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The plasticity of the developing brain can be observed following injury to the motor cortex and/or corticospinal tracts, the most com-
monly injured brain area in the pre- or peri-natal period. Factors such as the timing of injury, lesion size and lesion location may affect
a single hemisphere’s ability to acquire bilateral motor representation. Bilateral motor representation of single hemisphere origin is
most likely to occur if brain injury occurs before the age of 2 years; however, the link between injury aetiology, reorganization type
and functional outcome is largely understudied. We performed a retrospective review to examine reorganized cortical motor maps
identified through transcranial magnetic stimulation in a cohort of 52 patients. Subsequent clinical, anthropometric and demographic
information was recorded for each patient. Each patient’s primary hand motor cortex centre of gravity, along with the Euclidian dis-
tance between reorganized and normally located motor cortices, was also calculated. The patients were classified into broad groups
including reorganization type (inter- and intrahemispheric motor reorganization), age at the time of injury (before 2 years and after
2 years) and injury aetiology (developmental disorders and acquired injuries). All measures were analysed to find commonalities be-
tween motor reorganization type and injury aetiology, function and centre of gravity distance. There was a significant effect of injury
aetiology on type of motor reorganization (P,0.01), with 60.7% of patients with acquired injuries and 15.8% of patients with de-
velopmental disorders demonstrating interhemispheric motor reorganization. Within the interhemispheric motor reorganization
group, ipsilaterally and contralaterally projecting hand motor cortex centres of gravity overlapped, indicating shared cortical motor
representation. Furthermore, the data suggest significantly higher prevalence of bilateral motor representation from a single hemi-
sphere in cases of acquired injuries compared to those of developmental origin. Functional outcome was found to be negatively af-
fected by acquired injuries and interhemispheric motor reorganization relative to their respective counterparts with developmental
lesions and intrahemispheric motor reorganization. These results provide novel information regarding motor reorganization in
the developing brain via an unprecedented cohort sample size and transcranial magnetic stimulation. Transcranial magnetic stimula-
tion is uniquely suited for use in understanding the principles of motor reorganization, thereby aiding in the development of more
efficacious therapeutic techniques to improve functional recovery following motor cortex injury.
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Graphical Abstract

Introduction
The human brain possesses the intrinsic ability to reorganize
and recover function following injury and/or developmental
malformations. This reorganizational capability, or plasti-
city, is observable throughout the human lifespan. For

example, many adult stroke patients exhibit post-injury mo-
tor cortex plasticity and partial recovery of motor func-
tion.1–3 However, the developing brain displays a greater
capacity to recover following injury compared to its adult
counterpart.4–7 Cortical plasticity in the developing brain
is readily observed in the case of motor cortex injury, as
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the motor cortex and/or corticospinal tract is a common site
of brain damage, particularly in the pre- or immediately peri-
natal period. Therefore, studying motor reorganization in
children following injury to the motor cortex and/or corti-
cospinal tract provides an excellent surrogate to understand-
ing basic mechanistic principles of cortical reorganization.

Although the increased plasticity of the developing brain
is well documented,8,9 the exact mechanistic principles
that underlie cortical motor reorganization are largely un-
derstudied. In humans, it has been shown that the develop-
ing brain includes fast and direct ipsilateral corticospinal
projections from both hemispheres until �24 months of
postnatal development,10–14 which disappear following
full, unaltered corticospinal maturation. Longitudinal and
cross-sectional neurophysiological studies of typically devel-
oping infants and children are likewise consistent with the
withdrawal of uncrossed corticospinal axons over the first
24 postnatal months, such that ipsilateral motor evoked po-
tentials (MEPs), like those elicited by transcranial magnetic
stimulation (TMS), are less frequent, smaller, later in onset
and have higher thresholds compared to contralateral mus-
cle responses at 2 years of age.11,15

Injury to the motor cortex in young children alters
the normal development of the motor cortex and/or
corticospinal tract. Generally, two mechanisms of cortical
reorganization have been postulated: (i) interhemispheric re-
organization (IEHR), where the function is transferred to
contralateral homologues and (ii) intrahemispheric reorga-
nization (IAHR), where function is taken over by residual
tissue and nearby cortex in the lesioned hemisphere.10,16 It
is thought that in the case of IEHR, the direct ipsilateral cor-
ticospinal projections of the unaffected hemisphere fail to re-
gress, but rather persist, subsequently shifting the lesioned
hemisphere’s motor control to homologous ipsilateral motor
areas.12,13,17,18 The exact factors that govern which type of
reorganization occurs are largely unknown; however, it is
documented that lesion timing, size and location play a sig-
nificant determining role.5,7,16,19–23 For example, numerous
studies have found that IEHR prevalence decreases with age,
indicating that lesions early in life promote IEHR, whilst
IAHR is primarily observed in later occurring le-
sions.12,19,21,24,25 This age-dependent reorganizational ef-
fect suggests that the maturational status of the motor
system at the time of injury dictates, in part, the resulting
pattern of reorganization.

Other studies have observed a link between lesion size and
subsequent reorganization. In short, larger perirolandic le-
sions are more likely to evoke IEHR, whilst smaller lesions,
despite being around the rolandic sulcus, are more likely to
evoke IAHR.12,13 Additionally, other studies have found
that lesion size is not a complete predictor of reorganization
type, as large but incomplete rolandic lesions showed an in-
creased incidence of IAHR than complete rolandic lesions of
similar size.20 These results demonstrate that IEHR is more
likely to occur if the lesion affects the totality of the motor
cortex early in life, forcing function to shift to the motor
homologues of the contralesional hemisphere.

The severity of damage to descending white matter tracts
early in development has also been implicated as a potential
driving factor in determining reorganization. Namely, white
matter damage has been shown to be positively correlated
with the incidence of IEHRwhilst negatively affecting motor
function.19 Consistent with these data, it was also found that
greater injury to descending white matter tracts coincided
with increased ipsilateral motor cortex recruitment and de-
gree of motor reorganization.26 Reports in regard to motor
function are more conflicted, as the levels of functional im-
pairment due to IEHR and IAHR have often been
indistinguishable.17,27

Although the link between reorganization type, lesion
timing and size has been documented, the role of lesion
aetiology on induced reorganization type is largely
understudied, as only a few case reports or smaller sample
sizes (N≤ 10) have examined this aspect.27–29 Further,
though studies indicate a shift to contralateral homolo-
gues,6,13 the precise location of reorganized motor cortex
in IEHR has never been directly measured. The present study
retrospectively examined motor reorganization as indexed
by TMS in a cohort of patients presenting with acquired in-
juries or developmental disorders. We examined the effect of
lesion aetiology (acquired versus developmental) on the type
of reorganization (IEHR versus IAHR). Moreover, we
measured the Euclidean distance between the centre of
gravity (COG) of normally located and reorganized motor
cortices within subjects to further characterize the extent
of reorganization and determine the overlap of motor corti-
ces following IEHR. We also examined the relationship
between white matter damage and reorganization, as well
as the resulting functional implications of reorganization
type, as there are conflicting reports on which type of
reorganization yields the best functional outcome.5,19,23,30

In addition to providing novel information regarding the
mechanisms of corticomotor reorganization, this study
serves as evidence for the efficacy of TMS in examining
motor reorganization in a paediatric cohort.31,32

We hypothesized that acquired injuries would be more
likely to induce IEHR than developmental disorders and
that cortical real estate would be shared in the case of
IEHR.We also expected that increased white matter damage
would drive IEHR. Finally, we predicted that the best func-
tional outcome would occur following IAHR observed in de-
velopmental disorders.

Materials and methods
Study cohort
Through a retrospective chart review, we identified 420 pa-
tients who underwent TMS motor mapping at Le Bonheur
Children’s Hospital between July 2012 and May 2019.
This study was approved by the institutional regulatory
boards of the University of Tennessee Health Science
Center and Le Bonheur Children’s Hospital. Fifty-two
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patients were deemed eligible for inclusion in this study
(Fig. 1 and Table 1). Eligible patients were those in whom
either the cortical motor map of the primary hand motor
cortex was displaced from the central sulcus, indicating
IAHR, or at least one hemisphere demonstrated abnormal
ipsilateral corticospinal projections after the accepted period
of ipsilateral projection regression, indicating IEHR. More
specifically, IAHR determinations were made based upon
previous TMS investigations delineating normal hand motor
cortex location and distribution.33–39 With these studies in
mind, IAHR was deemed present if at least one hemisphere
exhibited motor cortex representation either within cortical

regions known to be associated with the non-hand motor
function (i.e. leg or face motor cortex)39 or anteriorly or pos-
teriorly displaced from the precentral gyrus, outside of the
known normal deviation of hand motor cortex area (i.e. an-
terior to the middle frontal gyrus or posterior to the postcen-
tral gyrus).33–38 Patients who demonstrated normal motor
maps despite lesions in the motor pathway, typically either
small or in the subcortical regions, were not included in
this study. Eligibility determinations were made using visua-
lized cortical motor maps of the primary hand motor corti-
ces following presurgical and/or clinically indicated TMS
motor mapping, as well as a retrospective chart review,

Figure 1 Flow chart for identifying the study cohort. IEHR, interhemispheric reorganization; IAHR, intrahemispheric reorganization.

Table 1 Study cohort demographics

Injury aetiology: developmental Injury aetiology: acquired injury Total

Number of patients 19 33 52
Age at the time of testing (years, mean+ SD) 9.7+ 5.1 11.0+ 8.8 10.5+ 7.6
Age range (years) 1.7–19.1 1.7–50 1.7–50
Gender: females/males 10/9 21/12 31/21
Lesion acquisition: before age 2/after age 2 19/0 30/3 49/3
Lesioned hemisphere: right/left/bilateral 12/4/3 15/16/2 27/20/5
Interhemispheric motor reorganizationa 3 20* 23
Intrahemispheric motor reorganizationa 14* 11 25
No demonstrable reorganization 2 2 4

Italics indicate significant difference between the two groups. SD, standard deviation.
aInjury aetiology was found to have a significant effect on the resulting type of corticomotor reorganization, with developmental disorders mainly result in intrahemispheric motor
reorganization, whilst acquired brain injury primarily results in an interhemispheric motor reorganization.
*P, 0.01.
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including demographics, clinical history, previous brain im-
aging, neuropsychological testing and, in some cases, physical
and occupational therapy evaluations. For each patient in-
cluded in the study, the following data were recorded: sex,
date of birth, age at the time of motor mapping, type of brain
lesion, lesion location, lesion size relative to motor cortex
(,50% involvement, .50% but incomplete involvement or
complete motor cortex damage), age incurred (before or after
2 years of age), motor cortex reorganization type (IEHR or
IAHR), location of resulting reorganization (only recorded
for IAHR patients), history of epilepsy and grasp function
(non-functional or functional). Antiepileptic medications
(AEDs) prescribed at the time of TMS data acquisition were
also collected. Based on brain injury aetiology, subjects
were placed into two broad groups: developmental brain dis-
orders (i.e. cortical dysplasia, heterotopia, polymicrogyria,
etc.) and acquired injuries (i.e. traumatic brain injury, stroke,
tumour resection, hemispherectomy, lobectomy, etc.).
Groupings were designed to amplify potential links between
groups, including type and extent of reorganization and func-
tional outcome patterns. The aforementioned variables and
their relationships were further examined via statistical test-
ing (see the Statistical analysis section).

Transcranial magnetic stimulation
TMS motor mapping procedure
All individuals underwent TMS motor mapping either as
part of their Phase I evaluation for refractory epilepsy, func-
tional mapping prior to brain tumour surgery or to elucidate
the functional state of their motor cortex following injury.
Motor mapping was performed using a 70 mm
figure-of-eight coil integrated into the navigated TMS sys-
tem (Nexstim Plc., Helsinki, Finland) having a maximum
electrical field of 172 V/m at 25 mm from its surface. The
high-resolution T1-weighted MRI, the patient and the
TMS coil were coregistered using a 3D tracking system.
The MEP elicited by TMS was recorded by surface EMG
from bilateral abductor pollicis brevis (APB) muscles using
disposable electrodes (Neuroline 720, Ambu Inc., MD,
USA) and sampled at 3 kHz and band-pass filtered from
10 to 500 Hz. In individuals who could maintain a quiet
EMG baseline (N= 37), the resting motor threshold (rMT)
for both hemispheres were measured at the hotspot for
APB using an automated algorithm implemented in the
Nexstim software based on the guidelines of the
International Federation of Clinical Neurophysiology40

and expressed as percent maximum stimulator output (%
MSO). The extent of the motor cortex was then mapped
at a TMS intensity of 110% of rMT; brain areas where an
MEP ≥50 µV amplitude was elicited were included in the
map and shown as a heat map (example shown in
Fig. 2A). In patients who could not maintain a quiet EMG
baseline or experienced pain during stimulation (N= 7),
the MEP amplitudes were visually assessed and the motor
cortex was mapped using the TMS intensity that elicited
MEP amplitudes ≥50 µV. These patients were not included

in the rMT analysis. All patients tolerated TMS without any
serious adverse effects. Each patient’s TMS session, contain-
ing each stimulation location, intensity and resulting MEP,
was reviewed. A stimulation was considered to be a valid re-
presentation of the hand motor cortex and its corticospinal
projection if it elicited a triphasic/polyphasic MEP with an
amplitude ≥50 µV. Additionally, corticomotor latencies
were measured as time from TMS stimulation to MEP onset
for each hemisphere in the IAHR group and for both ex-
tremities from the intact hemisphere within the IEHR group.
Five patients from the IEHR and eight patients from the
IAHR group were excluded from the analysis due to insuffi-
cient corticomotor latency data.

COG of motor maps
Rather than selecting the site where the MEP amplitude was
highest, cortical representation for APB was defined by the
COG. The COG is largely agnostic to MEP amplitude vari-
abilities and has been shown to be a more accurate represen-
tation of the motor cortex.41 The cortical location where an
MEP was elicited in the APB and the MEP amplitude was
used to calculate the COGs using the formula:

∑
aixi

/∑
ai;

∑
aiyi

/∑
ai;

∑
aizi

/∑
ai (1)

where xi is the mediolateral location; yi theanteroposterior lo-
cation; zi the superoinferior position and ai the MEP ampli-
tude at that location.42 A measure of the distance between
the normally located and reorganized COGs was necessary
to observe the nature of cortical reorganization in the lesioned
hemisphere relative to the normally located hand motor area
within subjects. The primary hand motor cortex in the con-
tralesional hemisphere acted as a within-subject control.
For those in the IEHR group, the COGs of the hemisphere’s
ipsilateral projections and contralateral projections, both lo-
calized within the intact hemisphere, were calculated inde-
pendently. For those in the IAHR group, the COG for APB
representation was calculated independently for the two
hemispheres; then, the COG in the lesioned hemisphere was
transposed onto the intact hemisphere by mirroring its loca-
tion around the midline. With the two COGs localized to
the same hemisphere, the absolute distance between the
COGs of the reorganized motor cortex and the normally lo-
cated motor cortex was calculated by finding the Euclidian
distance (mm) between them using the formula:

d =
����
(x2

√
− x1)

2 + (y2 − y1)
2 + (z2 − z1)

2 (2)

The COG distance values were averaged for each group and
the difference between the means was examined to assess the
nature of IEHR and IAHR patterns. COG data from five pa-
tients were unavailable due to insufficient EMG data.

Hand function
The hand function status in each patient was derived from a
review of the hand motor assessment subsection of the
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neuropsychological evaluation. The most commonly used
tests to examine the functionality of the affected hand
were the Purdue Pegboard, Grooved Pegboard, Bayley
Scales of Infant and Toddler Development (3rd edition)
and Mullen Scales of Early Learning. The relationship be-
tween the time of injury, size of injury, location of injury,
aetiology of injury and residual hand function were assessed.
Overall, two patients had insufficient data to make an as-
sessment about grasp function.

White matter tract analysis
The integrity of the white matter tracts in the study cohort
was evaluated by visually examining the subjects’ high-
resolution T1-weighted anatomical MRIs. The hand motor
cortex COG coordinates were marked on the MRI.
Descending white matter tract viability from the COGs
was examined qualitatively. Furthermore, the cerebral ped-
uncle, a region containing descending corticospinal motor
neurons,43 was examined for possible asymmetry.

Lesion size
The size of each patient’s lesion was assessed and documen-
ted relative to the amount of lesion involvement within the
accepted area of hand motor representation.33–38 Lesions
were qualitatively characterized as ,50% involvement,
.50% but incomplete involvement and complete motor
cortex involvement. Possible effects of lesion size on result-
ing reorganization and grasp function were examined (see
the Statistical analysis section).

Statistical analysis
All statistical analyses were conducted using SPSS (Release
27.0.1.0; IBM Corporation, Armonk, NY, USA). The effect
of injury aetiology on reorganization type was assessed using
Fisher’s exact test. One-tailed paired t-tests were conducted
for rMT differences between lesioned and non-lesioned hemi-
spheres for the IAHR group and between contralateral and
ipsilateral projections within the same hemisphere for the

Figure 2 Examples of motor reorganization in developmental cohort. (A) A 19-year-old female with focal right hemisphere
polymicrogyria demonstrating an IAHR pattern. The right hemisphere motor cortex is localized directly over the area of polymicrogyria and was
displaced anteromedially when compared with the contralateral motor cortex. (B) An 11-year-old male with extensive right hemisphere
polymicrogyria demonstrating a rare case of IEHR pattern. The descending white matter tract in the right hemisphere was also affected, making
them non-functional. Hence, a shared bilateral corticomotor representation was observed in the left hemisphere. An example of bilateral MEP
elicited by stimulation the motor cortex in the left hemisphere is shown.
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IEHR group. Additionally, two-tailed paired t-tests were con-
ducted to examine differences in corticomotor latency in both
groups. The distance between the COGs of reorganized and
normally located APB in the IEHR and IAHR groups was ex-
amined using a two-tailed, two-sample t-test for unequal var-
iance. Fisher’s exact test was conducted to test for an effect of
reorganization type onmotor function and the effect of lesion
aetiology on motor function. Finally, χ2 testing was also con-
ducted to examine possible effects of lesion size on resulting
reorganization and grasp function.

Data availability
The data that support the findings of this study are available
from the corresponding author upon request.

Results
Study cohort
The demographic, clinical and motor reorganization pat-
terns observed in the study cohort are tabulated in Table 1

(see Supplementary Tables 1 and 2 for more detailed clinical
information). The cohort consisted of 31 females and 21
males with an average age of 10.5+7.6 years. Of the 52 pa-
tients in this study, 49 had sustained brain lesion at birth or
before 2 years of age (19 presented with developmental dis-
orders and 30 suffered an acquired injury; Fig. 1 and
Table 1). The remaining three patients acquired the brain le-
sion when they were older than 2 years. Twenty-seven indi-
viduals had lesions in the right hemisphere, 20 in the left
hemisphere and five had bilateral or non-focal lesions.
Twenty-five patients demonstrated IAHR and 23 demon-
strated IEHR (see Figs 2 and 3 for examples). Four patients
(two with developmental and two with acquired lesions)
with no clear reorganization were included in the cohort,
as they presented with abnormally non-localizable motor
cortices. These patients were only factored into analyses re-
lating to effects of lesion aetiology and lesion size on func-
tional outcome. Of those demonstrating IAHR, the
majority (56%) had a developmental lesion (Table 1 and
Fig. 2A), whilst the majority of patients (87%) in the
IEHR group had an acquired injury (Table 1 and Fig. 3A).

Figure 3 Examples ofmotor reorganization in acquired brain injury cohort. (A) A 16-year-old male with a history of intraparenchymal
haemorrhage at birth and secondary epilepsy. The brain insult caused complete damage to right hemisphere motor cortex including its white
matter tracts. No motor representation was observed in this hemisphere and a shared bilateral corticomotor representation, i.e. IEHR was
observed in the left hemisphere. An example of bilateral MEP elicited by stimulation the motor cortex in the left hemisphere is shown. The
patient also had severe global developmental delays, including both motor and cognitive deficits. (B) An 11-year-old male with a history of left
hemisphere frontal lobe tumour located anterior to the primary motor cortex. His seizures began before the age of 2 years, secondary to the
tumour. The primary hand motor cortex in the left hemisphere demonstrated an IAHR pattern and was displaced medially when compared with
the homologue in the right hemisphere.
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See Tables 1–3 for complete cohort description. Of the three
patients with brain injury occurring after age 2 years, all
were within the acquired group, and all demonstrated
IAHR (Supplementary Table 1).

Of the whole study cohort, 44 patients (85%) were pre-
scribed at least one AED. Of those taking AEDs, most
(40%) were prescribed two. The most common AEDs
were oxcarbazepine and levetiracetam. There were no
across-group differences in either the number of patients
on AEDs or the number of AEDs prescribed (see supplemen-
tal Tables I and II for details).

χ2 testing conducted tomeasure an effect of lesion size on re-
sulting reorganization did not achieve significance (P= 0.611);
however, only incomplete lesions (i.e. lesions with motor cor-
tex involvement of ,50% or.50% but incomplete) were in-
cluded in this analysis, as complete motor cortex lesions (N=
8) always resulted in IEHR. Taken together, these results sug-
gest that complete motor cortex lesions significantly contribute
to IEHR, whilst any type of incomplete lesion does not signifi-
cantly contribute an effect on resulting reorganization.

Fisher’s exact test conducted to measure injury aetiology’s
effect on reorganization type, independent of injury timing
and overall age, found a significant effect of injury aetiology
on resulting corticomotor reorganization. Acquired injuries
were significantly more likely to cause IEHR than develop-
mental disorders (P, 0.01) whereas occurance of IAHR
was signifcantly higher in developmental disorders (P,

0.01). Fisher’s exact test conducted to measure gender ef-
fects on reorganization type was not significant (P= 0.38),
demonstrating that gender does not play a role in induced
corticomotor reorganization.

Transcranial magnetic stimulation
Motor threshold
The rMT data were available in 37 patients. rMT in the le-
sioned hemisphere (87.1+ 17.3%) was higher than rMT in

the non-lesioned hemisphere (75.2+23.5%) in the develop-
mental, but not the acquired injury cohort (Table 2). The
average rMTs in the acquired injury group were 72.4+
26.1% and 66.3+ 25.8% for lesioned and non-lesioned
hemispheres, respectively. In the IAHR group, the average
rMT in the lesioned hemisphere was 81.0+ 22.17%
MSO, compared to 71.5+ 24.4% MSO in the intact hemi-
sphere (Table 3). In the IEHR group, average rMT for ipsi-
lateral projections was 77.6+ 21.6% MSO, whilst average
rMT for contralateral projections was 71.3+24.6% MSO
(Table 3). One-tailed paired t-tests conducted for rMT dif-
ferences between lesioned and non-lesioned hemispheres
within the IAHR group found lesioned hemispheres to
have significantly higher rMTs than non-lesioned hemi-
spheres (P= 0.01). One-tailed paired t-tests conducted for
rMT differences between contralateral and ipsilateral
projections within subjects and within hemispheres for the
IEHR group found ipsilateral projections to have
significantly higher rMTs than contralateral projections
(P= 0.01; Table 3).

Corticomotor latencies
In the IEHR group (n= 22), average corticomotor latencies
were 21.45+ 2.12 and 21.02+ 2.11 ms for ipsilateral and

Table 2 Grasp function and TMS parameters in the two
injury aetiology groups

Injury aetiology:
developmental

Injury aetiology:
acquired injury

Number of patients 19 33
Grasp function:
non-functional

8 (42%) 24 (73%)

Grasp function: functionala 10 (53%) 8* (24%)
Grasp function:
insufficient information

1 (5%) 1 (3%)

TMS intensity: lesioned
hemisphere (% MSO)b

87.1+ 17.3* 72.4+ 26.1

TMS intensity:
non-lesioned
Hemisphere (% MSO)b

75.2+ 23.5 66.3+ 25.8

MSO, maximum stimulator output.
aThe developmental brain injury was significantly more likely to produce functional
grasp when compared with acquired brain injury.
bTMS intensity to elicit a motor response was significantly higher in the lesioned
hemisphere in developmental brain injury aetiology.
*P, 0.05.

Table 3 Grasp function, TMS and COG parameters in
the two patterns of motor reorganization

Interhemispheric
reorganization

Intrahemispheric
reorganization

Number of patients 23 25
Gender: females/males 15/8 12/13
Grasp function:
non-functional

19 (83%) 10 (40%)

Grasp function: functionala 2 (9%) 15** (60%)
Grasp function:
insufficient information

2 (9%) 0 (0%)

TMS intensity: lesioned
hemisphere (% MSO)b

n/a 81.0+ 22.2*

TMS intensity:
non-lesioned
Hemisphere (% MSO)b

n/a 71.5+ 24.4

TMS intensity:
contralateral
projections (% MSO)c

71.3+ 24.6 n/a

TMS intensity: ipsilateral
projections (% MSO)c

77.6+ 21.6* n/a

COG Euclidian distance
APB (mm)d

2.7+ 1.7** 16.0+ 8.6

COG, centre of gravity; MSO, maximum stimulator output.
aAn intrahemispheric reorganization was significantly more likely to produce functional
grasp function.
bTMS intensity required to elicit a motor response was significantly higher in the
lesioned hemisphere for individuals in the IAHR group.
cTMS intensity required to elicit a motor response was significantly higher for ipsilateral
projections than for contralateral projections within the non-lesioned hemisphere
demonstrating interhemispheric reorganization.
dThe centres of gravity of the normally located and reorganized representation for APB
were significantly closer for persons in the IEHR group than for individuals in the IAHR
group.
*P, 0.05.
**P, 0.0001.
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contralateral projections, respectively. In the IAHR group
(N= 19), corticomotor latencies were 22.16+4.25 and
20.96+ 2.60 ms for affected and unaffected hemispheres,
respectively. The difference of the mean two-tailed t-tests
did not reveal differences in corticomotor latency between
ipsilateral and contralateral projections or affected and un-
affected hemispheres for the IEHR and IAHR groups,
respectively.

COG of motor maps
The average distance between the COGs for APB muscles in
the two hemispheres was 16.0+8.6 mm in IAHR (Table 3).
For the IEHR group, the average distance between the
COGs for APB muscles was 2.7+1.7 mm. See Tables 2
and 3 for a complete listing of COG and TMS parameters.
A two-tailed, two-sample of unequal variance t-test examin-
ing the average distances between reorganized and normally
located APB COGs between the IEHR and IAHR cohorts
found that the distances were significantly shorter for the
IEHR group than the IAHR group (P= 5.08E−08), indicat-
ing a significant overlap of cortical representation in IEHR.
In IAHR, motor cortex was reorganized to juxtalesional
areas, including the premotor cortex, leg motor cortex
and/or sensory cortex, and thus was not localized within
the homologous APB motor area in the non-lesioned
hemisphere.

Hand function
Hand function ranged from non-functional to functional in
both the developmental and acquired injury groups
(Table 2). Of the developmental lesion group, eight had
non-functional grasp function whilst 10 had functional
grasp function. In the acquired injury group, 24 had non-
functional grasp function, whilst eight had functional
grasp function (Table 2). Of the IEHR group, 19 had non-
functional grasp function, whilst two had functional grasp
function. Of the IAHR group, 10 had non-functional
grasp function, whilst 15 had functional grasp function
(Table 3). χ2 testing did not find a significant effect of lesion
size on resulting hand function (P= 0.2); however, only in-
complete lesions (i.e. lesions with motor cortex involvement
of ,50% or .50% but incomplete) were included in this
analysis, as complete motor cortex lesions with available
hand function data (N= 6) always resulted in non-functional
hand ability. Fisher’s exact test found a significant effect of in-
jury aetiology on functional outcome, indicating poorer func-
tional outcome for acquired injuries (P= 0.02) compared to
developmental lesions. Fisher’s exact test for an effect of reor-
ganization type on functional outcome also found a signifi-
cant effect, indicating poorer functional outcome following
IEHR (P, 0.001) when compared with IAHR.

White matter tracts
In patients exhibiting IEHR, white matter tracts descending
from the motor cortex were generally qualitatively non-

viable. Additionally, significant asymmetry of pyramidal
tracts between affected and unaffected hemispheres at the le-
vel of the cerebral peduncle was observed, with the pyrami-
dal tracts in the intact hemisphere being much larger
(Fig. 4A–C). The unaffected hemisphere also demonstrated
more white matter underneath the motor cortex. In patients
exhibiting IAHR, white matter tracts were qualitatively vi-
able, and sufficient symmetry was observed at the subcorti-
cal cerebral peduncle level (Fig. 4D). In the four patients
who exhibited IAHR with the acquisition of injury before
the age of 2 years, the residual cortex connecting to white
matter remained, although asymmetry of white matter dens-
ity between hemispheres was still observed. Resulting motor
functions were severely impaired for this sub-group.

Discussion
The present study demonstrates novel information regarding
developmental motor plasticity obtained through the use of
an unprecedented clinical cohort size (N= 52) analysed with
TMS. The results from the current study concur with the
currently accepted developmental model of the regression
of ipsilateral corticospinal projections by 24 months of post-
natal development if significant acquired motor cortex in-
jury does not occur. This is supported by our data, where
67% of children (20 of 30) who presented with an acquired
injury before 2 years of age demonstrated IEHR. Although
not statistically tested due to the small sample size of this
sub-group, all patients with injury after the age of 2 years
displayed IAHR (Supplementary Table 1). We also found
that motor cortex COG distances in patients with IEHR
were significantly shorter (P,0.001) than those with
IAHR, indicating bilaterally shared cortex in the case of
IEHR. This highly significant difference is likely driven by
our exclusion criteria, as only aberrant motor representa-
tions were included in the IAHR group; however, the signif-
icant amount of overlap between ipsilaterally and
contralaterally projecting COGs observed in IEHR (Figs.
2B and 3A) indicates that cortical real estate is likely shared.
Furthermore, the results demonstrate that lesion aetiology
has an explicit effect on the resulting type of cortical
reorganization. That is, acquired injuries are significantly
more likely to induce IEHR than developmental disorders
(P,0.001). Finally, IEHR and acquired injuries resulted
in significantly poorer hand function than IAHR and devel-
opmental disorders, respectively (P, 0.001 and P= 0.02).

The results from this study, namely the finding that cor-
tical real estate is likely shared in the case of IEHR, yields in-
sight into the mechanistic nature of IEHR. Descending
corticospinal axon development has been repeatedly shown
to be activity dependent.10,11,22 That is, descending corti-
cospinal axon connections are enhanced by actual axon
use. Without axonal activity, the ipsilateral corticospinal ax-
ons regress.22 In the case of complete unilateral motor cortex
injury early in life, the use of the injured hemisphere’s des-
cending tracts becomes impossible. Therefore, the inherent
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activity-dependent competition favours the viable ipsilateral
projections of the unaffected hemisphere, as contralateral
projections are rendered obsolete. In the case of unilateral
motor cortex injury involving descending white matter
tracts, the activity-dependent nature of development
coupled with the competition-free environment for contrale-
sional ipsilateral projections most likely causes increased ip-
silateral projection development, ultimately resulting in
IEHR. Our results add to the understanding of this mechan-
ism in the sense that it has now been shown that the cortical
origins of ipsilateral and contralateral projections appear to
be shared following IEHR. It can thus be inferred that the
existing ipsilateral projections occurring early in develop-
ment at least partially share descending corticospinal axons
with contralateral projections. To establish bilateral alpha-
motoneuron synapses following unilateral motor cortex in-
jury early in life, increased ipsilateral axon activity likely
promotes axonal sprouting in the distal muscles ipsilateral
to the unaffected hemisphere, concurrent with the earlier
postulated mechanistic models and primary findings.21,26,29

This axonal sprouting establishes more extensive and en-
hanced connections, resulting in bilateral motor control of
single hemispheric origin. Findings from our qualitative
white matter tract analysis appear to support this notion.

Figure 4 demonstrates that IEHR subjects show descending
white matter proliferation of the unaffected hemisphere, es-
pecially when the contralateral lesioned cortex is unable to
produce viable connectivity. The specifics of ipsilaterally
projecting corticospinal networks present during develop-
ment need further study, as their exact principles of connect-
ivity are largely unknown. Diffusion tensor imaging would
provide pertinent information towards a better understand-
ing of mechanistic white matter connectivity following
IEHR.

Contralateral and ipsilateral projections appear to share
cortical area, implying that ipsilateral and contralateral cor-
ticospinal projections stem from the same axons; however,
bilateral proliferation by way of axonal sprouting over
time must eventually distinguish the laterality of muscle con-
trol.44 This rewiring potentially uncrosses normally crossed
neuronal pathways, as well as increases the total number of
corticospinal projections.12,22,45 The way in which cortical
activity modulates lateralized muscle control is largely un-
known. In healthy controls, differentiation between ipsilat-
eral and contralateral descending pathways was implicated
through differing corticomotor latencies.45 Our population,
however, displayed similar latencies for ipsilateral and
contralateral innervation, suggesting that injury causes

Figure 4 Case examples of white matter tract viability. PrG, precentral gyrus; green circles, viable motor cortex; blue circles,
homologous inviable motor cortex. (A) An 18-year-old female suffering from left hemisphere traumatic brain injury sustained before 2 years of
age and resulting IEHR with no remaining left hemisphere motor cortex function. The coronal view of the MRI shows no connection between the
cortex and descending spinal tract and the axial view demonstrates the asymmetry of the cerebral peduncle. (B) A 6-year-old male suffering from
right hemisphere traumatic brain injury before 2 years with no remaining right hemisphere motor cortex function and subsequent IEHR. Coronal
MRI demonstrates sparse white matter within the right hemisphere; however, apparent lack of descending white matter and the presence of
severely damaged right motor cortex results in non-viable cortex to white matter connectivity. The axial MRI demonstrates significant
asymmetry of the cerebral peduncle. (C) An 11-year-old male with extensive right hemisphere polymicrogyria, especially affecting the motor
cortex. This patient demonstrates a rare case of a developmental disorder resulting in subsequent IEHR. (D) A 19-year-old female with focal
polymicrogyria who displays resulting IAHR. This patient’s white matter tracts appear to be intact in both hemispheres, demonstrate a high
degree of symmetry with respect to descending white matter volume.
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differentiation through axonal sprouting of the same neu-
rons. Thus, mediation of laterality control after the injury
is likely to involve different mechanisms. Our finding that
rMTs were significantly higher for ipsilateral than contralat-
eral hand muscles (Table 3) indicates modulation of cortical
excitability as a potential mechanism for differentiable con-
trol. This may involve enhancement of ipsilateral inhibitory
control present in normal populations,46 but this mechanism
has yet to be examined in a patient population. Additionally,
our cohort included 47 patients with a prior history of epi-
lepsy and 44 patients with at least one AED prescription
(see Supplementary Tables 1 and 2 for more detailed infor-
mation regarding the history of epilepsy within our cohort).
Epilepsy and AED have been shown to be associated with
dysregulated cortical excitability, especially within
Rolandic cortices.47–49 This introduces a potential con-
founding variable within the proposed mechanism, as dysre-
gulated cortical excitability may underlie the differences in
rMT between ipsilateral and contralateral innervation.
However, the within-subjects design of this study was meant
to control for this confound, as subjects acted as their own
control. In other words, the same cortical area was analysed
against itself when testing for rMT differences, increasing
the likelihood that excitability differences between ipsilat-
eral and contralateral innervation are due to the neurophy-
siology of IEHR rather than comorbid epilepsy.
Furthermore, we found no across-group differences in either
the number of patients on AEDs or the number of AEDs pre-
scribed, suggesting that our findings are not likely influenced
by AEDs. Measuring the factors governing intracortical in-
hibition and intracortical facilitation in a patient population
similar to ours (i.e. with comorbid epilepsy and IEHR or
IAHR) in a more purposeful and directed manner may pro-
vide insight into the proposed mechanism of differentiating
between the laterality of motor control in the event of IEHR.

Injuries to the motor cortex occurring after ipsilateral
projection regression (after 2 years of age) almost always in-
duce IAHR. Our finding that motor cortex COG reorganizes
to new cortical area during IAHR confirms the implications
made by other studies. Motor cortex reorganization to jux-
talesional cortex is observed in Fig. 3. This study supports
the claim that in the case of IAHR, parallel motor pathways
originating from juxtalesional cortices outside of the pri-
mary motor cortex such as the premotor cortex, supplemen-
tary motor area and cingulate cortex may accept cortical
motor control, aiding in functional recovery.28,44,50 Each
of the aforementioned cortical areas contain somatotopic re-
presentations and all contribute to the pyramidal tract.24

These immediate corticomotor changes are most likely
modulated by latent synapse unmasking through alterations
in GABAergic inhibition, which are then reinforced through
activity-dependent reinforcement by way of axonal regen-
eration, long-term potentiation and axonal sprouting.2,29

Additionally, the way in which IAHR eligibility determina-
tions were made (i.e. motor reorganization outside of the
normally accepted deviation for primary hand motor cor-
tex)33–39 ensured that IAHR, as observed within our cohort,

exemplified significant reorganization and juxtalesional mo-
tor acquisition similar to that of the aforementioned
studies.28,44,50

In order for juxtalesional motor function acquisition to
occur, cortical real estate must be readily available.
Therefore, lesion size plays an important role in the resulting
reorganization type. For example, it has been observed that
large and incomplete motor cortex injuries resulted in
IAHR, whilst large and complete motor cortex injuries
showed a higher prevalence of IEHR.20 These observations
are corrobarated in our study, as every patient with a com-
plete motor cortex injury (N= 8) exhibited IEHR, whilst
large and incomplete injuries (i.e..50% but incomplete mo-
tor cortex involvement) versus small and incomplete injuries
(i.e. ,50% motor cortex involvement) had no effect on the
resulting type of reorganization (P= 0.611). Additionally,
the eight patients with injury occurring before the age of 2
years and consequent IAHR demonstrated residual cortex
connected to descending white matter tracts following their
injury; however, each of these individuals demonstrated se-
vere motor impairments with poor functional recovery.
Although lesion size does play a significant role in reorgani-
zation type, these results suggest that other factors, such as
lesion aetiology and lesion timing, most likely play a more
definitive role in the resulting implications of corticomotor
reorganization.

Our study found a statistically significant effect of lesion
aetiology on resulting corticomotor reorganization, suggest-
ing that acquired brain injuries are far more likely to induce
IEHR, whilst developmental brain disorders seem to exhibit
a robust tendency to maintain normal hemispheric motor
control. Nevertheless, in our study, 3 of the 19 patients pre-
senting with developmental lesion exhibited IEHR (example
in Figs. 2B and 4C). This is in parallel to Maegaki et al.’s re-
port29 of a 13-year-old female presenting with extensive uni-
lateral cortical dysplasia and mild hemiparesis exhibiting
IEHR, a rare case of cortical dysplasia in which the motor
areas failed to develop to functional levels. In these in-
stances, the lack of descending white matter tract integrity
due to pervasive developmental lesion is most likely the driv-
ing factor for IEHR. The overwhelming majority of children
with developmental disorders in our study exhibited IAHR,
demonstrating functional dysplastic cortex located within
the motor areas. In concurrence with these findings, fMRI
activation patterns in a recent study of two children with
rolandic-area focal cortical dysplasia type IIb demonstrated
functional dysplastic cortex, along with IAHR following
surgical lesionectomy.27 The robust maintenance of normal
hemispheric motor control demonstrated throughout the
majority of developmental disorder cases in our study and
others suggest at least a partial functional role of motor cor-
tex localized within the dysplastic lesion.

When considering the pathologies of the various develop-
mental disorders present in this study, robust maintenance
of normal hemispheric motor control appears intuitive.
The three main developmental disorders present in this
study—cortical dysplasia, polymicrogyria and grey matter
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heterotopia—all result from abnormal neuronal migration
during development.51,52 Neurodevelopmental disorders in-
volving neuronal migration abnormalities create fundamen-
tally different anatomical implications than acquired
injuries. Acquired injuries ensue blunt damage to key neural
structures involved in motor control; developmental disor-
ders, however, affect localization of corticomotor represen-
tation and its degree of functionality through abnormal
neuronal migration. Specifically, in the case of polymicro-
gyria, the connection between corticomotor representation
and underlying white matter, although altered, is usually
not completely severed.52 This maintenance of the cortex
to white matter tract connections indicates at least partial
motor control from the affected cortex. In the case of ac-
quired injuries, especially very early on in development,
white matter tracts and/or their connections to the cortex
can be rendered completely non-viable. Figure 4 investigates
this phenomenon in depth. Descending white matter tracts
of IEHR patients were universally non-viable, as determined
by the lack of MEP from the affected hemispheres, and sig-
nificant asymmetry of white matter was observed in the cere-
bral peduncle (Fig. 4A and B). Taken together, the
non-viable nature of the white matter tracts and functional
consequences are consistent with the occurrence of IEHR
due to the lack of viable cortex–white matter connection
in the affected hemisphere. The asymmetry of the cerebral
peduncle implies action-dependent development of descend-
ing ipsilateral motor neurons from the unaffected cortex. In
contrast, Fig. 4D shows a patient presenting with right hemi-
spheric focal polymicrogyria. As is evident in this patient’s
motor map (Fig. 3A), the primary hand motor cortex of
the right hemisphere has localized directly over the area of
polymicrogyria. Furthermore, this patient’s dysgenic motor
cortex maintained functional capability, although fine mo-
tor functional deficits were observed. A rare instance of
IEHR pattern of reorganization in a patient with extensive
polymicrogyria is shown in Fig. 4C. In this case, the asym-
metry of the cerebral peduncle appears similar to the cases
in both Fig. 4A and B. Thus, this case appears consistent
with activity-dependent axonal sprouting of the viable hemi-
sphere due to the severe nature of this patient’s polymicro-
gyria producing non-viable cortex to white matter tract
connections within the affected hemisphere. The two cases
show how acquired injuries alter development through blunt
force, whilst developmental disorders are more likely to
maintain partial function. Ultimately, this study’s findings
indicate that developmental disorders of rolandic areas do
not typically inhibit hemispheric competition enough to suf-
ficiently recruit consistent activity of contralesional ipsilat-
eral projections, whilst the damage caused by acquired
injuries is more likely to irreversibly damage the descending
cortex to white matter projections. This corroborates pre-
viously held notions10 and is also concurrent with others’
findings regarding the importance of white matter integrity
and associated reorganization.19

The functional relevance of IAHR versus IEHR is largely
unknown. Previous reports indicate that patients with IEHR

had variable functional outcomes.17,53 Some authors have
found a positive correlation between ipsilateral MEPs and
motor recovery, others a negative one.54–56 When associated
with recovery, the ipsilateral MEPs had low excitability
thresholds and large amplitudes; when associated with
poorer outcomes, only low amplitude MEPs were elicited
at high-stimulation intensities.53,54 However, it remains un-
clear if clinical, pathophysiological or methodological differ-
ences are responsible for the contrasting observations. In our
study, IEHR and acquired injuries were independently asso-
ciated with poor functional outcome, which is consistent
with others.19 Using our results and building off of previous
studies,11,19,26,57 we propose that acquired injuries, especial-
ly those severely affecting descending white matter tract in-
tegrity, significantly cause IEHR, which ultimately leads to
poor functional outcome due to the difficulty of simulta-
neously modulating bilateral representation from a common
cortical location.

In patients with early hemispherectomy, TMS of the in-
tact hemisphere produced ipsilateral MEPs at latencies simi-
lar to contralateral MEPs, with higher amplitudes in
proximal rather than distal muscles.24,30 Patients with late
hemispherectomy had ipsilateral MEPs of longer latencies
and lower amplitudes with poorer outcome compared to
early hemispherectomy patients.24,30 In our study, 5 of the
52 patients underwent either complete or partial hemispher-
ectomy at some point during their treatment. Each patient
demonstrated functional improvement following the proce-
dure. Furthermore, each patient underwent the procedure
early enough (i.e. before 2 years of age) that the remaining
hemisphere was able to acquire bilateral motor function.
The beneficial results of hemispherectomy suggest a release
of inhibitory or degrading functions from the affected hemi-
sphere, which in turns leads to improved functional recov-
ery.20,58 Thus, in the case of IEHR and poor motor
function, hemispherectomy may be a viable treatment for
motor function recovery in addition to the elimination of
seizures.

Additionally, the location of somatosensory cortex fol-
lowing corticomotor reorganization may play a role in the
resulting functional outcome. Some have found that in pa-
tients with substantial sensorimotor lesions early in life, so-
matosensory cortex exhibits a robust tendency to maintain
hemispheric orientation, even if motor function is reorga-
nized to the opposite hemisphere.17,59 The same investiga-
tors also found that when motor and sensory function are
dissociated, the quality of motor function is usually more af-
fected, irrespective of the degree of sensory impairment.17,59

The link between sensory reorganization and motor reorga-
nization needs further study, as the implications of differing
sensory and motor reorganization patterns and their effect
on functional recovery are currently not well understood.

Collectively, the novel information gained from this study
regarding the underlying neurophysiological principles gov-
erning corticomotor reorganization may be useful in devel-
oping new and/or improved therapeutic techniques to
assist in the recovery of motor function. For instance,
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constraint-induced movement therapy (CIMT) has been re-
peatedly shown to facilitate beneficial neuroplastic changes
following unilateral motor cortex injury. Interestingly,
CIMT has been shown to elicit functional outcomes linked
specifically to the type of reorganization present and the tim-
ing of therapeutic intervention relative to an injury.60–62

Overall, this suggests that knowledge of basic neurophysio-
logical principles regarding corticomotor reorganization
type (IAHR or IEHR) is critical to facilitate the optimal level
of functional recovery.

Finally, our results provide evidence for the safety and ef-
ficacy of TMS in localizing eloquent cortex. Studies compar-
ing TMS to various neuroimaging modalities (e.g. PET,
functional MRI and direct cortical stimulation) have re-
vealed substantive TMS accuracy for such purposes, espe-
cially in patients with epilepsy, brain tumour and other
neurological diseases.31,32,63–70 Accurate localization of mo-
tor cortex is challenging in young and developmentally de-
layed patients, and many modalities require substantial
compliance, natural sleep or sedation. Unlike other meth-
ods, TMS is well suited for mapping the motor cortices in
children and patients with cerebral palsy or developmental
delay. Because TMS directly activates the target neurons
and corticospinal tract, it can identify the presence or ab-
sence of motor cortex regardless of the patient’s motor func-
tion or ability, making it uniquely suited for use in those
with hemiplegia or paresis. In this cohort, TMS is also useful
in mapping treatment-induced changes in motor organiza-
tion. Our study serves to add to the literature demonstrating
the efficacy and safety of TMS in these populations, as well
as its utility in studying the impaired motor system.

Limitations
Due to the retrospective nature of this study, it was at times
difficult to find clear measures on each patient. This diffi-
culty stemmed from the broad age range of patients and clin-
ically completed neuropsychological evaluations, resulting
in discontinuity of motor tests performed. Ideally, a prospec-
tive study would delineate age-specific motor tests for pa-
tients with corticomotor reorganization, in order to better
compare functional recovery across reorganization types.
Another limitation to this study was our inability to com-
pare corticomotor reorganization results across brain im-
aging modalities. Although TMS has been repeatedly
shown to have high accuracy rates in comparison to other
neuroimaging modalities, within-subject corticomotor re-
presentation accuracy would have benefited from the con-
vergence of multi-modal brain imaging. More generally,
retrospective chart review studies have inherent disadvan-
tages, as repeated hospital visits result in data misinterpreta-
tion and diagnostic changes over years of evolving medical
records. Future prospective longitudinal studies involving
corticomotor reorganization, functional outcomes and ther-
apeutic techniques catered to specific neurophysiological
changes are needed. Finally, since this study is the first
known study of its kind revealing the potential role of injury

aetiology in resulting corticomotor reorganization and the
nature of IEHR to share cortical real estate, studies seeking
to replicate these results are critical.

Conclusion
The present study examined a largely paediatric clinical co-
hort of unprecedented size and provided novel data regard-
ing the basic underlying neurophysiological mechanisms of
corticomotor reorganization. Key findings included that ac-
quired injuries are much more likely to cause IEHR than
IAHR due to the pathological nature of each lesion and
that IEHR results in shared cortical representation of ipsilat-
eral and contralateral muscles. Furthermore, IEHR and ac-
quired injuries, respectively, were shown to produce
poorer functional motor outcomes. These findings will aid
in refining therapeutic techniques using exact neuroplastic
principles to optimize functional outcome following injury
to the motor cortex in the developing brain.
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