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ABSTRACT: The aim of the present study was to investigate
corticospinal and intracortical excitability in patients with congenital
stroke. In adults, stroke sequelae reduce corticospinal excitability, as
indicated by an elevated threshold for motor evoked potentials
(MEP), and increase intracortical excitability, as indicated by re-
duced intracortical inhibition. Ten patients with pre- or perinatally
acquired, unilateral cortico-subcortical infarctions in the middle ce-
rebral artery territory were studied with single pulse transcranial
magnetic stimulation (TMS) to measure motor threshold (MT) and
with paired pulse TMS to study short interval intracortical inhibition
(SICI) and intracortical facilitation (ICF). Eight healthy, age-matched
subjects served as controls. MT over the affected hemisphere of
patients compared with the dominant hemisphere of controls was
significantly elevated, reflecting reduced corticospinal excitability,
and SICI was significantly reduced, reflecting increased intracortical
excitability. No such differences were found for ICF. Findings in
patients with congenital stroke were comparable with adulthood
stroke. Thus, similar assumptions can be made: reduced corticospinal
excitability is probably a consequence of neuronal damage. Reduced
intracortical inhibition might represent deficient inhibitory cortical
properties or might reflect a compensational mechanism, disposition-
ing for use-dependent plasticity. (Pediatr Res 63: 84—88, 2008)

he human brain is capable of reorganization (1-3). In

patients with congenital stroke, reorganization is deter-
mined by the maturational state of the brain at the time of the
insult (4). Early studies using transcranial magnetic stimula-
tion (TMS) focused on corticospinal connectivity and revealed
in some patients preserved ipsilateral motor pathways from
the undamaged motor cortex to the hemiplegic hand (5-9).
Subsequent studies combining TMS with structural and func-
tional magnetic resonance imaging (MRI) revealed that the
type of corticospinal reorganization as well as the compensa-
tory recruitment of areas within the contralesional hemisphere
depend on the extent of the underlying brain lesion (10).
Furthermore, location and timing period affect the type and
efficacy of reorganization, with significant impact on clinical
outcome (11).
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Until now, studies investigating intracortical excitability by
transcranial magnetic paired pulse stimulation have been con-
ducted only in patients with adulthood stroke (12-15). This
technique allows us to study changes in the excitability of both
inhibitory and excitatory intracortical circuits, a mechanism
credited to be involved in reorganization of the brain (16—19).
In adulthood, cortical stroke intracortical excitability is in-
creased, as indicated by a reduced intracortical inhibition with
a heightened amplitude of the conditioned motor evoked
potential (MEP) (12-15). There is evidence from developmen-
tal studies that corticospinal excitability as well as intracorti-
cal excitability are age dependent and are not fully established
up to several years postnatally (20-23). Given that the sen-
sorimotor system at the time the lesion occurred was imma-
ture, results from patients with adulthood stroke on motor
cortex excitability cannot be applied to patients with congen-
ital stroke offhand (24). Therefore, we measured corticospinal
and intracortical excitability in a group of patients with con-
genital stroke and compared the results with an age-matched
group of healthy subjects. To avoid pooling of different types
of plastic reorganization, we recruited a sample of patients
with congenital stroke that was as homogenous as possible:
only patients with unilateral, cortico-subcortical infarctions in
the middle cerebral artery territory, acquired during the late
third trimester of pregnancy or perinatally, and crossed corti-
cospinal projections from the affected hemisphere to the pa-
retic hand were included. Here, we asked whether similar
changes of motor cortex excitability as observed in adulthood
cortical stroke could be found.

METHODS

Informed written consent of parents and subjects older than 18 y of age
was obtained. The study was approved by the local ethics committee of
Tiibingen.

Ten patients (5 females, age range 10-30 y, median 14 y) were recruited
from a large population of patients with unilateral spastic cerebral palsy
overseen at the three participating university hospitals. Patients with a bilat-
eral pathology, brain malformations, or periventricular lesions on structural
MR, a history of epileptic seizures, who were on any chronic medication or

Abbreviations: EMG, electromyography; FPB, flexor pollicis brevis muscle;
ICF, intracortical facilitation; ISI, interstimulus interval; M1-aff, patients’
affected hemisphere; M1-cl, patients’ contralesional hemisphere; M1-ndom,
controls’ nondominant hemisphere; MEP, motor evoked potential; RMT,
resting motor threshold; SICI, short interval intracortical inhibition; TMS,
transcranial magnetic stimulation
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Table 1. Patients’ and controls’ characteristics and resting motor threshold (RMT)

RMT (% SO)

Patients Sex Age MACS Side of paresis Localization of lesion Affected Contralesional Ipsilateral
1 F 11 1 Right fp 83 55 —
2 F 19 2 Right fpt 59 55 —
3 F 10 2 Right fp 80 58 —
4 M 20 1 Left fp 82 40 —
5 F 16 2 Right fpt 69 48 —
6 M 30 2 Left fpt 42 31 —
7 M 12 2 Right p 95 58 —
8 F 16 2 Left fpt 75 60 55
9 M 12 2 Left fp 82 66 59
10 M 12 2 Right fp 88 72 87
Mean/SD — 16/6 1.8/0.4 — — 76/15 54/12 67/17
RMT (% SO)
Controls Sex Age Dominant hand Nondominant Dominant
a F 11 n.a. Right n.a. 46 43 —
b M 10 n.a. Right n.a. 52 58 —
c F 16 n.a. Right n.a. 49 49 —
d M 11 n.a. Right n.a. 57 60 —
e F 15 n.a. Right n.a. 43 51 —
f F 19 n.a. Right n.a. 36 39 —
g F 19 n.a. Right n.a. 29 35 —
h F 31 n.a. Right n.a. 34 29 —
Mean/SD — 17/7 — — — 43/10 46/11 —

RMT over affected and contralesional hemisphere. Patients’ affected hemisphere shows a significantly heightened RMT.
F, female; M, male; MACS, Manual Ability Classification System (25); f, frontal; p, parietal; t, temporal; n.a., not applicable.

receiving therapy with intramuscular administration of botulinum toxin within
3 months before the investigation, or had metal implants, cardiac pacemakers,
or mental retardation were not eligible to participate.

Patients included met the criteria of unilateral spastic cerebral palsy caused
by unilateral prenatal or perinatal stroke with cortico-subcortical lesions in the
middle cerebral artery territory. This had been verified by structural MRI
before the study. Single-pulse, focal TMS applied separately over the affected
and contralesional hemisphere revealed fast-conducting corticospinal path-
ways from the affected hemisphere to the paretic hand. In three subjects, TMS
revealed an additional ipsilateral corticospinal pathway from the contrale-
sional hemisphere to the paretic hand. In the analysis, only MEPs transmitted
by way of preserved crossed corticospinal projections were included. Sub-
jects’ manual performance during daily life activities was classified as be-
tween level I (“handles objects easily and successfully*) and level III (“han-
dles objects with difficulty, needs help to prepare and/or modify activities®),
according to the Manual Ability Classification System (25). A further inclu-
sion criterion was a significant motor impairment of the paretic hand, with,
however, at least a rudimentary preserved active grasp function. Mental status
allowed patients to meet the requirements of the TMS investigation protocol.

Recruited patients’ characteristics and the localization of the lesion are
summarized in Table 1. Coronal slices of each patient’s structural MRI are
shown in Figure 1. Patients 2, 4, 5, and 6 had already participated in a
previous study (11).

For comparison, an age-matched control group of healthy volunteers (2
female, range 10-31 y, median 15.5 y) was investigated. Their handedness
was assessed by the Oldfield Handedness Inventory (26). Exclusion criteria
for the subjects of the control group were the same as for the patients.

TMS was performed using either a MagStim 200 Stimulator combined
with a BiStim module (Magstim, Withland, Wales, UK) or a Medtronic
MagPro X100 Stimulator (Medtronic Functional Diagnostics, Minneapolis,
MN), both connected to a figure-of-eight-shaped coil (outer diameter of each
loop 9 cm). TMS was applied over the primary motor cortex with the coil
placed tangentially to the scalp and the handle pointing backward and rotated
away from the midline not more than 45°. This assures an induced current in
the brain directed from posterior to anterior, which is optimal to activate the
corticospinal system transsynaptically. Electromyography (EMG) was re-
corded bilaterally from the flexor pollicis brevis muscle (FPB) with a Toen-
nies universal amplifier (Jdger Tonnies, Hochberg, Germany) or a D360

Figure 1. Coronal reconstructions
from T1-weighted three-dimensional
MRI from all patients grouped into
patients with unilateral (1-7) and bi-
lateral (8—10) corticospinal tract to
the paretic hand.
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amplifier (Digitimer, Ltd., Hertfordshire, UK) using self-adhesive surface
electrodes in belly tendon montage. EMG signals were collected through CED
1401 laboratory interfaces (Cambridge Electronic Design, Cambridge, UK)
with 5 kHz sampling and fed to personal computers. Analysis was performed
offline with CED Signal 2 Software.

Patients’ affected (M1-aff) and contralesional hemispheres (M1-cl) as well
as dominant (M1-dom) and nondominant hemispheres (M1-ndom) of controls
were examined separately starting with a systematic search for the optimal
position of the coil to elicit an MEP in the resting muscle. The coil was
located according to anatomical landmarks, and stimulator output was in-
creased in 10% increments until every trial produced an MEP greater than 100
V. In considering structural and anatomical alterations, the coil position was
then adjusted to the optimal site (“hot spot”) where the maximal MEP
amplitude could be evoked. This site was marked on the scalp to ensure
correct positioning of the coil throughout the experiment. Thereafter, the
stimulator output was reduced in 1% increments to obtain resting motor
threshold (RMT) of the relaxed FPB. RMT was defined as the percentage of
stimulator output necessary to obtain an MEP response greater than 50 wV in
five of 10 consecutive trials in the relaxed muscle (27).

To measure short interval intracortical inhibition (SICI) and intracortical
facilitation (ICF), the paired conditioning and test stimulus (TS) technique
described by Kujirai et al. (16) was performed on the previously defined scalp
positions of each hemisphere. The experiment consists of a subthreshold
conditioning stimulus (CS) followed by a suprathreshold TS after variable
interstimulus intervals (ISI). In healthy adult subjects, the test response is
typically decreased at IST of 2 to 4 ms (SICI). The most likely explanation for
SICT is the activation of gamma-aminobutyric acid (GABA )ergic interneurons
with inhibitory effect (18). With ISI longer than 6 ms, facilitation of the test
response occurs (ICF). ICF is thought to be mediated by glutamatergic
interneurons with excitatory effects (16,28). The subthreshold CS does not
elicit a motor response in the target muscle nor does it produce changes on a
subcortical level or change the excitability of motoneurons at the spinal cord
level (16,17,29). Any effect on the size of the response to the subsequent TS
can therefore be interpreted as of intracortical origin (30,31). In our experi-
ments, the CS was set to 80% of the RMT. The intensity of the TS was set to
120% of RMT. To account for intertrial variability, we performed 10 trials
with either unconditioned or conditioned TS with ISI of 2, 2.5, 3, 4, 5, 10, and
20 ms randomly intermixed, resulting in 80 stimuli in total. The time between
trials was set to 3 s.

Relaxation of the target muscle was monitored throughout the experiment.
EMG activity was monitored continuously through visual feedback and
recorded 100 ms before the magnetic stimulus. Trials with activation of the
target muscle pre- or poststimulus were rejected offline because even minimal
contraction of the muscle significantly reduces both intracortical inhibition
and ICF (32).

Statistical analysis. Linear models were fitted to the RMT and to the
logarithmically transformed SICI and ICF amplitudes. Only significant terms
were included into the model. Random effects were added to account for the
repeated measures per subject (33). This allows us to estimate the variability
of the measurements of each patient and to compare this with the estimates
and the variability of the residuals. The analysis was carried out by means of
the MIXED procedure (SAS Institute, Cary, NC).

Results for SICI and ICF were calculated separately because there is
evidence that they are caused by separate mechanisms (17). Results for M 1-aff
and M1-cl and M1-ndom are reported with reference to the M1-dom. The
dominant hemisphere was chosen because the magnitude of SICI was re-
ported to be slightly less in the dominant hemisphere compared with the
nondominant hemisphere of healthy adults (34). Subsidiary pair-wise analysis
between hemispheres was carried out (F test, Wald test).

RESULTS

TMS was well tolerated, and none of the examined patients
or controls reported any side effects during or after the inves-
tigation. In patients 7 and 10, RMT of the affected hemisphere
was 95% and 88%, respectively. Therefore, a TS of 120%
RMT could not be obtained, and data had to be excluded from
statistical analysis. The remaining eight patients had a median
age of 16 (range 11-30) y. The control group consisted of
eight subjects with a median age of 15.5 (range 10-31) y.

RMT. Compared with the M1-dom of controls, the RMT of
M1-aff was significantly elevated by an amount of 0.26 [95%
confidence interval (CI) 0.13-0.39]. In contrast, no such

difference in RMT was found for both the Ml-cl and the
MIl-ndom (Table 1). Subsidiary pair-wise comparison by
Wald test revealed a significantly elevated RMT of MI-aff
compared with M1-cl and Ml-ndom, respectively (p <
0.0001). The difference in RMT between M1-cl versus M1-
ndom was not significant (p = 0.1543). RMT for single
subjects are listed in Table 1.

SICI amplitudes. Compared with the M1-dom, the SICI
amplitudes of M1-aff were significantly heightened by a factor
of 2.38 [95% CI, 1.75-3.23; log (SICI) 0.87 (95% CI, 0.56—
1.17)] (Fig. 2 and Table 2). SICI amplitudes of the nondomi-
nant hemisphere were significantly heightened by a factor of
1.59 [95% CI, 1.44-1.76; log (SICI) 0.47 (95% CI, 0.37-
0.57)]. Pair-wise analysis revealed significantly higher SICI
amplitudes for M1-aff compared with M1-ndom (F test, p =
0.0107). Figure 3 shows an example of conditioned MEP
elicited over affected and contralesional hemispheres in a
single subject (patient 1).

Effect of ISI on SICI amplitude. 1SI had a significant effect
on SICI amplitude. With every ISI increment of 1 ms, SICI
amplitudes increased by a factor of 1.29 [95% CI, 1.18-1.41;
log (SICI) 0.25 (95% CI, 0.16—0.34)] (Fig. 2). This factor did
not differ between hemispheres.

ICF amplitudes. Compared with the M1-dom, ICF ampli-
tudes of M1-aff and M1-cl showed no significant difference,
whereas the M1-ndom showed heightened ICF amplitudes by
a factor of 1.41 [95% CI, 1.19-1.65; log (ICF) 0.34 (95% CI,
0.18-0.50)] (Table 2).

Effect of ISI on ICF amplitude. 1SI had no significant
effect on ICF amplitude in general. There were interactions
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Figure 2. Relative SICI amplitudes. y axis displays the estimated relative
amplitude of the conditioned MEP as a ratio of the unconditioned MEP
amplitude, plotted against ISI (x axis). Red, affected; green, contralesional
hemisphere of patients; black, dominant; blue, nondominant hemisphere of
controls. Dotted lines represent upper and lower 95% Cls. M1-aff as well as
M1-ndom show significantly heightened SICI amplitudes, with highest values
for M1-aff. Additional pair-wise analysis (F test) between M1-aff and M1-
ndom reveal a significant difference.
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Table 2. Median SICI and ICF amplitudes for patients and controls

2 ms 2.5 ms 3 ms 4 ms 5 ms 10 ms 20 ms
Patients (n = 8) cl aff cl aff cl aff cl aff cl aff cl aff cl aff
0.34 0.81 0.39 0.91 0.40 0.98 0.47 1.11 0.70 1.29 1.16 1.66 1.91 1.69
Controls (n = 8) d nd d nd d nd d nd d nd d nd d nd

0.44 0.50 0.25 0.58 0.28 0.75

0.51 0.74 0.82 1.26 1.64 2.14 1.46 2.10

For each ISI, the median SICI and ICF amplitudes, expressed as a percent ratio of the size of the unconditioned MEP, are given for the affected (aff) and
contralesional (cl) hemispheres of patients and the dominant (d) and nondominant (nd) hemispheres of controls.
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Figure 3. Exemplary SICI and ICF results of affected and contralesional
hemispheres. In the contralesional hemisphere, the inhibitory and excitatory
effect of a CS at short ISI (2-4 ms) and longer ISI (10, 20 ms) on the TS are
present. Over the affected hemisphere, the inhibitory effect of the CS at short
ISI (SICI) is reduced.

between the ISI and the hemispheres, but these were not
significant on the single hemisphere level. The estimates of the
standard deviations of the random effects and the residuals are
given in Table 3.

DISCUSSION

This study shows a significant reduction of SICI, indicating
an increased intracortical excitability of the affected hemi-
sphere in patients with congenital cortico-subcortical stroke.
Corticospinal excitability was significantly reduced, as indi-
cated by a heightened RMT. Although corticospinal excitabil-

Table 3. Single subject analysis of random effects
SICI ICF

Amplitude IST Amplitude IST

SD of random effects 0.48 0.15 0.46 0.05
SD of residuals 0.75 0.55

Single subject analysis was carried out to test for random effects. Table
gives, separately for the logarithmically transformed SICI and ICF, standard
deviation (SD) for amplitude and interstimulus interval as well as the SD of
residuals.

ity is related to cell membrane excitability and therefore
assumed to differ from mechanisms underlying SICI and ICF
(35), changes in corticospinal as well as intracortical excit-
ability can be interpreted as a direct consequence of the lesion.

The increase in motor threshold as reported for adult stroke
patients (36,37) is seen as a consequence of the structural
damage of neurons. Reduction of SICI in the affected hemi-
sphere as it has been shown in adult patients investigated in
the postacute stage (12—15) as well as in chronic stage after
stroke (38) might reflect a reduced number of GABAergic
interneurons, which can be recruited due to the lesion. This is
supported by the finding that SICI was eliminated in adults
with stroke involving the motor cortex but not in patients with
internal capsule, pontine, or striatocapsular lesions (15).

Reduced SICI could reflect a compensation for a lesion
rather than the lesion itself. SICI in M1-aff was reduced but
not eliminated, and susceptibility to the effect of different
inhibitory ISI was sustained. A possible explanation for the
observed shift of intracortical excitability could be a down-
regulation of GABA receptors, as shown in animals after
cerebral ischemia (39-41). Alternatively to reduced
GABAergic inhibition, increased activity of neuronal circuits
responsible for excitatory effects at short ISI, as reported by
Biitefisch er al. (42), could explain changes in intracortical
excitability. Both explanations are compatible with the obser-
vation that SICI is also reduced in patients with cortical
lesions not affecting the primary motor cortex (38). Because
reduced SICI enhances plasticity and the capacity for motor
learning (43), disinhibition could be interpreted as a prereq-
uisite for use-dependent plasticity within the affected hemi-
sphere. Alternatively, or in addition, reduced SICI may com-
pensate for the lesion-induced reduction of cortical excitatory
potentials, maintaining an appropriate corticospinal output to
the paretic hand.

SICI of M1-cl was comparable with that of the dominant
hemisphere of age-matched healthy controls. We assume from
our data a normal excitability of the contralesional hemisphere
in the chronic phase after congenital stroke, irrespective of
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temporarily changes, which might have happened at earlier
stages of recovery, as described in adulthood stroke
(14,44,45).

ICF of the affected hemisphere showed no difference with
the M1-dom. This result is consistent with reports for adult-
hood stroke (13,14,42,44) and might be explained by the
different mechanisms responsible for the inhibitory and facil-
itating effect of the CS. In conclusion, despite differences in
the maturational state of the motor system at the time point
when the lesion occurred, the results of this study do not
appear to reflect any differences in the adaptive properties
after congenital versus adulthood stroke (46).
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