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Abstract: Perinatal stroke causes hemiparetic cerebral palsy and lifelong motor disability. Bilateral
motor cortices are key hubs within the motor network and their neurophysiology determines clinical
function. Establishing biomarkers of motor cortex function is imperative for developing and evaluating
restorative interventional strategies. Proton magnetic resonance spectroscopy (MRS) quantifies metabo-
lite concentrations indicative of underlying neuronal health and metabolism in vivo. We used function-
al magnetic resonance imaging (MRI)-guided MRS to investigate motor cortex metabolism in children
with perinatal stroke. Children aged 6–18 years with MRI-confirmed perinatal stroke and hemiparetic
cerebral palsy were recruited from a population-based cohort. Metabolite concentrations were assessed
using a PRESS sequence (3T, TE 5 30 ms, voxel 5 4 cc). Voxel location was guided by functional MRI
activations during finger tapping tasks. Spectra were analysed using LCModel. Metabolites were quan-
tified, cerebral spinal fluid corrected and compared between groups (ANCOVA) controlling for age.
Associations with clinical motor performance (Assisting Hand, Melbourne, Box-and-Blocks) were
assessed. Fifty-two participants were studied (19 arterial, 14 venous, 19 control). Stroke participants
demonstrated differences between lesioned and nonlesioned motor cortex N-acetyl-aspartate [NAA
mean concentration 5 10.8 6 1.9 vs. 12.0 6 1.2, P< 0.01], creatine [Cre 8.0 6 0.9 vs. 7.4 6 0.9, P< 0.05]
and myo-Inositol [Ins 6.5 6 0.84 vs. 5.8 6 1.1, P< 0.01]. Lesioned motor cortex NAA and creatine
were strongly correlated with motor performance in children with arterial but not venous strokes.
Interrogation of motor cortex by fMRI-guided MRS is feasible in children with perinatal stroke.
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Metabolite differences between hemispheres, stroke types and correlations with motor performance sup-
port functional relevance. MRS may be valuable in understanding the neurophysiology of developmental
neuroplasticity in cerebral palsy. Hum Brain Mapp 38:1574–1587, 2017. VC 2016 Wiley Periodicals, Inc.
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INTRODUCTION

Perinatal strokes are focal, vascular brain injuries occur-
ring between 20 weeks gestation and 28 days of life [Raju
et al., 2007]. Most survivors incur lifelong motor disabilities
and perinatal stroke accounts for the majority of hemiparetic
cerebral palsy [Kirton and DeVeber, 2013]. Perinatal stroke
is common (up to 1:1,600 live births) [Lynch, 2009] but path-
ophysiology is poorly understood and there are no preven-
tion strategies, resulting in a large, ongoing burden. Modern
neuroimaging has defined specific perinatal stroke diseases
[Kirton et al., 2008]. Periventricular venous infarctions (PVI)
are small subcortical strokes affecting periventricular white
matter and occur in utero prior to 32–34 weeks [Kirton et al.,
2008]. In contrast, arterial ischemic strokes of the middle
cerebral artery typically occur near term and damage large
cortical and subcortical structures [Kirton et al., 2011]. Such
arterial strokes can present acutely at birth (neonatal arterial
ischemic stroke, NAIS) or later in infancy (arterial presumed
perinatal ischemic stroke, APPIS) but lesions are similar.
Both arterial strokes and PVI typically injure one or more
components of the motor system, resulting in contralateral
hemiparesis (cerebral palsy).

An otherwise healthy brain sustaining a focal, unilateral
injury of defined timing affords a unique opportunity to
explore developmental neuroplastic mechanisms. Perinatal
stroke represents such an ideal model and converging evi-
dence from preclinical and human studies are advancing
functional models of how the motor system develops follow-
ing such injuries [Eyre, 2007; Kirton, 2013; Staudt, 2007].
Motor system development often includes persistence of the
ipsilateral upper motor neuron connections from the nonle-
sioned hemisphere to the affected limbs that are present at
birth but otherwise withdrawn during early development.
As a result, the integrity and relative contribution of
both the lesioned and nonlesioned motor cortices are often
regarded as essential, functionally relevant “hubs” within
the developing motor network following perinatal stroke.

Improving our understanding of these mechanisms of
endogenous developmental neuroplasticity is essential if out-
comes are to be improved. Treatment options for childhood
hemiparesis are limited but the translational significance of
these models is increasingly evident. Multiple rehabilitation
trials based on these models have recently shown promise in
improving motor function. Two randomized, controlled trials
of noninvasive motor cortex stimulation have demonstrated
additive effects on motor learning in children with perinatal

stroke and hemiparesis [Gillick et al., 2014; Kirton et al.,
2016b]. Comprehensive imaging models of developmental
plastic reorganization also appear predictive of how young
hemiparetic patients respond to evidence-based interventions
such as constraint-induced movement therapy [Juenger et al.,
2013]. Establishing valid, reliable biomarkers of baseline func-
tioning and mechanisms of change is imperative for assessing
effectiveness and guiding future development of rehabilita-
tion strategies.

While brain mapping with transcranial magnetic stimula-
tion and other neurophysiology tools have been essential, the
above progress has been predominantly facilitated by advan-
ces in neuroimaging. Functional MRI (fMRI) uses task-related
changes in the blood oxygen-level dependent (BOLD)
response to map locations of functional areas (such as motor
cortex) that may be displaced from traditional anatomical
locations through reorganization after injury. Resting state
fMRI may use the BOLD signal to explore functional connec-
tivity following stroke [Biswal et al., 1995; Westlake and
Nagarajan, 2011] while diffusion tensor imaging (DTI) adds
structural connectivity information [Kumar et al., 2016].
Converging evidence from these MR modalities can inform
on neuroplastic mechanisms occurring following stroke.
However, they have mainly been applied to the adult brain
and none are able to interrogate regional brain metabolism.

Additional neuroimaging technologies have further
increased our understanding of neural networks and their
reorganization following stroke in adults. One such meth-
od, proton (1H) magnetic resonance spectroscopy (MRS),
quantifies in vivo metabolite concentrations within a brain
region of interest. Measuring metabolite concentrations
with MRS can provide information on neuronal health
(N-acetyl-aspartate [NAA]), cell membrane turnover
(choline compounds [GPC 1 PCh]), energy metabolism
(creatine compounds [Cr 1 PCr]), metabolic activity and
excitatory neurotransmitter concentration (glutamate/
glutamine [Glx]) and health of glial cells (myo-Inositol
[Ins]) among others [Dani and Warach, 2014; Rae, 2014].
MRS metabolism markers have been associated with
neurological outcomes in adult stroke such as NAA and
Ins correlations with motor outcomes [Cirstea et al., 2011;
Craciunas et al., 2013; Kang et al., 2000; Kobayashi et al.,
2001]. Early evidence suggests similar potential utility in
childhood central nervous system injury [Holshouser
et al., 1997]. However, MRS applications following early
brain injury have been limited [Shu et al., 1997] and
systematic applications to the specific injuries of perinatal
stroke have not been described.
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The aim of this study was to examine the metabolite
properties of bilateral motor cortex after perinatal stroke
and their relationship to clinical function. We hypothe-
sized that as a biomarker of neuronal integrity, NAA
would be higher in typically developing controls com-
pared to lesioned motor cortex of children with perinatal
stroke and positively associated with motor outcomes.

METHODS

Participants

Participants with perinatal stroke were recruited via the
Alberta Perinatal Stroke Project (APSP), a population-
based research cohort. Inclusion criteria were: (1) unilater-
al, MRI-confirmed perinatal stroke syndrome according to
previously validated criteria [Kirton et al., 2008] including
NAIS, APPIS, or PVI, (2) age 6 to 19 years, (3) symptomat-
ic hemiparesis Pediatric Stroke Outcome Measure (PSOM)
score >0.5 [Kitchen et al., 2003] AND Manual Ability
Classification System (MACS) score I–IV [Arner et al.,
2005] AND perceived functional limitations by both child
and parent] and (4) informed consent/assent. Children
with additional neurodevelopmental or psychiatric condi-
tions, unstable epilepsy or hemiparesis intervention (e.g.,
orthopedic surgery, botulinum toxin) within 12 months
were excluded.

Typically developing (TD) volunteers were recruited
through an established healthy controls program. TD
participants were right handed, aged 6 to 19 years and
had no neurodevelopmental or psychiatric conditions or
MRI contraindications. TD participants were gender and
age matched (61 year) with PS participants.

Written parental consent (and subject assent when
applicable) was obtained. This study was approved by
the Conjoint Health Research Ethics Board, University of
Calgary.

Imaging

Images were acquired at the Alberta Children’s Hospital
Diagnostic Imaging Suite using a 3.0 Tesla GE Discovery
MR750w MRI scanner (GE Healthcare, Waukesha, WI)
with an MR Instruments (Minnetonka, MN) 32-channel
receive-only head coil. High-resolution anatomical T1-
weighted fast spoiled gradient echo (FSPGR) images were
acquired in the axial plane [166 slices, no skip; voxel
size 5 1.0 mm isotropic; repetition time (TR) 5 8.5 ms;
echo time (TE) 5 3.2 ms; flip angle 5 118; field of view
(FOV) 5 256 mm2; matrix 5 256 3 256].

Task functional MRI

Task fMRI acquisition used 137 T2*-weighted whole
brain echo planar volumes (EPI; 36 interleaved contiguous
slices; voxel size 5 3.6 mm isotropic; TR 5 2,000 ms; TE 5

30 ms; flip angle 5 608; matrix 5 64 3 64). Five volumes

(10 s) were discarded at the beginning of each functional
run to attain magnetic field equilibrium.

Participants viewed a grey screen with a fixation cross
at the centre. During task blocks (12 s in duration), the
cross changed from red to green (frequency �1 Hz) and
participants were asked to tap a button with their index
finger in synchrony with the changing colour of the cross.
In the case of profound motor impairment in which press-
ing with the index finger was difficult, participants were
allowed to engage their wrist and/or forearm to achieve
the press. Rest blocks were passive viewing of a red fixa-
tion cross for 24 s. Eight blocks of rest and seven blocks of
task were interleaved, lasting approximately 5 min. Two
uni-manual tapping sessions were completed, one for each
hand.

Task-based functional analyses were performed on the
scanner console using Brainwave (GE Healthcare) allowing
real-time processing, monitoring of head motion and dis-
play of BOLD activation patterns during the tapping tasks.
The MRS voxels were subsequently positioned on the
highest areas of activation identified during the tapping
task in the same scanning session.

MR spectroscopy

MRS data were acquired in two 20 3 20 3 10 mm3 voxels
using a standard point-resolved single voxel spectroscopy
(PRESS) sequence (TR/TE 5 2,000/30 ms, 128 averages)
and eight unsuppressed water scans for quantification.
MRS voxels were placed using the T1 anatomical image
overlaid with task-related BOLD activations from the right
and left hand tapping tasks (described above). The loca-
tion of highest BOLD activation during the left hand tap-
ping task was used to position the MRS voxel in the right
hemisphere (typically the “hand knob” of the pre-central
gyrus) [Yousry et al., 1997]. The same procedure was used
to position the MRS voxel in the left hemisphere but utiliz-
ing the BOLD activation during a right hand tapping task.
For participants that had no activations in pre-central
gyrus (or had no cortex) for a given side, the closest
BOLD activation (typically in perilesional cortex) was used
to position the voxel. Figure 1 illustrates typical MRS voxel
placement.

MRS spectra were generated and analyzed using LCModel
[Provencher, 2001]. Metabolites were quantified using two
references; first using a water reference (reported in institution-
al units [i.u.]), and second using a creatine reference (reported
in ratios to Cre). Metabolites measured were: N-acetyl-aspartate
[NAA], creatine-containing compounds [creatine 1 phosphoc-
reatine: Cr 1 PCr], choline compounds [glycerophosphocholi-
ne 1 phosphocholine: GPC 1 PCh], myo-Inositol [Ins] and
glutamate/glutamine [Glx]. Only those metabolites with esti-
mated standard deviations (Cram�er-Rao lower bounds) that
did not exceed 15% for any patient were analyzed.

After coregistering and segmenting the T1-weighted
image (using SPM8; Wellcome Trust Centre for Neuroimag-
ing, UCL, UK), the voxel cerebral spinal fluid (CSF), white
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(WM) and grey matter (GM) fractions were determined by
overlaying a binary MRS voxel mask onto the T1-weighted
image using a customized version of Gannet 2.0 [Harris et al.,
2015]. Metabolite concentrations were then CSF-corrected as
follows: corrected metabolite concentration 5 metabolite
concentration/(1-CSFfraction) [Cirstea et al., 2011].

To quantify the degree of overlap of MRS voxels across
participant group and hemisphere, individual T1-weighted
images were coregistered to a standard paediatric template
atlas in Montreal Neurological Institute (MNI) space
[Fonov et al., 2011] using SPM8 and the same transforma-
tion matrix was applied to the MRS voxel masks. In-house
MATLAB scripts (version R2014a, The Mathworks) then
calculated the Dice similarity coefficient. This index is
analogous to the Jaccard coefficient and represents the
amount of overlap (i.e., MRS voxel A and B) divided by
the union (i.e., MRS voxel A or B) of two voxels. Dice coef-
ficients were calculated as follows: DC 5 (A \ B)/(A [ B)
where A is the voxel mask for the exemplar voxel (from a
representative TD control subject) and B is the voxel mask
for comparison. Larger Dice similarity coefficients indicate
a greater extent of voxel overlap in three dimensions.

Motor Function

Motor function was assessed for all stroke participants by
experienced, certified pediatric occupational therapists. Three
evidence-based, validated motor function tasks were used;
the Assisting Hand Assessment (AHA), the Melbourne
Assessment of Unilateral Upper Limb Function (MA) and the
Box and Blocks Test of Manual Dexterity (BBT). All sessions
were videotaped and scored offline by observers blinded to
stroke type and imaging outcomes. For all motor functioning
tasks, higher scores indicate better performance.

The AHA is a 22-item assessment tool that measures
spontaneous bimanual hand function in children with
motor impairments [Holmefur et al., 2007; Krumlinde-
sundholm and Eliasson, 2003; Krumlinde-sundholm et al.,
2007]. It has the advantage of using real-world activities to
measure spontaneous bimanual motor function rather than
testing the affected hand in isolation. Motor outcomes
were quantified and converted to AHA logit units (log-
odds probability units) ranging from 0 (hand is not used
at all) to 100 (normal motor function).

The MA consists of 16 tasks that measure motor func-
tion in unilateral hemiparetic upper limbs [Bourke-Taylor,
2003; Randall et al., 1999]. Typical tasks include reaching
and grasping different sized objects reflecting finger
dexterity and speed of motion. Raw scores range from 0
(no achievement of tasks) to 122 points (no impairment)
and were expressed as percentages [MA 5 (# of points
achieved/total # points possible)*100].

The BBT is a performance-based measure of upper limb
dexterity in which participants move a series of blocks
from one container into another as quickly as possible
[Mathiowetz et al., 1985]. A final score was generated for
both the affected (BBT-A) and unaffected (BBT-U) hands
by counting the number of blocks successfully transferred
in 60 s.

Statistical Analyses

Distribution normality tests were performed (Shapiro–Wilk).
Pearson bivariate correlations explored the relationships
between age and metabolite concentrations. Mixed design anal-
yses of covariance (ANCOVAs) were used to investigate the
main effects of metabolite concentrations (NAA, Cre, Ins, Cho,
Glx), patient group (arterial, PVI, TD) and hemisphere

Figure 1.

Function-guided MRS voxel placement. MRS voxel placement viewed on axial, coronal and sagittal

slices approximates the hand-knob in the precentral gyrus in a representative (A) Arterial, (B)

PVI and (C) TD participant. Voxels were placed corresponding to task fMRI activations measured

during a finger tapping task. Lesioned hemispheres have all been reoriented to the right side.
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(lesioned/nondominant vs. nonlesioned/dominant) as well
as their interactions (controlling for age). Pearson’s partial cor-
relation coefficients assessed the relationship between metabo-
lite concentrations and motor outcomes (MA, AHA, BBT-A,
BBT-U) controlling for age. Independent samples t-tests com-
pared Dice similarity coefficients (i.e., degree of voxel overlap)
between groups. The Statistical Package for the Social Sciences
(IBM SPSS Version 19 for Windows, Chicago) was used to per-
form all analyses.

RESULTS

Population

Both MRS voxels from one participant were excluded
due to poor MRS data quality resulting from excessive
head motion and lipid contamination. The final population
consisted of 52 participants; 19 with arterial strokes [mean
age (SD) 5 13.53 (4.2) years], 14 with venous strokes [mean
age (SD) 5 12.47 (4.1) years] and 19 TD controls [mean age
(SD) 5 12.72 (3.7) years]. Table I contains additional demo-
graphic variables.

Metabolite Levels

Cram�er–Rao bounds ranged between 4% and 13% for all
metabolites indicating good fit for estimated models.
Figure 2 illustrates three sample spectra for the lesioned/
nondominant hemisphere for each patient group. Task
fMRI-driven voxel placement was highly consistent across
participants. Figure 3 illustrates the centre of mass for
each voxel by patient group. Dice similarity coefficients
(DC) of MRS voxel overlap in the lesioned/nondominant
hemisphere were significantly higher (indicating more
overlap) for TD controls [mean DC (SD) 5 0.23(0.1), t(35) 5

4.2, P< 0.01] and PVI patients [mean DC (SD) 5 0.33(0.1),
t(35) 5 3.5, P< 0.01] compared to arterial participants
[mean DC (SD) 5 0.17(0.1)]. No group differences in DC
were found for the nonlesioned/dominant hemisphere.

The proportion of CSF in MRS voxels was similar for all
patient groups between hemispheres [mean CSF(SD) 5 0.17
(0.07)] although TD controls had significantly less CSF for
the nondominant hemisphere (Z 5 2.2, P< 0.05) compared
to dominant. Proportions of GM and WM across patient
groups and hemispheres are shown in Table II.

Pearson correlation coefficients between age and metab-
olite concentrations revealed a significant relationship for
Glx in the nondominant hemisphere of control participants
(r 5 20.64, P< 0.01). As other metabolites showed statisti-
cal trends toward significance (e.g., Cre: r 5 0.42, P 5 0.07),
age was included as a covariate in subsequent analyses.

A mixed model ANCOVA of metabolite concentrations
(water referenced) revealed a significant three-way interac-
tion between hemisphere, metabolite and patient group
[F(8,92) 5 4.35, P< 0.01] controlling for age. Subsequent post
hoc analyses were performed to examine more specific dif-
ferences in metabolite concentrations between hemispheres
in each patient group (Fig. 4). Metabolite levels using Cre as
a reference are presented in Figure 5 for comparison and are
summarized below.

Water-Referenced Metabolite Levels

NAA results are summarized in Figure 4A for concen-
trations using the water signal as a reference. In TD
participants, NAA was asymmetrical, being lower in the
nondominant hemisphere compared to the dominant
hemisphere (P< 0.01). Participants with arterial stroke
showed lower concentrations of NAA in the lesioned
hemisphere (P< 0.01) compared to the intact hemisphere.

TABLE I. Demographic characteristics and motor function of participant groups

Participant group

Category Arterial PVI TD

Mean age (SD) [range] 13.53 (4.2) [6.8–19.0] years 12.47 (4.1) [6.6–19.7] years 12.72 (3.7) [6.0–19.0] years
Sex [%]

Male N 5 11 [57.9%] N 5 10 [71.4%] N 5 10 [53.0%]
Female N 5 8 [42.1%] N 5 4 [28.6%] N 5 9 [47.0%]
Total N 5 19 N 5 14 N 5 19

Side of stroke (MRI) [%]
Right N 5 8 [42.1%] N 5 8 [57.1%] –
Left N 5 11 [57.9%] N 5 6 [42.9%] –

AHA Mean (SD) [range] 60.06 (19.0) [35–100] 72.31 (16.3) [55–100] –
MA Mean (SD) [range] 71.60 (21.2) [40.5–100] 87.21 (10.6) [66.3–100] –
BBT Mean (SD) [range]

Affected 19.67 (16.0) [1–52] 31.38 (9.9) [17–49] –
Unaffected 47.61 (10.9) [31–69] 52.70 (16.9) [19–84] –

Notes: SD, Standard deviation; PVI, Periventricular venous infarction; TD, Typically developing; MRI, MRI confirmed diagnosis of stroke
and side; AHA, Assisting Hand Assessment; MA, Melbourne Assessment of Unilateral Upper Limb Function; BBT, Box and Block Test of
Manual Dexterity.
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Participants with PVI showed no NAA concentration dif-
ferences between hemispheres. In the PVI group, NAA in
the lesioned side was significantly higher than the arterial
group (P< 0.05), and more similar to the TD group. In the
nonlesioned hemisphere of the PVI group, NAA values
were lower than the dominant hemisphere of controls
(P< 0.05) with a similar statistical trend observed in the
arterial group (P 5 0.06).

Cre concentrations (Fig. 4B) were also asymmetrical in TD
controls, again being lower in the nondominant hemisphere
(P< 0.05). In contrast, concentrations of Cre in the PVI
group were higher in the lesioned hemisphere (P< 0.05).

Ins concentrations between hemispheres were compara-
ble in both PVI and TD controls. In the arterial group, Ins
concentrations were higher in the lesioned hemisphere
compared to nonlesioned (P< 0.01, Fig. 4C).

Choline compounds also showed asymmetry in TD partic-
ipants; levels were higher in the dominant hemisphere com-
pared to nondominant (P< 0.01, Fig. 4D). Levels in the
lesioned hemisphere for both arterial (P< 0.01) and PVI
(P 5 0.06) were higher than for the nondominant hemi-
sphere in TD, although for PVI this did not reach statistical
significance. Glx concentrations were comparable between
hemispheres and groups (Fig. 4E).

Figure 2.

Sample spectra from the lesioned/nondominant hemisphere of (A) arterial, (B) PVI and (C) TD

participants. LCM fit in red overlaid on raw data in black as well as baseline. [Color figure can

be viewed at wileyonlinelibrary.com]

Figure 3.

MRS voxel placement by patient group. Dispersion maps illustrating voxel placement by patient

group (overlaid on a standard template image). Each marker represents the centre of mass of

each voxel for (A) arterial, (B) PVI and (C) TD participants on coronal and axial slices. Lesioned

hemisphere markers have been reoriented to the right side. Note that some markers are not

visible on the currently selected slice. [Color figure can be viewed at wileyonlinelibrary.com]
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Cre-Referenced Metabolite Levels

Results were generally consistent between water refer-
ence and Cre reference results with a few exceptions.
Hemispheric asymmetry in NAA levels for dominant ver-
sus nondominant hemispheres in controls was not present
using NAA/Cre ratios. This was also true for differences
in NAA levels between nondominant hemispheres in con-
trols versus nonlesioned in PVI (Fig. 5A). As seen in the
NAA water-referenced data, no group differences were
found between the nonlesioned/dominant hemispheres.
All other NAA differences were preserved.

For Cho/Cre, using the Cre reference revealed a signifi-
cant difference between the lesioned hemispheres of arteri-
als and PVIs (P< 0.05) that was not significant using a water
reference. There was also a significant difference (P< 0.01,
Fig. 5D) in controls between dominant and nondominant
hemispheres for Glx when referencing using Cre.

Motor Function

Means, variances and ranges of scores for the four motor
tasks in each stroke group are presented in Table I. Partici-
pants with arterial stroke had lower average performance on
the MA [t(29) 5 22.4, P 5 0.02] and BBT-A [t(29) 5 22.34,
P 5 0.03] compared to PVI participants. Performance on the
AHA showed a similar trend [AHA: t(29) 5 21.9, P 5 0.07].

Unaffected hand BBT performance was comparable between
stroke groups. There were positive relationships between
GM fraction and motor function in both the lesioned and
nonlesioned hemispheres for both arterial and PVI groups
(Table II).

Metabolite and Motor Function Correlations

The relationship between lesioned motor cortex metabo-
lites (water referenced) and clinical motor function (control-
ling for age) in arterial participants are shown in Figure 6
and summarized for both hemispheres (and for PVI
patients) in Table III. All motor function measures for
arterial patients were positively correlated with metabolite
concentrations in the lesioned motor cortex with higher
concentrations associated with better performance. Specifi-
cally, both NAA and Cre concentrations were positively
correlated with performance on MA, AHA and BBT-A
(Fig. 6A,B,C). In addition, concentrations of the lesioned
motor cortex metabolites also correlated with BBT-U score
reflecting the “normal hand” (Fig. 6D). Within the lesioned
motor cortex, the strength of the correlation for the MA and
AHA was greater for NAA as compared to Cre (Table III).

A similar pattern was seen for metabolite concentrations
in the nonlesioned motor cortex. Here, the most consistent
correlations were again seen for NAA where all motor
outcomes were correlated. Correlations of motor function

TABLE II. Tissue fractions within MRS voxels and relation to motor function

Tissue fractions Mean CSF (SD) Mean GM (SD) Mean WM (SD)

TD Controls

Nondominant 0.17 (0.08) 0.38 (0.07) 0.45 (0.08)
Dominant 0.20 (0.07) 0.41 (0.07) 0.39 (0.06)
Hemispheric difference Z 5 2.2, P <0.05 T(21) 5 2.3, P <0.05 T(21) 5 3.6, P <0.01

Arterial

Lesioned 0.16 (0.07) 0.44 (0.11) 0.40 (0.15)
Nonlesioned 0.15 (0.07) 0.46 (0.08) 0.39 (0.11)
Hemispheric difference n.s. n.s. n.s.

PVI

Lesioned 0.17 (0.08) 0.48 (0.05) 0.35 (0.09)
Nonlesioned 0.15 (0.06) 0.47 (0.05) 0.38 (0.09)
Hemispheric difference n.s. n.s. T(13) 5 2.4, P <0.05

Correlations (lesioned) CSF GM WM

Motor Function

MA r 5 0.29, n.s. r 5 0.74, P <0.01 r 5 20.51, P <0.01
AHA r 5 0.17, n.s. r 5 0.45, P <0.05 r 5 20.43, P <0.05
BBT-A r 5 0.26, n.s. r 5 0.54, P <0.01 r 5 20.54, P <0.01

Correlations (nonlesioned) CSF GM WM

Motor Function

MA r 5 0.07, n.s. r 5 0.50, P <0.01 r 5 20.39, P <0.05
AHA r 5 0.09, n.s. r 5 0.46, P <0.05 r 5 20.38, P <0.05
BBT-A r 5 0.21, n.s. r 5 0.45, P <0.05 r 5 20.45, P <0.05

Notes: CSF, cerebral spinal fluid; GM, Grey matter; WM, White matter; TD, Typically developing; PVI, Periventricular venous infarction;
MA, Melbourne Assessment of Unilateral Upper Limb Function; AHA, Assisting Hand Assessment; BBT-A, Box and Block Test (Affected
hand); Z, Related-samples Wilcoxon signed rank test; T, paired samples t-test; r, Pearson correlation coefficient; n.s., not significant. Motor
function was measured for patients with perinatal stroke only.
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with the nonlesioned motor cortex Cre were less evident
as compared to the lesioned hemisphere.

Ins concentration in the lesioned motor cortex was asso-
ciated with function in the unaffected hand as measured
by BBT-U (r 5 0.64, P< 0.01). No significant associations
were observed between Ins or choline compound concen-
trations and motor function of the affected hand though
several possible correlations were observed including both
the AHA and BBT-A associated with Ins levels (r 5 0.47,
P 5 0.06). Glx concentrations did not appear to be related
to any motor outcome.

DISCUSSION

We have demonstrated that task fMRI-guided measure-
ment of motor cortex metabolites is feasible in children

with perinatal stroke and cerebral palsy. Participants with
stroke showed significant differences between lesioned
and nonlesioned hemispheres for NAA, creatine and Ins
but not other metabolites. Clinical relevance is supported
by consistent, metabolite-specific associations with motor
performance measures in children with arterial but not
venous strokes.

Of the metabolites measured, NAA appears to be the
most sensitive for differentiating between patient groups,
hemispheres (lesioned vs. nonlesioned) and motor func-
tion. This is consistent with past studies in adult stroke
patients [Cirstea et al., 2011; Craciunas et al., 2013; Jones
et al., 2016; Kang et al., 2000; Kobayashi et al., 2001]. NAA
is often considered to be a marker of neuronal health,
though the meaning of altered NAA levels is not fully
understood. Decreased NAA is thought to reflect cell loss
[Rae, 2014] and this may be consistent with our finding of

Figure 4.

Boxplots illustrating CSF-corrected metabolite concentrations (i.u.)

using a water reference by patient group and hemisphere. A. N-ace-

tyl-aspartate (NAA), B. Creatine compounds (Cre), C. myo-Inositol

(Ins) D. Choline compounds (Cho), E. Glutamate1 glutamine (Glx).

Median (solid line) and mean (dotted line) concentrations as well

as quartile ranges and outliers (filled circles) are displayed.

** P< 0.01, * P< 0.05. [Color figure can be viewed at wileyonlineli-

brary.com]
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decreased NAA levels in stroke hemisphere motor areas
compared to contralateral tissue. However, decreased
NAA is not simply a result of irrecoverable cell death/
tissue infarct since NAA can increase following successful
reperfusion therapy [Albers et al., 2006]. It is unknown if

there is a time window for this form of tissue recovery.
All patients in the current study had chronic stroke (mean
time interval from birth 5 13.1 (4.1) years; minimum
time 5 6.6 years). As such, the reduced NAA in perilesional
areas and its correlation with motor function suggests

Figure 5.

A–D. Boxplots illustrating metabolite concentrations (using crea-

tine concentration ratios) by patient group and hemisphere. A.

N-acetyl-aspartate (NAA/Cre), B. myo-Inositol (Ins/Cre) C. Cho-

line compounds (Cho/Cre), D. Glutamate 1 glutamine (Glx/Cre).

Median (solid line) and mean (dotted line) concentrations as

well as quartile ranges and outliers (filled circles) are displayed.

** P< 0.01, * P< 0.05. [Color figure can be viewed at wileyonli-

nelibrary.com]
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current metabolism in these relocated sections of the motor
network remains altered. This is consistent with previous
evidence suggesting that since NAA turnover is complete
within 2–3 days [Choi and Gruetter, 2004], MRS measure-
ments of NAA represent current synthesis. Either interpreta-
tion (i.e., permanent vs. transient changes in NAA synthesis)
may suggest further utility of perilesional NAA as a bio-
marker for evaluating plastic changes over time or as a result
of therapeutic intervention in this population. Altered NAA
concentrations could additionally or alternatively reflect

changes in perilesional areas due to altered inputs from
adjacent stroke regions (i.e., persisting microstructural
changes in the perilesional penumbra tissue). Another possi-
bly is diaschisis in which tissue that is spatially separated
from the lesion degenerates as a result of structural connec-
tions [Kirton et al., 2016a]. The use of task fMRI to localize
voxel placement aimed to obtain measurements from func-
tional cortical motor areas. However, NAA differences may
reflect alterations in cellular metabolism, tissue structure
and integrity and tissue development.

Figure 6.

Relationship between motor function and metabolite concentra-

tions in the lesioned hemispheres of arterial stroke participants.

Shown are corrected concentrations (i.u.) of N-acetyl-aspartate

(NAA) and creatine-containing compounds (Cre) in relation to

four motor function tasks: (A) MA, Melbourne Assessment of

Unilateral Upper Limb Function, (B) AHA, Assisting Hand

Assessment, (C) BBT, Box and Block Test for affected and (D)

unaffected hands. [Color figure can be viewed at wileyonlineli-

brary.com]
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Creatine-containing compounds were also found to be
strongly associated with all measures of motor perfor-
mance in children with arterial stroke. In contrast to NAA
where levels in both hemispheres were associated with
better motor outcome, this relationship was only seen with
the lesioned motor cortex. Creatine compounds are
involved in energy metabolism [Dani and Warach, 2014]
and bioenergetics [Rae, 2014]. Significant concentrations of
creatine are also in glial cells [Brand et al., 1993; Urenjak
et al., 1993], thus increased Cre in the lesioned cortex may
be due to increased Cre in cells that have a role in sup-
porting neuronal function particularly in perilesional cor-
tex, rather than neuronal function itself. Regardless of the
cellular location of the measured Cre, higher creatine
levels have been suggested to be neuroprotective and
associated with enhanced cognitive functioning in some
populations [Wyss and Schulze, 2002]. Given these general
associations with better neurological function and the rela-
tive specificity we observed of correlations between Cre in

the lesioned hemisphere (and not the contralesional tissue)
and motor function, it is possible that creatine compounds
reflect different elements of regional brain metabolism and
health in our patient population. While requiring addition-
al study, this represents the intriguing possibility of a
functional metabolic imaging biomarker, something previ-
ously unavailable in the study of children with perinatal
stroke. This result must be treated with caution as it can-
not be validated with an additional reference metabolite.

Prior evidence indicates that myo-inositol is a glial marker
[Rae, 2014] though associations with membrane phospholip-
id metabolism [Rango et al., 2008] and intracellular phos-
phoinositide second messenger systems [Rae, 2014] are also
described. Elevated Ins in perilesional areas of arterial
strokes where gliosis is often prominent [Yassi et al., 2016]
would result in observed differences and correlations. Con-
sistent with this hypothesis and previous studies [Cirstea
et al., 2011], Ins in perilesional areas was increased in arterial
stroke participants compared to the nonlesioned hemisphere

TABLE III. Motor function and metabolite concentration relationships in stroke patients

Arterial patients—Motor function measure

Metabolite MA AHA BBT-A BBT-U

Lesioned

NAA r 5 0.72, P< 0.01** r 5 0.63, P< 0.01** r 5 0.71, P< 0.01** r 5 0.54, P< 0.05*

Cre r 5 0.55, P< 0.05* r 5 0.52, P< 0.05* r 5 0.65, P< 0.01** r 5 0.60, P< 0.05*

Ins r 5 0.39, P 5 0.12 r 5 0.47, P 5 0.06 r 5 0.47, P 5 0.06 r 5 0.64, P< 0.01**
Cho r 5 0.44, P 5 0.08 r 5 0.40, P 5 0.11 r 5 0.41, P 5 0.10 r 5 0.41, P 5 0.10
Glx r 5 0.12, P 5 0.65 r 5 0.07, P 5 0.81 r 5 0.02, P 5 0.95 r 5 0.15, P 5 0.56

Nonlesioned

NAA r 5 0.50, P <0.05* r 5 0.54, P< 0.05* r 5 0.62, P< 0.01** r 5 0.48, P 5 0.05*

Cre r 5 0.33, P 5 0.19 r 5 0.41, P 5 0.10 r 5 0.51, P <0.05* r 5 0.27, P 5 0.28
Ins r 5 0.25, P 5 0.34 r 5 0.34, P 5 0.18 r 5 0.36, P 5 0.15 r 5 0.24, P 5 0.36
Cho r 5 0.46, P 5 0.06 r 5 0.44, P 5 0.08 r 5 0.38, P 5 0.13 r 5 0.16, P 5 0.54
Glx r 5 0.07, P 5 0.79 r 5 0.08, P 5 0.75 r 5 0.22, P 5 0.40 r 5 0.06, P 5 0.81

PVI patients - Motor function measure

MA AHA BBT-A BBT-U

Lesioned

NAA r 5 0.11, P 5 0.73 r 5 0.02, P 5 0.94 r 5 20.12, P 5 0.72 r 5 0.13, P 5 0.70
Cre r 5 0.37, P 5 0.24 r 5 0.16, P 5 0.62 r 5 20.08, P 5 0.81 r 5 0.16, P 5 0.61
Ins r 5 0.39, P 5 0.21 r 5 0.15, P 5 0.65 r 5 0.17, P 5 0.60 r 5 0.05, P 5 0.88
Cho r 5 0.35, P 5 0.26 r 5 0.15, P 5 0.64 r 5 20.05, P 5 0.89 r 5 0.04, P 5 0.91
Glx r 5 20.07, P 5 0.83 r 5 20.19, P 5 0.57 r 5 20.17, P 5 0.61 r 5 0.38, P 5 0.23

NonLesioned

NAA r 5 0.09, P 5 0.79 r 5 0.09, P 5 0.79 r 5 0.24, P 5 0.45 r 5 0.15, P 5 0.64
Cre r 5 0.12, P 5 0.71 r 5 0.11, P 5 0.74 r 5 0.07, P 5 0.83 r 5 20.15, P 5 0.64
Ins r 5 0.12, P 5 0.70 r 5 20.06, P 5 0.86 r 5 0.11, P 5 0.74 r 5 20.41, P 5 0.18
Cho r 5 0.26, P 5 0.41 r 5 0.31, P 5 0.32 r 5 0.42, P 5 0.17 r 5 0.28, P 5 0.38
Glx r 5 0.00, P 5 0.99 r 5 20.22, P 5 0.50 r 5 20.08, P 5 0.80 r 5 20.05, P 5 0.88

Notes: MA, Melbourne Assessment of Unilateral Upper Limb Function; AHA, Assisting Hand Assessment; BBT, Box and Block
Test (BBT-A: Affected; BBT-U: Unaffected hand); NAA, N-acetyl-aspartate; Cre, creatine 1 phosphocreatine; Ins, myo-inositol; Cho,
Glycerophosphocholine 1 Phosphocholine; Glx, glutamate 1 glutamine; r, Pearson partial correlation coefficient (controlling for age),
* P< 0.05, ** P< 0.01.
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with values being symmetrical in healthy controls. Possible
correlations between this biomarker and clinical motor per-
formance were observed. This is potentially consistent with
our previous observations that the relative degree of gliosis
is positively correlated with motor function in children with
arterial (but not venous) perinatal strokes [Kirton et al.,
2013]. Taken together, this evidence suggests that glial alter-
ations in perilesional tissue may influence motor function
for which MRS measures of Ins may represent an imaging
biomarker.

Choline compounds have been implicated in membrane
integrity and have been suggested as a possible marker for
altered cell density, neurodegeneration [Rae, 2014] or myelin
breakdown [Cecil and Jones, 2001]. Our findings that choline
compounds are higher in lesioned hemispheres of arterial
stroke patients compared to TD is consistent with this inter-
pretation. Perhaps also salient to our chronic stroke popula-
tion is the finding that changes in normally appearing white
matter in patients with multiple sclerosis show a similar ele-
vation of choline compounds [Inglese et al., 2003]. The lack
of a difference between hemispheres within patient groups
may suggest there is globally increased membrane turnover
and/or gliosis in these patient populations, similar to that
observed in the multiple sclerosis study. These consistent
findings between diseases may suggest that elevation of cho-
line (even in normal-appearing perilesional tissue) signals
underlying pathophysiology possibly indicative of altered
cell density, neurodegeneration [Rae, 2014], gliosis or
ischemia-induced tissue changes [Karaszewski et al., 2010].

No hemispheric differences in Glx were detected in any of
our patient groups. Glx is a combined measure of glutamate
and glutamine and is interpreted as a marker of glutamater-
gic excitation given its preponderance and its role an excit-
atory neurotransmitter. Glx is also known to increase with
increased metabolic activity [Rae, 2014]. The lack of differ-
ences between hemispheres (lesioned vs. nonlesioned) and
between groups could be due to many reasons but clinical
relevance appeared less likely given that no relationship to
motor function was observed. It simply indicated the suc-
cess of the functional localizer and that some aspects of met-
abolic activation and glutamatergic exictation is “normal” in
the region that is activated with motor function. Glutamate
may be particularly important in motor cortex plasticity that
mediates not only recovery but the ability to respond to
motor learning interventions in the chronic timeframe. Com-
bined animal and human studies have created increasingly
sophisticated models of how the motor system develops fol-
lowing early unilateral injury [Eyre, 2007; Kirton, 2013;
Staudt, 2007]. Within these, the lesioned and nonlesioned
motor cortices are the primary hubs within the larger
motor network with the relative balance between them
being a major determinant of affected extremity function.
These have recently translated into clinical trials including
intensive motor learning paired with constraint therapy and
noninvasive brain stimulation [Juenger et al., 2013; Kirton
et al., 2016b]. Imaging biomarkers of how such interventions

change the brain and which subjects may be best responders
are essential to advance this field and motor cortex gluta-
mate is an appealing candidate in need of further study.

The use of motor task-related fMRI activation patterns
to place MRS voxels was performed to ensure the metabo-
lite measurements were associated with the areas involved
in performing a motor task. The correlation between GM
fraction and motor function in both lesioned and nonle-
sioned hemispheres suggests increasing GM results in
improved function, consistent with healthy populations
[Jones et al., 2016]. This finding also supports that MRS
voxels were successfully placed on hand regions of the
primary motor cortex. A challenge in investigating neuro-
nal plasticity, particularly in children with stroke near
birth, is that motor areas traditionally anatomically defined
(i.e., the hand knob of pre-central gyrus), may or may not
be spatially reorganized to another location. In this sam-
ple, we found that participants with arterial strokes had
more spatial variability of their voxel locations possibly
reflecting developmental plasticity and reorganization in
response to more extensive cortical damage compared to
the PVI group. Our task fMRI driven voxel placement is a
strength not often employed in such studies but issues of
large lesion sizes combined with the relatively crude “real-
time” fMRI method may have limited the accuracy of
voxel placement. In addition, functional cortical motor
areas may not always be in a single location, particularly
in the nonlesioned hemisphere where reorganization
patterns differ across subjects and may be complex.

Related to neuroplastic reorganization, we also found ipsi-
lateral activations during the fMRI tapping task in some chil-
dren. One interpretation of the presence of BOLD activations
in the ipsilateral primary motor cortex during tapping is the
recruitment of nonlesioned motor areas in the control of both
hands. Clinically this sometimes manifests as “mirror move-
ments” in which the opposite hand that the child is trying to
move “mirrors” the intentional movement of the other hand.
One explanation is portions of motor cortex on the intact side
are controlling both hands [Kim et al., 2003]. This is consistent
with our findings that performance on a seemingly uni-
manual task (i.e., BBT-Affected) was correlated with metabo-
lite concentrations in ipsilateral (nonlesioned) motor areas
(Table III). An in-depth exploration of ipsilateral activations
and network connections is beyond the scope of the current
manuscript but would be fascinating to explore in future.

An additional limitation is our smaller sample of PVI
relative to arterial patients that may have reduced our
ability to demonstrate differences in this group (but is
reflective of naturally occurring incidence rates). We did
not have clinical measures of motor function in our con-
trols but these would not be comparable to the subjects
with cerebral palsy as typically developing children ceiling
(i.e., score 100%) on such measures.

The issue of selecting the most appropriate metabolite ref-
erence is challenging in MRS studies. As such, metabolite lev-
els were reported using both water and creatine references to
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address the issue of selecting an appropriate MRS reference
in pediatric stroke populations within which water and crea-
tine levels may be variable due to injury [Cecil and Jones,
2001; Rae, 2014; Schirmer and Auer, 2000] and to address
chemical shift artefacts. Our study generally found consistent
results between the two techniques. One exception is the
NAA asymmetry between dominant and nondominant hemi-
sphere in controls seen in water-referenced data but not Cre
referenced data. This may indicate differences in the water
signal or, more likely, a significant influence of chemical shift
displacement artefact impacting this result. The other incon-
sistency between Cre and water referenced data was NAA
differences between the nondominant hemisphere in controls
and the contralesional hemisphere in PVI seen that was pre-
sent in water-referenced but not Cre-referenced NAA. In the
water-referenced data, this group difference was only mildly
significant. Thus is possible that the water signal caused this
difference or it may be a Type 1 statistical error, as noted
above the sample size of PVI is smaller. The consistency in all
other metabolites suggests that the reported results are due to
changes in the metabolites and not the reference (i.e., water
or Cre signal). Further supporting this interpretation is the
observation that glutamate did not differ between any
groups. It has been suggested that Cre is an inappropriate ref-
erence for pediatric stroke populations specifically [Cecil and
Jones, 2001], the consistency of our findings between the
water and Cre referenced results strengthens our findings.

Conclusions

Interrogation of motor cortex neuronal metabolism guided
by fMRI activations in children with perinatal stroke-induced
cerebral palsy is feasible. NAA, Ins and creatine compounds
appear to be sensitive biomarkers for identifying differences
between lesioned and nonlesioned hemispheres. Clinical
motor function is significantly related to motor cortex metab-
olite concentrations of NAA and creatine compounds in chil-
dren with perinatal stroke. Proton MRS may be a valuable
tool in understanding the neurophysiology of developmental
neuroplasticity in children with cerebral palsy.
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