typically used (10-20) to have an acceptable chance of detecting a difference. Our 
study is in line with the absence of clear consistent differences in LGMV in the 
cerebellum found in previous studies. A study by Pernet et al. (2009)35  re-analyzing 
an earlier sample, used a probabilistic atlas created from typical readers matched 
to the dyslexic ones. They assessed if each voxel in the dyslexics was outside of the 
norm in the control group. In the right hemisphere of the cerebellum, all dyslexics 
differed from the control group by exhibiting either increased or decreased local 
brain volume. This finding may suggest a more complex and possibly non-linear 
relationship between grey matter volume and functional properties of the network. 
Besides, dyslexia may consist of different subgroups that exhibit different functional-
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anatomical signatures. These effects may not be visible in larger samples with larger 
heterogeneity.  Possibly, absence of a significant effect in our study may be related 
to this issue. In the future, characterization of subgroups of DD is critical in studies 
with large sample sizes. 

If DD is a developmental disorder of brain networks involved in the acquisition of 
reading skills, the anatomical signature of DD may be very strong in young children 
but may diminish at a later age. Indeed in children, growing experience with reading 
can result in increase of local grey matter volume in several brain areas including 
the right cerebellum.78 It has therefore been postulated that observed differences 
in brain structure or function may be a consequence of long-term reduction of 
exposure to reading or an altered cognitive strategy, rather than the neurobiological 
cause of the reading deficit 79. If affected brain structures recover later in adulthood, 
it would explain the absence of a difference found in our study.  

Rather than macroscopic abnormalities, the basis for deficient literacy-related skills 
in dyslexia may be reflected by microstructural changes. Abnormal processing within 
grey matter of the cerebellum may therefore still be present, potentially caused by 
deviant intracerebellar connectivity. Indeed, functional imaging studies have shown 
altered cerebellar activation in response to relevant cognitive tasks (for review see 
Linkersdorfer et al. (2012).34 

Besides, altered long-range connectivity with cortical areas through brainstem and 
thalamic nuclei could be responsible for abnormal cortico-cerebellar processing 
and consequent diminished reading skills.80,81  Disruption of multiple supra-tentorial 
white matter tracts of the classical reading network, and connections to and from 
the cerebellum have been observed in dyslexia.82–84 Moreover, white matter tract 
differences in the left hemisphere may already be observed in pre-readers at risk 
for dyslexia.85,86 Increase of fractional anisotropy (FA), reflective of white matter 
integrity, of the right superior longitudinal fasciculus (which includes the arcuate) 
in dyslexic children, has been found to be associated with improvement of reading 
skills.87 Moreover, candidate genes for dyslexia and specific language impairment 
have been shown to be related to white matter structure.88,89 Nevertheless, a recent 
meta-analysis did not find consistent differences in local FA between subjects with 
and without dyslexia.90 Further studies on white matter connectivity between the 
cerebellum and the cerebral cortex are needed, in which challenges related to small 
sample sizes, differences in methods and individual anatomical heterogeneity need 
to be addressed.
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The genetic background of DD strongly implies dysfunctional neuronal migration 
and neurite outgrowth (for review: Poelmans et al. (2011)91). Although genetic 
influence may determine literacy outcome by modulation of plasticity of specific 
critical brain areas,92,93 it seems plausible that a more widespread dysfunction of grey 
and white matter networks may be responsible. This could explain the structural 
cerebellar changes found in previous studies, in the absence of a (clear) direct causal 
link between cerebellar function and reading impairments. 

Conclusions
In our study, adults with developmental dyslexia showed impaired performance 
on a motor task and cognitive task that rely on the cerebellum, but we found no 
clear support for a causal relation between cerebellar function and reading skills. 
This finding, together with corresponding results of earlier studies, suggest that 
hypotheses that put much weight on persistent cerebellar dysfunction as a crucial 
factor in the pathogenesis of dyslexia (CDHs), may need to be reconsidered.

The co-occurrence of cerebellar dysfunction and dyslexia could be related to 
involvement of more widespread neural circuitry. Since we did not find morphological 
changes of the cerebellum, co-occurrence of cerebellar impairment in subjects with 
developmental dyslexia may be mediated by widespread microstructural changes 
or deviant white matter connectivity at large-scale network level. 
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Recovery after stroke
Thanks to advances in the acute treatment of ischemic stroke by intravenous 
thrombolysis and more recently intra-arterial thrombectomy, it is now possible to 
reduce the amount of affected brain tissue after stroke. This has resulted in improved 
outcomes in the subgroups of patients that are eligible for these treatments. 
Nevertheless, stroke remains a leading cause of disability worldwide as many patients 
do not arrive at the hospital in time, are not eligible for these treatments, or do not 
benefit despite appropriate treatment. In the acute phase after stroke, restoration 
of perfusion of the ischemic penumbra and lessening of diaschisis (the functional 
disconnection of areas distant from the lesion) can lead to rapid improvement.1 In 
addition, further recovery of brain function can occur in subacute or chronic phases. 
Several molecular and cellular processes that occur in intact brain tissue around the 
lesion and more remotely have been identified in animals, such as upregulation of 
growth factors and proteins, down-regulation of GABA receptors, synaptogenesis, 
neuronal sprouting and glial changes (for review see Cramer et al. 20082). Functional 
neuroimaging techniques, such as functional MRI (fMRI) and positron emission 
tomography (PET), have shown enhancement of activation in peri-infarct tissue 
and in the contralateral hemisphere during recovery after stroke in humans.1 The 
extent and speed of recovery are highly variable and dependent on lesion size, 
location, pre-morbid functional organization, and patient characteristics such as age.1 
Understanding spatio-temporal patterns of functional reorganization may help to 
predict outcome in individual patients and may reveal targets for new therapeutic 
approaches such as transcranial magnetic stimulation and direct current stimulation.

Aphasia
Language function may be present in animals, but is incomparable to that in humans 
in terms of power and complexity. Social and cultural life is highly dependent on this 
brain function. Impairment of language skills after brain damage, therefore has a 
large impact on patients’ lives. In at least 95% of healthy right-handed individuals, 
the left hemisphere is dominant for language. Neuroimaging studies from the end 
of the previous century onward show a robust correlation between activation of 
the language network in the preserved part of the affected left hemisphere and 
language recovery.1 Activation of left hemispheric language areas was related with 
better language skills in the chronic phase in our cross-sectional study of aphasic 
patients (chapter 2.13) and over one year after stroke in our longitudinal study 
(chapter 2.24). Besides, we showed that prediction of language outcome is improved 
when adding early fMRI activation of the left posterior inferior temporal gyrus after 
stroke to a regression model with the factors age, language performance in the 
subacute phase and lesion volume (chapter 2.24). 
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The right hemisphere may also contribute to language recovery, albeit to a lesser 
extent. Deterioration of language has been observed after anesthesia of the right 
hemisphere during WADA testing or after right hemispheric stroke in aphasic 
patients with an earlier left-hemispheric stroke.6,7 The right inferior frontal gyrus 
probably plays an important, although variable, role in the recovery of language 
skills, depending on the time after stroke. For example, increase of activation in the 
right inferior frontal gyrus on fMRI during language tasks as assessed in the acute 
and in the subacute phase is strongly related to an increase in long-term language 
skills8 and repetitive TMS (rTMS) targeting the right inferior frontal gyrus can disrupt 
naming ability in some aphasic patients in the chronic phase.9 Our study in patients 
in the chronic phase after ischemic stroke supports a direct contribution of the right 
inferior frontal gyrus in language performance. This is in line with a more recent 
study in healthy subjects which found that during inhibitory stimulation of the left 
inferior frontal cortex an increased facilitatory drive from the right inferior frontal 
gyrus with concurrent increase of fMRI activation was associated with better naming 
ability.10 

Furthermore, in agreement with a study by Forkel et al.11 using diffusion tensor 
imaging (DTI) we have shown in chapter 2.312 that integrity of the right superior 
longitudinal fasciculus is positively associated with language outcome. Since 
plasticity of this right hemispheric homologue of the arcuate fasciculus connecting 
frontal (Broca’s) to parietal and temporal (Geschwind’s and Wenicke’s) areas is 
unlikely, the premorbid structural and functional potential of the right hemisphere 
seems to be important for the language network’s capacity to promote functional 
recovery. 

Reflecting the ambiguity of the role of the right inferior frontal gyrus during 
recovery from aphasia, increasing activation of the right inferior frontal gyrus over 
one year in our longitudinal study was associated with worse language skills. A 
variable role of this brain area may be explained by the existence of distinct sub-
areas within the right inferior frontal gyrus, a different role of this gyrus during 
different phases after stroke, differences in lesion location and size, variations 
in pre-morbid right hemispheric structural and functional grey and white matter 
organization, and lateralization of the language function of interest. Longitudinal 
studies combining direct stimulation techniques with neuroimaging in stroke 
patients, and neuroimaging studies focusing on connectivity between parts of the 
language network may help to further elucidate the role of the right hemisphere in 
the recovery of aphasia in stroke patients. 



120

General discussion

Cerebrovascular reactivity
If a brain area is active during a given task, such as Broca’s area during the generation 
of words, the MRI signal increases due to increased blood flow and volume and a 
change in the oxygenation of hemoglobin. This increased fMRI signal reflects a 
concurrent increase in local neuronal processing.13 This so–called neurovascular 
coupling may be affected in cerebrovascular disease and therefore may have serious 
implications for the interpretation of fMRI studies in stroke patients.14 Using a 
breath hold paradigm we assessed cerebrovascular reactivity in stroke patients and 
healthy controls. In our study in chronic patients, years after stroke, as well as in 
our longitudinal study, no significant differences in breath hold responsiveness were 
observed compared to controls (chapters 2.13 and 2.24). In our longitudinal study 
in stroke patients, we detected no changes in vascular responsiveness over time 
related to changes in language. This implies that the interpretation of fMRI results 
obtained from 2 weeks post-stroke up to the chronic phase in our studies was not 
confounded by altered cerebrovascular reactivity. Notably, an event-related fMRI 
design would lead to increased sensitivity to alterations of the temporal dynamics 
of the vascular response. Discrepancy with other studies using such a design that 
did report an altered hemodynamic response in stroke patients,14 may be explained 
by the fact that we used a blocked design. Adding a breath hold paradigm to fMRI 
experiments, especially when using event-related designs, is advised when studying 
patients with cerebrovascular diseases. 

Sensorimotor function
Despite acute treatment, impaired motor skills are widely prevalent after ischemic 
stroke, even more so than language disorders. Improving knowledge about 
spontaneous recovery may facilitate the development of rehabilitation techniques. 
Change in processing in the sensorimotor cortex seems important in recovery of 
motor function.15 Somatosensory input to the motor cortex seems to be important 
in learning new motor skills in healthy individuals.16 Likewise, somatosensory stimuli 
may be critical in relearning of motor skills in patients recovering from hemiparesis 
due to stroke. In our longitudinal study in 10 hemiparetic stroke patients we have 
shown a robust correlation between increase of somatosensory-related activation 
in the ipsilesional hemisphere in response to tactile stimulation of digit 3 of the 
affected hand and increase in motor function over the subacute phase (chapter 
3.117). This finding emphasizes the importance of somatosensory input during 
recovery of motor skill over the subacute phase after stroke. Consequently, novel 
rehabilitation strategies that use somatosensory stimulation especially over the first 
months after stroke appear to hold promise. 
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Dyslexia
Developmental dyslexia (DD) is a language related impairment like aphasia, but 
presumed to be developmental in nature and not due to brain damage like stroke. 
It is most often hypothesized to be a consequence of a phonological deficit, i.e. a 
disorder in the processing and recognition of speech sounds. The cerebellar deficit 
hypothesis, however, suggests the presence of structural or functional abnormalities 
of the cerebellum as the cause of reading difficulties.18 Voxel-based morphometry 
(VBM) studies have not shown unequivocal support to this hypothesis. Our study 
corroborates earlier reports of the presence of reduced motor and cognitive 
cerebellar processing in adults with DD but did not support a causal relation with 
reading skills (chapter 4.119). No structural differences between adults with DD and 
unaffected individuals were found. Consequently, hypotheses that put weight on 
persistent cerebellar dysfunction as a crucial factor in the pathogenesis of dyslexia 
need to be reconsidered.

Because of the strong genetic background of dyslexia, with genes involved 
in neuronal migration and growth,20 a non-causal co-occurrence of cerebellar 
dysfunction and dyslexia may be related to widespread microstructural changes 
or white matter connectivity. Whole brain white matter connectivity and network 
analyses may help to shed light on this subject. 

Conclusion
In conclusion, the studies described in this thesis have shown that, first, restitution 
or reincorporation of frontal and temporal left hemispheric areas into the language 
network is most important for good recovery of aphasia after left sided stroke, while 
the right inferior frontal gyrus may also contribute directly or through upregulation 
of domain general processing. Information on early functional activation of the 
left posterior inferior temporal gyrus can aid in predicting language outcome 
after ischemic stroke. Second, minimally affected local cerebrovascular reactivity 
outside the lesion territory does not confound the interpretation of (blocked) fMRI 
studies in stroke patients with aphasia. Third, premorbid white matter connectivity 
of right hemispheric parts of the language network, specifically the integrity of the 
right superior longitudinal fasciculus, is important for language recovery. Fourth, 
somatosensory feedback to the sensorimotor cortex over the subacute phase can 
contribute to regaining motor function after stroke, which may provide leads to novel 
rehabilitation techniques. Finally, incidental co-occurrence of cerebellar dysfunction 
and reading and spelling impairment may be a result of widespread microstructural 
changes or white matter connectivity. However, no structural or behavioral evidence 
was found for a causal role of the cerebellum in developmental dyslexia. 
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Summary

Summary

Despite advances in the treatment of acute stroke, it still is a leading cause of 
disability worldwide. Even in case of severe brain damage caused by stroke, neuronal 
plasticity may contribute to functional recovery on the long-term. Understanding 
the characteristics and underlying mechanisms of brain plasticity could improve 
prognostication and may reveal targets for novel rehabilitation techniques.  
Chapter 2 describes results from studies on the recovery of aphasia after stroke. In 
Chapter 2.1 twelve aphasic patients with left hemispheric stroke were examined 
with functional MRI (fMRI) in the chronic phase (>1 year post-stroke). fMRI uses a 
vascular signal to probe electrical activity of the brain. Correct interpretation of fMRI 
data may be affected in patients with stroke because the so called ‘neurovascular 
coupling’ may be disturbed. Therefore, a breath hold paradigm was added to our 
fMRI protocol to assess local hemodynamic responsiveness. Language proficiency 
was measured within 2 months after stroke and around the MRI examination in 
the chronic phase. Left inferior frontal gyrus (IFG) activity during a language task 
was associated with improvement of naming ability and comprehension, while 
the observed increase of activity in the right IFG may have been reflective of up-
regulation of domain-general cognitive processing. Hemodynamic responsiveness 
was found an unlikely confounder in the interpretation of language fMRI results. 

In chapter 2.2 the spatiotemporal pattern of reorganization of the language system 
was studied. Twelve patients and 8 healthy controls underwent fMRI examination 
similar to that in the preceding cross-sectional study, therefore consisting of two 
language paradigms and breath holding. Subjects were studied four times during 
the first year after stroke. Better language outcome was related to an increase of 
activation in both the left and right posterior inferior temporal gyrus, while an 
increase in activity in the right IFG was associated with a worse outcome. The extent  
of left posterior temporal gyrus activation assessed with early functional 
neuroimaging could improve prediction of outcome. Variations in language 
activation over time were found in different nodes of the recovering language 
network related to actual language improvement over time and are thus suggestive 
of recovery-associated plasticity. Variations in language activation were also related 
to hemodynamic responsiveness or with an unspecified origin. it is therefore 
important to control for these factors in longitudinal fMRI studies after stroke. In 
chapter 2.3 we studied if integrity of white matter connections between frontal, 
parietal and temporal language areas is important for optimal reorganization 
of the language network after stroke. Five patients and 8 control subjects who 
were studied in the longitudinal study were included. Diffusion Tensor Imaging 
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(DTI) at one year was used to investigate integrity of the left and right superior  
longitudinal fasciculus (SFL). Integrity of right SFL was similar in patients and 
controls and was related to better language outcome after one year reflecting the 
importance of pre-morbid connectivity within the right hemisphere.

In chapter 3 the importance of somatosensory input to the sensorimotor cortex 
in recovering stroke patients was studied. Increase of fMRI activation of the 
sensorimotor cortex in response to tactile stimulation of digit 3 of the affected hand 
in 10 patients correlated strongly to concurrent gains in motor function over 1 year 
after stroke. Increased responsiveness of the sensorimotor cortex over the subacute 
poststroke period may contribute to motor recovery and may provide a target for 
new therapeutic approaches.

In chapter 4 the involvement of the cerebellum in developmental dyslexia 
was studied. The structure of the cerebellum was examined with voxel-based 
morphometry (VMB) in 26 adults with dyslexia and 25 non-dyslexic participants. 
Behavioral evidence for (mildly) impaired cerebellar function was found to co-occur 
with reading impairments, but a causal relationship was not present. Besides, no 
differences in local grey matter volume, nor in structure-function relationships 
within the cerebellum were found between the two groups. Therefore, the so-called 
‘cerebellar deficit hypothesis’ suggesting impaired cerebellar structure and function 
as a causal factor in developmental dyslexia needs to be reconsidered. 
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Samenvatting

Ondanks nieuwe behandelingen van het acute herseninfarct blijven veel  
patiënten op de lange termijn ernstig gehandicapt en afhankelijk van de hulp 
van anderen. De plasticiteit van de hersenen kan echter ook na vele maanden 
nog bijdragen aan functioneel herstel. Het begrijpen van de onderliggende  
mechanismen van deze plasticiteit is het belangrijkste doel van dit proefschrift, 
vooral omdat dit op den duur de bepaling van prognose van individuele patiënten 
kan verbeteren en nieuwe aangrijpingspunten voor revalidatietechnieken zou 
kunnen opleveren. In hoofdstuk 2 wordt herstel van afasie, een stoornis van het 
begrip en de productie van taal, bestudeerd. In hoofdstuk 2.1 wordt de taalfunctie 
van twaalf patiënten met afasie tenminste één jaar na het ontstaan van een 
linkszijdig herseninfarct onderzocht met functionele MRI (fMRI). Bij fMRI wordt  
een vasculair signaal gebruikt om een indruk te krijgen van de elektrische  
activiteit van de hersenen. Omdat correcte interpretatie van het fMRI signaal 
afhankelijk is van de doorbloeding zou dit signaal bij patiënten met een 
herseninfarct verstoord kunnen zijn. Om te onderzoeken of fMRI nog betrouwbar 
te interpreteren is bij een verandering van de circulatie door een herseninfarct is  
een taak toegevoegd waarin de adem moet worden vastgehouden om de integriteit 
van de cerebrovasculaire reactiviteit te onderzoeken. De mate van doorbloeding 
van de hersenen bleek geen invloed te hebben op veranderingen van fMRI  
signalen en wij concluderen daarom dat fMRI betrouwbaar kan worden gebruikt bij 
patiënten met een herseninfarct. Bij patiënten die meer dan een jaar ervoor een 
herseninfarct hadden gehad was de activiteit van de linker gyrus frontalis inferior 
geassocieerd met het herstel van benoemen en taalbegrip, terwijl activiteit van 
de rechter gyrus frontalis inferior mogelijk betrokken was bij het herstel van de 
executieve functies.

In hoofdstuk 2.2 wordt het spatiotemporele patroon van reorganisatie van 
het taalsysteem onderzocht. Twaalf patiënten en 8 controles ondergingen fMRI 
onderzoeken waarbij twee taaltaken werden uitgevoerd op vier tijdspunten 
gedurende een jaar na de beroerte. Betere taal uitkomst was gerelateerd aan 
toename van activatie in de gyrus temporalis inferior aan beide kanten, terwijl 
toename in rechter gyrus frontalis inferior geassocieerd was met slechter  
taalherstel. Veranderingen over de tijd van taalactivatie waren aanwezig in 
verschillende delen van het herstellende taalsysteem, zowel geassocieerd met 
herstel van taalfunctie en dus plasticiteit, als met cerebrovasculaire reactiviteit. 
Veranderingen over de tijd zonder associatie met taalfunctie of cerebrovasculaire 
reactiviteit werden ook geobserveerd. Het is daarom belangrijk om deze  
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factoren in longitudinale fMRI studies bij patiënten met een herseninfarct te 
controleren. In hoofdstuk 2.3 hebben we met diffusion tensor imaging (DTI) 
bestudeerd of de integriteit van belangrijke wittestof connecties tussen frontale, 
pariëtale en temporale taalgebieden belangrijk is voor de reorganisatie van het 
taalsysteem. Vijf patiënten en 8 controles uit de longitudinale studie werden 
geïncludeerd. De grootte van de rechter fasciculus longitudinalis superior was 
niet verschillend tussen patiënten en controles en een grotere fasciculus was 
gecorreleerd met een betere taaluitkomst. Deze bevinding ondersteunt het belang 
van de pre-morbide connectiviteit in de rechterhemisfeer voor taalherstel.

In hoofdstuk 3 laten we zien dat een toename van fMRI activatie in de sensomotore 
cortex in de subacute fase na een beroerte als gevolg van tactiele stimulatie van de 
derde vinger geassocieerd is met toename van herstel in motorfunctie gedurende 
het eerste jaar na het infarct. Een toename van responsiviteit van de sensorimotor 
cortex kan een bijdrage leveren aan functioneel herstel en zou daarom een 
aangrijpingspunt kunnen zijn van nieuwe revalidatie technieken.

In hoofdstuk 4 wordt de rol van het cerebellum bij dyslexie onderzocht. Met behulp 
van voxel-based morphometry (VMB) werd de structuur van het cerebellum bekeken 
bij 26 volwassenen met dyslexie en 25 controlepersonen. Er werd bewijs gevonden 
voor de gelijktijdige aanwezigheid van mild verstoorde cerebellaire functie en 
gestoord lezen, maar een causaal verband werd niet aangetoond. Er werd daarnaast 
geen verschil gevonden in de structuur van de grijze stof van het cerebellum tussen 
de twee groepen. De zogenaamde ‘cerebellar deficit hypothesis,’ die uitgaat van een 
afwijking in de structuur en functie van het cerebellum als één van de oorzaken van 
dyslexie, moet daarom worden heroverwogen. 
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