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Introduction—Hemiparesis is one of the most prevalent chronic disabilities after stroke.
Biochemical and structural magnetic resonance imaging approaches may be employed to study the
neural substrates underpinning upper-extremity (UE) recovery after chronic stroke.
Objective—The purposes of this study were to 1) quantify anatomical and metabolic differences
in the precentral gyrus, and 2) test the relationships between anatomical and metabolic differences,
and hemiparetic arm function in individuals in the chronic stage of stroke recovery. Our
hypotheses were: 1) the Stroke group would exhibit reduced precentral gyrus cortical thickness
and lower concentrations of total N-acetylaspartate (tNAA) and glutamate+glutamine (Glx) in the
ipsilesional motor cortex; and 2) that each of these measures would be associated with UE motor
function after stroke.
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Methods—Seventeen individuals with chronic (>6 months) subcortical ischemic stroke and
eleven neurologically healthy controls were recruited. Single voxel proton magnetic resonance
spectroscopy (H1MRS) was performed to measure metabolite concentrations of tNAA and Glx in
the precentral gyrus in both ipsilesional and contralesional hemispheres. Surface-based cortical
morphometry was used to quantify precentral gyral thickness. Upper-extremity motor function
was assessed using the Wolf Motor Function Test (WMFT).
Results—Results demonstrated significantly lower ipsilesional tNAA and Glx concentrations
and precentral gyrus thickness in the Stroke group. Ipsilesional tNAA and Glx concentration and
precentral gyrus thickness was significantly lower in the ipsilesional hemisphere in the Stroke
group. Parametric correlation analyses revealed a significant positive relationship between
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precentral gyrus thickness and tNAA concentration bilaterally. Multivariate regression analyses
revealed that ipsilesional concentrations of tNAA and Glx predicted the largest amount of variance
in WMFT scores. Cortical thickness measures alone did not predict a significant amount of
variance in WMFT scores.
Conclusions—While stroke impairs both structure and biochemistry in the ipsilesional
hemisphere our data suggest that tNAA has the strongest relationship with motor function.
Keywords
Stroke; Human; Metabolite; Motor Function; Cortical Thickness

1.0 Introduction
Author Manuscript

Hemiparesis after stroke is particularly common, with up to 70% of individuals experiencing
mild to severe upper extremity (UE) dysfunction (Nakayama et al. 1994). In individuals with
stroke, it has been suggested that the extent of structural damage to cortical areas likely
underlies the potential for recovery (Schaechter et al. 2006). Therefore, assessing
morphological differences within the motor cortex may provide valuable information of the
neural events that underlie UE hemiparesis.
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After stroke, morphological and structural changes are triggered spontaneously at the onset
of infarction and may persist into the chronic phase post stroke (Dimyan and Cohen 2011).
Spontaneous recovery of motor function appears to be related to lesion location (Shelton and
Reding 2001), however there is a weak relationship between lesion location and UE
functional recovery after stroke (Gauthier et al. 2009; Gauthier et al. 2014). Though the
survival of peri-infarct tissue is an important component of recovery (Cramer et al. 2006), it
is becoming clear that regions distant from the lesion are also important for recovery of
motor function. For instance, after subcortical stroke, recovery of arm function has been
linked with greater functional activity within cortical areas remote from the lesion (Weiller
et al. 1993; Cramer et al. 1997; Cramer 2008). Further, functional imaging of individuals
with chronic stroke shows that activation of the ipsilesional hemisphere is associated with
improved motor outcome (Ward et al. 2003; Calautti et al. 2010) and structural integrity of
cortical areas (Schaechter et al. 2006). It appears that morphological changes and the
structural integrity of surviving cortical areas contribute to the overall magnitude and pattern
of recovery of UE function in individuals with chronic stroke.
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Metabolic changes in the cortex after stroke have previously been investigated using
biological markers of membrane integrity and neuronal damage, and have been described in
individuals with both acute and chronic stroke (Federico et al. 1998; Craciunas et al. 2013).
One metabolite NAA, is considered to reflect neuronal structural and functional integrity
(Demougeot et al. 2004). Magnetic resonance spectroscopic (MRS) studies of individuals in
the acute stage post stroke have linked decreases in NAA concentration to poor functional
recovery of the hemiparetic UE (Federico et al. 1998). NAA changes have also been
observed in individuals with chronic stroke within ipsilesional normal appearing grey matter
(Munoz Maniega et al. 2008) and have been associated with morphological changes,
including neuronal death in stroke (Demougeot et al. 2004). In individuals with chronic
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stroke, lower NAA concentrations have been reported within both ipsi- and contra-lesional
primary motor cortices (Cirstea et al. 2011; Craciunas et al. 2013).
Another metabolite that has been investigated in individuals with chronic stroke is glutamate
(and its readily available precursor glutamine, collectively referred to as Glx). In a study by
Cirstea et al. (2011), ipsilesional concentrations of NAA and Glx in normal appearing grey
matter were both positively correlated with arm motor impairment in individuals with
chronic stroke.
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While MRS has provided information about neuronal integrity and metabolism after stroke,
it remains unclear how regional structural differences, including cortical thickness, may be
associated with metabolic function after stroke. Increases in cortical thickness in the
sensorimotor cortical areas have been reported in the contralesional hemisphere of
individuals with sub-acute (Brodtmann et al. 2012) and chronic stroke (Schaechter et al.
2006). Voxel-based morphometric investigation in individuals with chronic subcortical
stroke revealed grey matter atrophy in motor areas, which may be associated with
hemiparetic arm impairment (Gauthier et al. 2012). In the current study, we performed
metabolic and structural assessment of the primary motor cortex using H1 magnetic
resonance spectroscopy and cortical thickness measurement to investigate whether
morphological differences are associated with UE motor performance.
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To our knowledge, no study has investigated how differences in cortical thickness relate to
metabolic changes in individuals with chronic subcortical stroke. Total NAA (NAA and NAcetylaspartylglutamate (NAAG)) and Glx were selected as metabolites of interest a priori
because: 1) both are altered in individuals with chronic stroke, 2) the magnitude of change in
these has been associated with the level of UE impairment (Cirstea et al. 2011; Cirstea et al.
2012), and 3) an observed decrease in cortical thickness may be explained by some form of
neuronal cell degradation, which could be indexed using tNAA (Munoz Maniega et al.
2008).
The primary aim of this study was to characterize metabolic and morphometric properties of
the precentral gyrus. In addition we considered how these properties related to UE motor
impairment in individuals with chronic subcortical ischemic stroke. Our hypothesis was that
individuals with stroke would exhibit reduced precentral gyrus cortical thickness and lower
tNAA and Glx concentrations in the ipsilesional hemisphere. Further, we hypothesized that
measures of ipsilesional cortical thickness, and tNAA and Glx concentrations, would be
associated with UE motor function after stroke.
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2.0 Materials and Methods
2.1 Participants
Seventeen individuals (12 male, 5 female; age 68 +/- 9.6 years) with subcortical ischemic
stroke in the chronic phase (>6 months) of recovery, and 11 neurologically healthy controls
(4 male, 7 female; age 60.4 +/- 6.0 years) were recruited for this study. The research ethics
board at the University of British Columbia approved all aspects of this work and consent
was obtained according to the Declaration of Helsinki. Individuals were excluded if they: 1)
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were in the acute (0-3 months) or sub-acute (3-6 months) phase of recovery, 2) had
contraindications to MRI, 3) had previous history of stroke, epilepsy, neurodegenerative
disorder or head trauma, or 4) showed a visible lesion extending in to the precentral gyrus
grey matter. Upon enrolment, each participant underwent neuroimaging assessment on a
Philips Achieva 3.0T MRI scanner at the University of British Columbia, which was
followed by functional assessment in the Brain Behaviour Lab.
2.2 Magnetic Resonance Imaging Acquisition
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A high-resolution T1-weighted scan (TR/TE: 7425/3.64ms, FOV=256×256mm, 160 sagittal
slices, flip angle 6°, voxel size=1mm3) was performed on each enrolled participant. In
addition, single voxel 1H-MRS (PRESS, TR/TE=2000/35ms, sampling frequency: 2000Hz,
data points=1024, signal averages=128) was obtained to measure absolute metabolite
concentrations. A single 30mm × 22mm × 15mm voxel was centered over the hand area of
the primary motor cortex in both ipsilesional and contralesional hemispheres. Projection
based autoshimming was carried out. Unsuppressed water spectra were acquired to enable
metabolite concentration estimations. Localization of hand representation for each individual
and corresponding voxel placement was determined using known anatomical coordinates
(Yousry et al. 1997) (Fig. 1).
2.3 Cortical Morphometry Analysis
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Cortical reconstruction and volumetric segmentation was performed with the Freesurfer
image analysis suite, which is documented and freely available for download online (http://
surfer.nmr.mgh.havard.edu). The technical details of these procedures are described in prior
publications (Dale et al. 1999; Fischl and Dale 2000). A number of steps for processing are
required, and include: 1) motion correction and averaging (Reuter et al. 2010) of multiple
volumetric T1 weighted images (when more than one is available), 2) removal of non-brain
tissue using a hybrid watershed/surface deformation procedure (Segonne et al. 2004), 3)
segmentation of the subcortical white matter and deep grey matter volumetric structures
(Fischl et al. 2002; Fischl et al. 2004), 4) intensity normalization (Sled et al. 1998), 5)
tessellation of the grey matter white matter boundary, and 6) automated topology correction
(Fischl et al. 2001; Segonne et al. 2007) and surface deformation following intensity
gradients. This final step is done to optimally place the grey/white and grey/cerebrospinal
fluid borders at the location where the greatest shift in intensity defines the transition to the
other tissue class (Dale and Sereno 1993; Dale et al. 1999; Fischl and Dale 2000). MRIderived measures of human cerebral cortical thickness have been shown to be highly reliable
(Han et al. 2006), and have been described in a number of pathological conditions such as
Huntington's disease (Rosas et al. 2002), schizophrenia (Kuperberg et al. 2003) and multiple
sclerosis (Sailer et al. 2003). Recently the technique has been used to investigate regional
differences in cortical thickness in sub-acute stroke (Brodtmann et al. 2012) and chronic
stroke populations (Borich et al. 2015). We compared average cortical thickness in the
precentral gyrus in both Stroke (ipsilesional/contralesional) and Control (non-dominant/
dominant) groups.
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Metabolic measures were quantified using LCModel version 6.2-2B which provides
automatic quantification of in vivo proton magnetic resonance spectra (Provencher 1993).
Water scaling was used to estimate absolute metabolite concentrations using the reference
area of the unsuppressed water signal along with the assumed water concentration of
35880mM within the largely grey matter voxel. Concentrations of tNAA and Glx were
extracted as the primary metabolites of interest. Technical details can be found in
Supplementary data.
2.5 Upper-extremity motor assessment

Author Manuscript

UE motor performance was assessed using the WMFT, which measures how rapidly
individuals are able to perform a series of 15 functional tasks in the laboratory. A trained
physiotherapist carried out all components of the assessment. Recently, Hodics et al. (2012)
validated an approach that characterizes the WMFT by converting the time to complete each
task into task rate data using the following equation:

This method of calculation has shown to be more sensitive in assessing the functional
abilities of more severely affected individuals with stroke. Thus, participants in the current
study were assessed using the standard 15-task WMFT; subsequently we calculated task-rate
data (Hodics et al. (2012).
2.6 Statistical Analysis
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To examine differences in tNAA and Glx concentration and precentral gyrus thickness a
between group (Stroke, Control) multivariate analysis of variance (MANOVA) was
conducted. Follow-up univariate analyses of variance (ANOVAs) for each dependent
variable were conducted. Parametric correlation analysis using Pearson's r was conducted to
examine the relationship between tNAA and Glx and precentral gyrus thickness in both
hemispheres. Multiple linear regression analyses were performed to assess the amount of
variance in UE motor performance (WMFT rate) explained by demographic information
(age and post-stroke duration), metabolite concentration (tNAA and Glx), and cortical
thickness. In the Stroke group, age and post stroke duration were entered first to account for
post-stroke (Graham et al. 1993) and age related changes in metabolites (Angelie et al. 2001;
Kaiser et al. 2005) and cerebral tissue (Resnick et al. 2003). Concentration of ipsilesional
cerebral metabolites tNAA and Glx were the next predictors entered, based on previous
reports suggesting their association with UE motor impairment (Cirstea et al. 2011; Cirstea
et al. 2012). Ipsilesional cortical thickness was the final predictor entered into the model.
When comparing between the Stroke and Control groups, data from the ipsilesional cortex in
individuals with stroke were compared to data extracted from the non-dominant cortex in
our Control group.
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3.0 Results
3.1 Participants
Participant demographics from the Stroke group (Table 1) and the Control group (Table 2)
are listed below. The location of each lesion was determined from T1-weighted MRI.
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Anatomic and Metabolic Differences in Chronic Stroke—There was an overall
main effect of Group across the measures (F = 4.972; p = 0.004). Concentrations of tNAA (F
= 6.47; p = 0.017), Glx (F = 10.37; p = 0.001), and cortical thickness (F = 6.12; p = 0.021)
were all significantly lower bilaterally in the Stroke group compared to the Control group.
Within the Stroke group, significantly less ipsilesional tNAA concentration (F = 4.14; p =
0.05), Glx (F = 11.72; p = 0.002) and cortical thickness (F = 6.37; p = 0.017) was also
observed compared to the contralesional hemisphere (Fig. 2). No significant difference
between hemispheres was found in the Control group for any of the variables (Fig. 3).
3.2 Relationship Between Cortical Thickness and Metabolite Measures
A significant positive correlation was found between tNAA and precentral gyrus thickness in
both ipsilesional (r = 0.782; p < 0.001) and contralesional (r = 0.517; p = 0.033) hemispheres
of the Stroke group (Table 3, Fig. 4). No correlations between Glx concentration and
precentral gyrus thickness was observed. No correlations were observed in the Control
group.
3.3 Relationship between metabolite concentration, cortical thickness and upper extremity
motor performance
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Regression analysis results are summarized in Table 4 and Fig. 5. In the Stroke group, after
adjusting for age and post-stroke duration, ipsilesional metabolite concentrations (tNAA and
Glx) accounted for 53% of the total variance of hemiparetic UE WMFT score (R2 = 0.535, p
= 0.043). tNAA concentration explained a larger amount of variance in WMFT motor
performance than Glx. Adding ipsilesional precentral gyrus cortical thickness to the model
did not explain an additional amount of unique variance in WMFT score, and the overall
model was not significant (R2 change = 0.005, p = 0.088).

4.0 Discussion
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We observed thinner cortex in the hand area of the precentral gyrus, as well as lower tNAA
and Glx concentration in individuals with stroke, particularly in the ipsilesional hemisphere.
Lower bilateral tNAA concentration was associated with a less cortical thickness bilaterally
in the Stroke group. Our results suggest that ipsilesional precentral gyrus thickness and
tNAA concentration were associated with UE motor performance.
4.1 Metabolite Concentrations
To our knowledge, this is the first study to report significantly lower Glx concentration in the
precentral gyrus of individuals in the chronic stage post-stroke. We also observed a lower
concentration of the cerebral metabolite tNAA, which is consistent with previous findings in
individuals with stroke (Cirstea et al. 2011; Craciunas et al. 2013). Because NAA and
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NAAG are believed to exist almost exclusively in intact neurons, a possible explanation for
our finding of abnormal Glx and tNAA concentrations includes neuronal death (Pereira et al.
1999). Neuronal death following ischemic stroke is often attributed to improper homeostatic
balance of glutamate. The release of glutamate following ischemia results in a cascade of
cellular events such as intracellular calcium increase and mitochondrial dysfunction that
ultimately leads to cellular death (Hazell 2007). Acutely after stroke, glutamate
concentration increases for approximately 6 hours after the onset of infarction (Davalos et al.
1997); this may cause permanent damage. Because lower ipsilesional tNAA and Glx was
accompanied by a thinner precentral gyrus, neuronal death may, in part, explain our results.
Supporting this possibility, age-related brain shrinkage has been associated with decreased
NAA and Glx concentration in the motor cortex (Kaiser et al. 2005). Similarly, in the current
study we observed a positive correlation between tNAA concentration and precentral gyrus
thickness.
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4.2 Cortical Thickness
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Precentral gyrus thickness was also significantly lower in the Stroke group compared to the
Control group, and ipsilesional thickness in the Stroke group was significantly associated
with UE motor performance. These results are consistent with previous reports suggesting
that bilateral diffuse tissue loss may occur in individuals with chronic stroke (Kraemer et al.
2004; Gauthier et al. 2012). Further, decreases in grey matter density in non-infarcted motor
regions in individuals with chronic stroke correlates with WMFT of UE motor function
(Gauthier et al. 2012). Interestingly, these results differ from previous reports of increased
contralesional sensorimotor cortical thickness in individuals with chronic stroke (Schaechter
et al. 2006), and greater contralesional paracentral and superior frontal cortical thickness in
individuals with sub-acute stroke (Brodtmann et al. 2012). It is possible that these
differences could be explained by compensatory mechanisms within the contralesional
hemisphere, such as structural plasticity within cortical regions in response to brain injury.
Functional reorganization of contralesional motor cortical areas has been described
previously in animal models of stroke undergoing rehabilitation training (Nudo et al. 1996),
and has been linked with improved hand function. There is evidence to suggest that
contralesional compensatory changes are dependent upon increased use of the less-impaired
limb (Nudo et al. 2001). This idea is supported by previous work that demonstrated a
relationship between grey matter changes and arm motor impairment in chronic stroke
patients undergoing specific rehabilitation programs (Gauthier et al. 2008). Indeed,
individuals engaged in Constraint-Induced Movement Therapy (CIMT), a rehabilitation
therapy that combines restraint of the non-hemiparetic limb with intensive use of the
hemiparetic limb, show significant increases in grey matter in sensory and motor areas both
contralateral and ipsilateral to the hemiparetic arm (Gauthier et al. 2008). Unfortunately, it is
common in stroke survivors for daily use of the hemiparetic arm to be severely limited
(Rand and Eng 2015), therefore, it is possible that non-use of the hemiparetic arm might
explain the observed differences in ipsilesional precentral gyrus thickness.
4.3 Upper extremity motor assessment
In our regression analyses, age and time post stroke alone were not significantly associated
with UE motor performance. When these variables were combined with tNAA and Glx
Restor Neurol Neurosci. Author manuscript; available in PMC 2016 December 22.
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concentration the model was able to explain a significant amount of variance in hemiparetic
UE motor function. tNAA explained the greatest amount of variance in motor function as
shown by WMFT scores. These results suggest that tNAA concentration, a marker for
neuronal integrity, in spared ipsilesional motor cortical areas may contribute to UE motor
function in individuals in the chronic stage post-stroke. These data support previous work
noting decreased grey matter structural density in individuals with chronic stroke, suggesting
that grey matter atrophy may contribute to arm motor function (Gauthier et al. 2012). The
addition of precentral gyrus thickness to our model only resulted in a small increase in R2,
but the overall model lost significance, suggesting that the two measures (tNAA
concentration and cortical thickness) may be redundant.
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Contrary to our hypothesis, we observed no association between Glx and UE motor
function. Our original hypothesis that ipsilesional Glx concentrations would be associated
with UE motor performance was based on: 1) reported intracortical excitability differences
after stroke (Tarkka et al. 2008; Carmichael 2012), and 2) past findings showing that Glx
concentration in motor areas correlated with arm motor impairment in individuals with
chronic stroke (Cirstea et al. 2011). Further, Glx concentration in the motor cortex has been
correlated with global motor cortical excitability (assessed by transcranial magnetic
stimulation) (Stagg et al. 2011), which was a predictor of motor recovery after stroke (Jung
et al. 2012). Further investigation of the relationship between glutamate and glutamine
concentration and motor function in individuals after stroke will be required to resolve these
issues.
4.4 Limitations
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There were limitations to this study. First, our sample size was small, however previous
studies using magnetic resonance spectroscopy (Cirstea et al. 2012; Craciunas et al. 2013)
and other imaging approaches (Pavlakis et al. 1999; Mang et al. 2015) in individuals with
chronic stroke have had comparable sample sizes. Our design was cross-sectional and our
findings could be used to provide preliminary evidence that may inform future longitudinal
or interventional studies. Larger longitudinal studies should be performed in order to: 1)
further examine relationships between lesion volume and location; 2) understand how these
measures may be associated with real world arm function after stroke; and 3) determine how
physical rehabilitation may be related to metabolites or cortical thickness in chronic stroke.
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The mean age of the Stroke group was greater than that of the neurologically healthy
Control group. Because normal aging is associated with cerebral tissue loss (Resnick et al.
2003) and changes in NAA and glutamate concentration (Angelie et al. 2001; Kaiser et al.
2005), it is possible that the group differences observed in these measures can be explained
by age differences. Yet the age difference between the groups in our current study was
relatively small (Stroke group age 68 +/- 9.7 years; Control group age 60.4 +/- 6.0 years).
There was also an unequal distribution of men and women between the Stroke group (12
male, 5 female) and the Control group (4 male, 7 female). This is important to note because
some evidence suggests women have poorer functional outcome after ischemic stroke than
men (Gibson 2013). While it is possible this gender imbalance in our sample affected the
results, a study published from the Registry of the Canada Stroke Network found that
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women had only slightly worse functional status at 6 months post stroke, and that there were
no striking sex differences in stroke severity, 6-month mortality or quality of life (Kapral et
al. 2005). Additionally, pre-stroke hemisphere dominance information was not collected,
however, we compared data from the ipsilesional cortex in individuals with stroke to data
extracted from the non-dominant cortex in our Control group.
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For H1MRS data collection, we used a technique known as single voxel spectroscopy (SVS),
which obtains a signal from a single volume of interest. An alternative technique to SVS,
known as chemical shift imaging (CSI) obtains a chemical signal simultaneously from
multiple voxels in brain regions of interest. A limitation with SVS is that our voxel size
(30×22×15mm) extended beyond the hand area of the primary motor cortex, and therefore
captured data from the cortex and underlying white matter. We selected SVS because it is
the preferred method for obtaining consistent, high quality in vivo spectra (Drost et al.
2002). Further, the integrity of white matter tracts underlying the motor cortex is associated
with motor output in chronic stroke (Schulz et al. 2015), and is therefore relevant to the
overall objectives of the study.
Last our MRS acquisition did not include saturation bands for suppression of lipid signal
from sub-cutaneous regions outside the brain. Since the voxel placement was relatively close
to sub-cutaneous regions outside the brain, saturations bands might have reduced
contributions to the spectrum from lipids near the voxel. A small number (2-3) of both
control and stroke subject spectra included lipid peaks, which overlapped slightly with the
NAA spectral peak. However, in all cases the lipid peak was very well fit by LCModel and
the NAA fits had Cramer-Rao lower bounds of 3% or less.
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5.0 Conclusions
These findings suggest a relationship between arm motor function, metabolite
concentrations and cortical thickness. Taken together our results advance knowledge
regarding the interactions amongst these factors, and suggest biochemical differences may
be important markers of post-stroke motor dysfunction.
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Refer to Web version on PubMed Central for supplementary material.

Acknowledgments
This work was supported by funding from the Canadian Institutes for Health Research (MOP-106651; PI: L.A.B).

Author Manuscript

References
Angelie E, Bonmartin A, Boudraa A, Gonnaud PM, Mallet JJ, Sappey-Marinier D. Regional
differences and metabolic changes in normal aging of the human brain: proton MR spectroscopic
imaging study. American Journal of Neuroradiology. 2001; 22:119–127. [PubMed: 11158897]
Borich MR, Neva JL, Boyd LA. Evaluation of differences in brain neurophysiology and morphometry
associated with hand function in individuals with chronic stroke. Restorative Neurology and
Neuroscience. 2015; 33:31–42. [PubMed: 25374346]

Restor Neurol Neurosci. Author manuscript; available in PMC 2016 December 22.

Jones et al.

Page 10

Author Manuscript
Author Manuscript
Author Manuscript
Author Manuscript

Brodtmann A, Pardoe H, Li Q, Lichter R, Ostergaard L, Cumming T. Changes in regional brain
volume three months after stroke. Journal of the Neurological Sciences. 2012; 322:122–128.
[PubMed: 22858417]
Calautti C, Jones PS, Naccarato M, Sharma N, Day DJ, Bullmore ET, Warburton EA, Baron JC. The
relationship between motor deficit and primary motor cortex hemispheric activation balance after
stroke: longitudinal fMRI study. Journal of Neurology, Neurosurgery & Psychiatry. 2010; 81:788–
792.
Carmichael ST. Brain excitability in stroke: the yin and yang of stroke progression. Archives of
Neurology. 2012; 69:161–167. [PubMed: 21987395]
Cirstea CM, Brooks WM, Craciunas SC, Popescu EA, Choi IY, Lee P, Bani-Ahmed A, Yeh HW,
Savage CR, Cohen LG, Nudo RJ. Primary motor cortex in stroke: a functional MRI-guided proton
MR spectroscopic study. Stroke. 2011; 42:1004–1009. [PubMed: 21330627]
Cirstea CM, Nudo RJ, Craciunas SC, Popescu EA, Choi IY, Lee P, Yeh HW, Savage CR, Brooks WM.
Neuronal-glial alterations in non-primary motor areas in chronic subcortical stroke. Brain Research.
2012; 29:75–84.
Craciunas SC, Brooks WM, Nudo RJ, Popescu EA, Choi IY, Lee P, Yeh HW, Savage CR, Cirstea CM.
Motor and Premotor Cortices in Subcortical Stroke: Proton Magnetic Resonance Spectroscopy
Measures and Arm Motor Impairment. Neurorehabilitation and Neural Repair. 2013; 27:411–420.
[PubMed: 23300210]
Cramer SC. Repairing the human brain after stroke: I. Mechanisms of spontaneous recovery. Annals of
Neurology. 2008; 63:272–287. [PubMed: 18383072]
Cramer SC, Nelles G, Benson RR, Kaplan JD, Parker RA, Kwong KK, Kennedy DN, Finklestein SP,
Rosen BR. A functional MRI study of subjects recovered from hemiparetic stroke. Stroke. 1997;
28:2518–2527. [PubMed: 9412643]
Cramer SC, Shah R, Juranek J, Crafton KR, Le V. Activity in the peri-infarct rim in relation to
recovery from stroke. Stroke. 2006; 37:111–115. [PubMed: 16306462]
Dale AM, Fischl B, Sereno MI. Cortical surface-based analysis. I. Segmentation and surface
reconstruction. Neuroimage. 1999; 9:179–194. [PubMed: 9931268]
Dale AM, Sereno MI. Improved Localizadon of Cortical Activity by Combining EEG and MEG with
MRI Cortical Surface Reconstruction: A Linear Approach. Journal of Cognitive Neuroscience.
1993; 5:162–176. [PubMed: 23972151]
Davalos A, Castillo J, Serena J, Noya M. Duration of glutamate release after acute ischemic stroke.
Stroke. 1997; 28:708–710. [PubMed: 9099183]
Demougeot C, Marie C, Giroud M, Beley A. N-acetylaspartate: a literature review of animal research
on brain ischaemia. Journal of Neurochemistry. 2004; 90:776–783. [PubMed: 15287882]
Dimyan MA, Cohen LG. Neuroplasticity in the context of motor rehabilitation after stroke. Nature
Reviews Neurology. 2011; 7:76–85. [PubMed: 21243015]
Drost DJ, Riddle WR, Clarke GD. Proton magnetic resonance spectroscopy in the brain: report of
AAPM MR Task Group #9. Medical Physics. 2002; 29:2177–2197. [PubMed: 12349940]
Federico F, Simone IL, Lucivero V, Giannini P, Laddomada G, Mezzapesa DM, Tortorella C.
Prognostic value of proton magnetic resonance spectroscopy in ischemic stroke. Archives of
Neurology. 1998; 55:489–494. [PubMed: 9561976]
Fischl B, Dale AM. Measuring the thickness of the human cerebral cortex from magnetic resonance
images. Proceedings of the National Academy of Sciences. 2000; 97:11050–11055.
Fischl B, Liu A, Dale AM. Automated manifold surgery: constructing geometrically accurate and
topologically correct models of the human cerebral cortex. IEEE Transactions on Medical
Imaging. 2001; 20:70–80. [PubMed: 11293693]
Fischl B, Salat DH, Busa E, Albert M, Dieterich M, Haselgrove C, van der Kouwe A, Killiany R,
Kennedy D, Klaveness S, Montillo A, Makris N, Rosen B, Dale AM. Whole brain segmentation:
automated labeling of neuroanatomical structures in the human brain. Neuron. 2002; 33:341–355.
[PubMed: 11832223]
Fischl B, Salat DH, van der Kouwe AJ, Makris N, Segonne F, Quinn BT, Dale AM. Sequenceindependent segmentation of magnetic resonance images. Neuroimage. 2004; 23:S69–84.
[PubMed: 15501102]

Restor Neurol Neurosci. Author manuscript; available in PMC 2016 December 22.

Jones et al.

Page 11

Author Manuscript
Author Manuscript
Author Manuscript
Author Manuscript

Gauthier LV, Mark VW, Taub E, McCullars A, Barghi A, Rickards T, Hicks J, Uswatte G. Motor
recovery from constraint induced movement therapy is not constrained by extent of tissue damage
following stroke. Restorative Neurology and Neuroscience. 2014; 32:755–765. [PubMed:
25189180]
Gauthier LV, Taub E, Mark VW, Barghi A, Uswatte G. Atrophy of spared gray matter tissue predicts
poorer motor recovery and rehabilitation response in chronic stroke. Stroke. 2012; 43:453–457.
[PubMed: 22096036]
Gauthier LV, Taub E, Mark VW, Perkins C, Uswatte G. Improvement after constraint-induced
movement therapy is independent of infarct location in chronic stroke patients. Stroke. 2009;
40:2468–2472. [PubMed: 19461024]
Gauthier LV, Taub E, Perkins C, Ortmann M, Mark VW, Uswatte G. Remodeling the brain: plastic
structural brain changes produced by different motor therapies after stroke. Stroke. 2008; 39:1520–
1525. [PubMed: 18323492]
Gibson CL. Cerebral ischemic stroke: is gender important? Journal of Cerebral Blood Flow &
Metabolism. 2013; 33:1355–1361. [PubMed: 23756694]
Graham GD, Blamire AM, Rothman DL, Brass LM, Fayad PB, Petroff OA, Prichard JW. Early
temporal variation of cerebral metabolites after human stroke. A proton magnetic resonance
spectroscopy study. Stroke. 1993; 24:1891–1896. [PubMed: 8248973]
Han X, Jovicich J, Salat D, van der Kouwe A, Quinn B, Czanner S, Busa E, Pacheco J, Albert M,
Killiany R, Maguire P, Rosas D, Makris N, Dale A, Dickerson B, Fischl B. Reliability of MRIderived measurements of human cerebral cortical thickness: the effects of field strength, scanner
upgrade and manufacturer. Neuroimage. 2006; 32:180–194. [PubMed: 16651008]
Hazell AS. Excitotoxic mechanisms in stroke: an update of concepts and treatment strategies.
Neurochemistry International. 2007; 50:941–953. [PubMed: 17576023]
Hodics TM, Nakatsuka K, Upreti B, Alex A, Smith PS, Pezzullo JC. Wolf Motor Function Test for
characterizing moderate to severe hemiparesis in stroke patients. Archives of Physical Medicine
and Rehabilitation. 2012; 93:1963–1967. [PubMed: 22579647]
Jung SH, Kim YK, Kim SE, Paik NJ. Prediction of Motor Function Recovery after Subcortical Stroke:
Case Series of Activation PET and TMS Studies. Annals of Rehabilitation Medicine. 2012;
36:501–511. [PubMed: 22977776]
Kaiser LG, Schuff N, Cashdollar N, Weiner MW. Age-related glutamate and glutamine concentration
changes in normal human brain: 1H MR spectroscopy study at 4 T. Neurobiology of Aging. 2005;
26:665–672. [PubMed: 15708441]
Kapral MK, Fang J, Hill MD, Silver F, Richards J, Jaigobin C, Cheung AM. Sex differences in stroke
care and outcomes: results from the Registry of the Canadian Stroke Network. Stroke. 2005;
36:809–814. [PubMed: 15731476]
Kraemer M, Schormann T, Hagemann G, Qi B, Witte OW, Seitz RJ. Delayed shrinkage of the brain
after ischemic stroke: preliminary observations with voxel-guided morphometry. Journal of
Neuroimaging. 2004; 14:265–272. [PubMed: 15228769]
Kuperberg GR, Broome MR, McGuire PK, David AS, Eddy M, Ozawa F, Goff D, West WC, Williams
SC, van der Kouwe AJ, Salat DH, Dale AM, Fischl B. Regionally localized thinning of the
cerebral cortex in schizophrenia. Archives of General Psychiatry. 2003; 60:878–888. [PubMed:
12963669]
Mang CS, Borich MR, Brodie SM, Brown KE, Snow NJ, Wadden KP, Boyd LA. Diffusion imaging
and transcranial magnetic stimulation assessment of transcallosal pathways in chronic stroke.
Clinical Neurophysiology. 2015; 126:1959–1971. [PubMed: 25631612]
Munoz Maniega S, Cvoro V, Chappell FM, Armitage PA, Marshall I, Bastin ME, Wardlaw JM.
Changes in NAA and lactate following ischemic stroke: a serial MR spectroscopic imaging study.
Neurology. 2008; 71:1993–1999. [PubMed: 19064881]
Nakayama H, Jorgensen HS, Raaschou HO, Olsen TS. Compensation in recovery of upper extremity
function after stroke: the Copenhagen Stroke Study. Archives of Physical Medicine and
Rehabilitation. 1994; 75:852–857. [PubMed: 8053790]
Nudo RJ, Plautz EJ, Frost SB. Role of adaptive plasticity in recovery of function after damage to motor
cortex. Muscle & Nerve. 2001; 24:1000–1019. [PubMed: 11439375]

Restor Neurol Neurosci. Author manuscript; available in PMC 2016 December 22.

Jones et al.

Page 12

Author Manuscript
Author Manuscript
Author Manuscript
Author Manuscript

Nudo RJ, Wise BM, SiFuentes F, Milliken GW. Neural substrates for the effects of rehabilitative
training on motor recovery after ischemic infarct. Science. 1996; 272:1791–1794. [PubMed:
8650578]
Pavlakis SG, Kingsley PB, Harper R, Buckwald S, Spinazzola R, Frank Y, Prohovnik I. Correlation of
basal ganglia magnetic resonance spectroscopy with Apgar score in perinatal asphyxia. Archives
of Neurology. 1999; 56:1476–1481. [PubMed: 10593302]
Pereira AC, Saunders DE, Doyle VL, Bland JM, Howe FA, Griffiths JR, Brown MM. Measurement of
initial N-acetyl aspartate concentration by magnetic resonance spectroscopy and initial infarct
volume by MRI predicts outcome in patients with middle cerebral artery territory infarction.
Stroke. 1999; 30:1577–1582. [PubMed: 10436104]
Provencher SW. Estimation of metabolite concentrations from localized in vivo proton NMR spectra.
Magnetic Resonance in Medicine. 1993; 30:672–679. [PubMed: 8139448]
Rand D, Eng JJ. Predicting daily use of the affected upper extremity 1 year after stroke. Journal of
Stroke and Cerebrovascular Diseases. 2015; 24:274–283. [PubMed: 25533758]
Resnick SM, Pham DL, Kraut MA, Zonderman AB, Davatzikos C. Longitudinal magnetic resonance
imaging studies of older adults: a shrinking brain. Journal of Neuroscience. 2003; 23:3295–3301.
[PubMed: 12716936]
Reuter M, Rosas HD, Fischl B. Highly accurate inverse consistent registration: a robust approach.
Neuroimage. 2010; 53:1181–1196. [PubMed: 20637289]
Rosas HD, Liu AK, Hersch S, Glessner M, Ferrante RJ, Salat DH, van der Kouwe A, Jenkins BG, Dale
AM, Fischl B. Regional and progressive thinning of the cortical ribbon in Huntington's disease.
Neurology. 2002; 58:695–701. [PubMed: 11889230]
Sailer M, Fischl B, Salat D, Tempelmann C, Schonfeld MA, Busa E, Bodammer N, Heinze HJ, Dale
A. Focal thinning of the cerebral cortex in multiple sclerosis. Brain. 2003; 126:1734–1744.
[PubMed: 12805100]
Schaechter JD, Moore CI, Connell BD, Rosen BR, Dijkhuizen RM. Structural and functional plasticity
in the somatosensory cortex of chronic stroke patients. Brain. 2006; 129:2722–2733. [PubMed:
16921177]
Schulz R, Braass H, Liuzzi G, Hoerniss V, Lechner P, Gerloff C, Hummel FC. White matter integrity
of premotor-motor connections is associated with motor output in chronic stroke patients.
Neuroimage: Clinical. 2015; 7:82–86. [PubMed: 25610769]
Segonne F, Dale AM, Busa E, Glessner M, Salat D, Hahn HK, Fischl B. A hybrid approach to the skull
stripping problem in MRI. Neuroimage. 2004; 22:1060–1075. [PubMed: 15219578]
Segonne F, Pacheco J, Fischl B. Geometrically accurate topology-correction of cortical surfaces using
nonseparating loops. IEEE Transactions on Medical Imaging. 2007; 26:518–529. [PubMed:
17427739]
Shelton FN, Reding MJ. Effect of lesion location on upper limb motor recovery after stroke. Stroke.
2001; 32:107–112. [PubMed: 11136923]
Sled JG, Zijdenbos AP, Evans AC. A nonparametric method for automatic correction of intensity
nonuniformity in MRI data. IEEE Transactions on Medical Imaging. 1998; 17:87–97. [PubMed:
9617910]
Stagg CJ, Bestmann S, Constantinescu AO, Moreno LM, Allman C, Mekle R, Woolrich M, Near J,
Johansen-Berg H, Rothwell JC. Relationship between physiological measures of excitability and
levels of glutamate and GABA in the human motor cortex. Journal of Physiology. 2011;
589:5845–5855. [PubMed: 22005678]
Tarkka IM, Kononen M, Pitkanen K, Sivenius J, Mervaalat E. Alterations in cortical excitability in
chronic stroke after constraint-induced movement therapy. Neurological Research. 2008; 30:504–
510. [PubMed: 18953741]
Ward NS, Brown MM, Thompson AJ, Frackowiak RS. Neural correlates of outcome after stroke: a
cross-sectional fMRI study. Brain. 2003; 126:1430–1448. [PubMed: 12764063]
Weiller C, Ramsay SC, Wise RJ, Friston KJ, Frackowiak RS. Individual patterns of functional
reorganization in the human cerebral cortex after capsular infarction. Annals of Neurology. 1993;
33:181–189. [PubMed: 8434880]

Restor Neurol Neurosci. Author manuscript; available in PMC 2016 December 22.

Jones et al.

Page 13

Author Manuscript

Yousry TA, Schmid UD, Alkadhi H, Schmidt D, Peraud A, Buettner A, Winkler P. Localization of the
motor hand area to a knob on the precentral gyrus. A new landmark. Brain. 1997; 120:141–157.
[PubMed: 9055804]

Author Manuscript
Author Manuscript
Author Manuscript
Restor Neurol Neurosci. Author manuscript; available in PMC 2016 December 22.

Jones et al.

Page 14

Author Manuscript
Author Manuscript
Author Manuscript

Fig. 1.

Orientation of the voxel for MRS. A single 30×22×15mm voxel was centered over the hand
area of the primary motor cortex in both ipsilesional and contralesional hemispheres.
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Fig. 2.
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Mean values for metabolite concentrations and cortical thickness measurement from the
Stroke group. A) tNAA and B) Glx both exhibited significantly lower concentration in the
ipsilesional hemisphere. C) Ipsilesional precentral gyrus thickness was also significantly
lower in the ipsilesional hemisphere. Standard error bars are depicted. Significance (p<0.05)
is indicated with a star (*).
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Fig. 3.

Mean values for metabolite concentrations and cortical thickness measurements in the
Control group. No significant hemispheric differences were observed for any of the
measures. Standard error bars are depicted.
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Fig. 4.

Scatterplot depicting the bivariate relationship between precentral gyrus thickness and tNAA
concentration. Parametric correlation analysis using Pearson's r showed a significant positive
correlation between precentral gyrus thickness and tNAA concentration in A) ipsilesional
and B) contralesional hemispheres.
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Partial residual plots illustrating the relationship between WMFT score of the hemiparetic
UE and ipsilesional: A) tNAA concentration after accounting for age and post-stroke
duration B) Glx concentration after accounting for tNAA concentration, age and post-stroke
duration and C) precentral gyrus thickness after accounting for tNAA concentration, Glx
concentration, age and post-stroke duration.
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Table 3

Results from bivariate correlation analysis in Stroke group
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