
RESEARCH ARTICLE

Functional redundancy of the premotor network in
hemispherotomy patients
Conrad C. Prillwitz1, Bastian David1 , Gottfried Schlaug2, Thomas Deller3, Johannes Schramm4,
Robert Lindenberg5, Elke Hattingen6, Bernd Weber7, Rainer Surges1, Christian E. Elger1 & Theodor
R€uber1,8,9

1Department of Epileptology, University of Bonn Medical Center, Bonn, Germany
2Stroke Recovery Laboratory, Beth Israel Deaconess Medical Center, Harvard Medical School, Boston, Massachusetts
3Institute of Clinical Neuroanatomy, Neuroscience Center, Goethe-University Frankfurt, Frankfurt am Main, Germany
4Medical Faculty, University of Bonn, Bonn, Germany
5Department of History, Philosophy and Ethics of Medicine, Center for Health and Society, Heinrich-Heine-University, D€usseldorf, Germany
6Department of Neuroradiology, Goethe-University Frankfurt, Frankfurt am Main, Germany
7Institute of Experimental Epileptology and Cognition Research, University of Bonn Medical Center, Bonn, Germany
8Department of Neurology, Epilepsy Center Frankfurt Rhine-Main, Goethe-University Frankfurt, Frankfurt am Main, Germany
9Center for Personalized Translational Epilepsy Research (CePTER), Goethe-University Frankfurt, Frankfurt am Main, Germany

Correspondence

Theodor R€uber, Department of Epileptology,

University of Bonn Medical Center,

Venusberg-Campus 1, 53127 Bonn,

Germany. Tel: +49 228 6885 264;

Fax: +49 228 6885 261;

E-mail: theodor.rueber@ukbonn.de

Funding Information

This work was supported by grants from the

BONFOR research commission of the medical

faculty of the University of Bonn (2017-6-02

and 2016-8-07). CCP and BD are recipients

of fellowships from Bisch€ofliche

Studienf€orderung Cusanuswerk. TR is

supported by the Hessian Ministry of

Research and Art’s LOEWE initiative. The

authors thank Esra Aslim for technical

assistance in figure creation. Finally, the

authors are grateful for the kind support

provided by the Verein zur F€orderung der

Epilepsieforschung e.V. in Bonn.

Received: 24 June 2021; Accepted: 30 June

2021

Annals of Clinical and Translational

Neurology 2021; 8(9): 1796–1808

doi: 10.1002/acn3.51427

Abstract

Objective: Using multimodal imaging, we tested the hypothesis that patients

after hemispherotomy recruit non-primary motor areas and non-pyramidal

descending motor fibers to restore motor function of the impaired limb. Meth-

ods: Functional and structural MRI data were acquired in a group of 25

patients who had undergone hemispherotomy and in a matched group of

healthy controls. Patients’ motor impairment was measured using the Fugl-

Meyer Motor Assessment. Cortical areas governing upper extremity motor-

control were identified by task-based functional MRI. The resulting areas were

used as nodes for functional and structural connectivity analyses. Results: In

hemispherotomy patients, movement of the impaired upper extremity was asso-

ciated to widespread activation of non-primary premotor areas, whereas move-

ment of the unimpaired one and of the control group related to activations

prevalently located in the primary motor cortex (all p ≤ 0.05, FWE-corrected).

Non-pyramidal tracts originating in premotor/supplementary motor areas and

descending through the pontine tegmentum showed relatively higher structural

connectivity in patients (p < 0.001, FWE-corrected). Significant correlations

between structural connectivity and motor impairment were found for non-

pyramidal (p = 0.023, FWE-corrected), but not for pyramidal connections.

Interpretation: A premotor/supplementary motor network and non-pyramidal

fibers seem to mediate motor function in patients after hemispherotomy. In

case of hemispheric lesion, the homologous regions in the contralesional hemi-

sphere may not compensate the resulting motor deficit, but the functionally

redundant premotor network.

Introduction

The human motor system consists of highly integrated

cerebral, cerebellar, and spinal populations of neurons

forming a complex network to govern voluntary

movement.1 Lesions on all levels of this network can lead

to impairments, but compensation might occur through

mechanisms of synaptic plasticity, axonal sprouting, and

the use of alternate networks.2 Patients undergoing hemi-

spherotomy for severe and intractable epileptic seizures
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are an extreme example for the study of the compen-

satory capabilities of this network since their large surgi-

cal lesion typically makes a residual compensation

through the affected hemisphere less likely.3 Thus, their

recovery and restoration of motor function has to be

mediated by the intact hemisphere.4,5 This unique ability

to compensate for these large surgical lesions by shifting

functions to alternative cortical structures and corticofu-

gal pathways reveals the motor-network’s seemingly

redundant architecture,1,6 which seems to be more avail-

able as a path of recovery in the developing brain.7 Dif-

ferent aspects of post-lesional motor network changes

have been examined previously, for example, functional

MRI (fMRI) studies employing motor tasks that involve

movements of the impaired limb,4,8 as well as structural

MRI studies focusing on the integrity of cortico-cortical

connections,9,10 and descending motor pathways.11–14

While the post-lesional recruitment of non-primary

motor areas to enable movements of the impaired limb

has been repeatedly observed,15 the contribution of

descending non-pyramidal pathways to motor compensa-

tion remains unclear. Based on animal studies in which

the pyramidal tract was lesioned,16,17 a compensatory role

of non-pyramidal descending pathways such as the

cortico-rubrospinal or cortico-reticulospinal tracts has

been postulated.18,19 In chronic stroke patients, diffusion

tensor imaging (DTI) enabled the reconstruction of corti-

cofugal tracts descending through the pontine tegmentum

and DTI-derived parameters gave evidence for their con-

tribution to motor recovery.14,20,21 As previous DTI stud-

ies could not specify the anatomical correlates of these

tracts with the imaging data available, they were named

alternate Motor Fibers (aMF). While various reports have

confirmed the compensatory role of aMF, their exact role

in motor function, their specific anatomical correlates

and even their existence in humans is still under

debate.12,22 It has been shown that cortico-rubrospinal

and cortico-reticulospinal tracts originate primarily from

premotor areas.6,23 Here, we hypothesized that patients

after hemispherotomy might recover their motor function

through recruitment of cortical motor areas rostral to M1

(i.e., premotor cortex) in the contralesional hemisphere

and that these areas exert their effects on motor output

through fibers in non-pyramidal descending pathways

governing voluntary movement of the impaired extremity.

Twenty-five hemispherotomy patients underwent func-

tional and structural MRI and we performed three con-

secutive steps to test this hypothesis: First, patients

underwent task-based functional MRI (fMRI) to identify

areas being active during movements of the affected and

the non-affected hand. Second, resulting areas of activa-

tion were used as nodes for a cortical analysis of struc-

tural and functional connectivity. Third, brainstem nodes

were defined for an additional structural connectivity

study of descending pathways in this restored network

model.

Subjects and Methods

Study subjects

Our initial sample included 34 patients who had undergone

transsylvian functional hemispherotomy24 for severe phar-

macoresistant epilepsy between 1992 and 2012 (except for

one patient who underwent hemispherotomy before 1992).

Data were acquired between 2011 and 2014. Patients

included in the present analysis had to have an ability to

undergo 2 h of structural and functional MR-scans, in addi-

tion to several hours of language and motor testing over

two consecutive days. Nine of those initial 34 patients were

not able to complete the entire imaging protocol (see below)

and were excluded from the current analysis resulting in a

final group of 25 hemispherotomy patients (13 women;

mean age at scan � SD: 22.8 � 8.5 years; mean age at

surgery � SD: 12.5 � 8.2). Some other details of this

group were previously published.3,14 Underlying patholo-

gies were grouped into the categories “vascular” (such as

perinatal strokes or hemorrhages resulting in poren-

cephaly), “developmental” (such as hemimegalencephaly,

Sturge-Weber syndrome or polymicrogyria), and “progres-

sive” (Rasmussen encephalitis) according to our previous

study.14 All patients received physiotherapy, occupational

therapy, and logotherapy as part of their early rehabilitation

training already in the hospital. There were then admitted

to certified neurorehabilitation centers, where they under-

went specialized neuropediatric rehabilitation for on aver-

age 6 to 8 weeks. Patients were included on average

124.16 months after surgery in this study (see Table 1 for

patient characteristics). Twenty-four subjects (12 women;

mean age � SD: 31.5 � 12.3 years) without a history of

neurological or psychiatric disorders were included as a

control group. The study was approved by the local Institu-

tional Review Board and all participants/their legal guar-

dians gave written informed consent. The difference in

mean age between the patients and the control group is due

to our local IRB allowing the inclusion of minor patients,

since their imaging data could be used on clinical grounds,

but objecting the inclusion of minor healthy control sub-

jects in our study. We have added “age at scan” as a covari-

ate to statistical analyses conducted (see below).

Functional motor assessment

Each patient underwent the Upper Extremity Fugl-Meyer

Score25 (FM-UE) to quantify motor impairment (FM-

UE_motor) and sensation (FM-UE_sensory) of the
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Table 1. Clinical characteristics of the patient group.

ID Lesionside Gender Etiology

Age at

surgery

[years]

Age at scan

[years]

Surgery–scan–

interval

[months]

Total Fugl-Meyer/sub-scores

Total FM-

UE* [max

126]

FM-

UE_motor

[max 56]

FM-

UE_sensory

[max 12]

Patients

1 L M Porencephaly 11 17 68 83 32 7

2 L M Encephalitis 19 20 14 67 20 6

3 R M Porencephaly 17 20 36 67 15 9

4 L F Encephalitis 18 21 26 62 15 5

5 R M Porencephaly 15 18 27 78 25 7

6 R F Encephalitis 31 46 182 68 18 8

7 L F HMEG 6 25 232 95 36 10

8 L F Porencephaly 14 21 91 81 24 8

9 L F Porencephaly 19 21 24 71 26 3

10 L F HMEG 4 m 18 216 78 25 9

11 R M Polymicrogyria 10 24 162 74 18 10

12 R F HMEG 1 12 131 106 46 11

13 L F Encephalitis 7 44 438 71 17 7

14 L F Porencephaly 10 20 124 92 32 11

15 L F Porencephaly 12 23 132 81 25 8

16 R F Porencephaly 11 21 126 75 24 7

17 L M Encephalitis 13 18 70 72 20 6

18 L M Porencephaly 11 19 96 90 35 10

19 R F Encephalitis 7 12 65 105 47 7

20 R F Porencephaly 25 36 130 53 13 2

21 R F HMEG 1 16 189 77 24 7

22 R F Porencephaly 16 27 131 58 14 5

23 R M SWS 2 20 222 90 38 7

24 R M Encephalitis 29 33 45 58 14 4

25 L F Porencephaly 9 20 127 77 27 7

Mean � SD 16 left 13 female 12.5 � 8.2 22.8 � 8.5 124.2 � 92.2 77.2 � 13.7 25.2 � 9.6 7.2 � 2.3

Controls

1 m 44

2 m 18

3 f 27

4 m 30

5 m 22

6 f 22

7 m 23

8 f 22

9 f 21

10 f 20

11 f 49

12 f 50

13 m 53

14 f 25

15 f 22

16 f 28

17 m 33

18 m 34

19 m 58

20 f 48

21 f 19

(Continued)
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impaired upper extremity among other motor tests. As in

a previous study,14 reflex activity and coordination/speed

were excluded from the FM-UE_motor subscore, since

the focus of our study were corticospinal networks, which

we supposed to be more clearly associated with voluntary

motor tasks and which were also tested in the fMRI-

paradigm (see below). (See Fig. 1 for more detail about

the subdivision of the FM-UE score and Table 1 for indi-

vidual patient scores.)

Analysis of clinical explanatory variables of
motor impairment

To identify relevant clinical explanatory variables of FM-

UE_motor, a stepwise regression analysis using Stata/IC

14.2 (StataCorp) was performed among the following previ-

ously identified factors that might have an effect on recovery

of motor function: age at surgery, age at scan, gender (female,

male), affected hemisphere (right, left), and etiology (vascular,

developmental, progressive). Statistical significance was deter-

mined as p ≤ 0.05, and estimator’s robustness were con-

firmed using bootstrapping (10,000 repetitions) initiated by

a randomly but reproducible set seed.

Image acquisition

A 3T MAGNETOM Trio scanner (Siemens Healthineers,

Erlangen, Germany) was used to acquire structural and func-

tional magnetic resonance imaging sequences. The protocol

included 3D T1- and T2-weighted scans, resting-state fMRI,

task-related fMRI, and diffusion tensor imaging (DTI). First,

a 3D T1-weighted (resolution = 1.0 9 1.0 9 1.0 mm3,

TR = 1570 msec, TE = 3.42 msec, flip angle = 15°) and a

3D T2-weighted scan (resolution = 1.0 9 1.0 9 1.0 mm3,

Table 1 Continued.

ID Lesionside Gender Etiology

Age at

surgery

[years]

Age at scan

[years]

Surgery–scan–

interval

[months]

Total Fugl-Meyer/sub-scores

Total FM-

UE* [max

126]

FM-

UE_motor

[max 56]

FM-

UE_sensory

[max 12]

22 m 35

23 m 31

24 m 21

Mean � SD 12 female 31.5 � 12.3

Abbreviations: F, female; FM-UE_motor, Fugl-Meyer motor score of the upper extremity (maximum = 56); FM-UE_sensory, Fugl-Meyer sensory

score of the upper extremity (maximum = 12); HMEG, Hemimegalencephaly; L, left; M, male; R, right; SD, standard deviation; SWS, Sturge-

Weber syndrome; Total FM-UE, Fugl-Meyer score of the upper extremity (maximum = 126).

Figure 1. Subdivisions of the Upper Extremity Fugl-Meyer Score (FM-UE). Maximum scores for each sub-score are provided in parentheses. FM-

UE_motor, Fugl-Meyer motor score of the upper extremity; FM-UE_sensory, Fugl-Meyer sensory score of the upper extremity.
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TR = 3200 msec, TE = 455 msec, flip angle = 120°) were

obtained. Subsequently, subjects were scanned while at rest

(resolution = 3.0 9 3.0 9 3.3 mm3, TR = 2500 msec,

TE = 30 msec, flip angle = 90°, 240 volumes) and while per-

forming a motor-task (resolution = 3.0 9 3.0 9 3.3 mm3,

TR = 3000 msec, TE = 35 msec, flip angle = 90°, 140 vol-

umes). For resting-state fMRI, subjects were instructed to lie

still and fixate a crosshair without thinking on something

particular or falling asleep. If a subject fell asleep or closed

their eyes during resting-state fMRI, the sequence was

aborted and restarted a maximum of two times. During the

following task-related fMRI study, subjects were instructed

to repeatedly move the most distal movable joint of their

impaired upper extremity with a frequency of 2 Hz for

30 sec: Either subjects should repeatedly tap the thumb and

middle finger, or they should repeatedly move the hand or

the forearm. The experiment was set up as a block design

with interleaving periods of rest of the same duration. Move-

ments were trained before entering the scanner room and an

observer was present in the scanner room during all fMRI

measurements to ensure correct execution of the tasks. If the

motor task was not properly conducted (including mirror

movements of the unimpaired hand), the task-based motor

fMRI sequence was aborted and restarted a second and a

third time. The scan session was aborted and the patient was

excluded from the study if the motor task could not be prop-

erly conducted at the third attempt. Before acquisition of

DTI, a 10-min break was taken for patients to rest outside of

the scanner. DTI was performed using a single shot, dual

echo, spin-echo, echo planar imaging sequence (resolu-

tion = 1.72 9 1.72 9 1.7 mm3, TR = 12000 msec,

TE = 100 msec, flip angle = 90°) with 60 directions and a b-
value of 1000 s/mm² as well as six baseline volumes with a b-

value of 0 s/mm². The scanning protocol of the healthy con-
trol subjects was the same as for the patients. All control sub-

jects performed themotor task with either hand separately.

General preprocessing

We first delineated surface representations from T1-

weighted images to provide an anatomical framework as

part of the general preprocessing. In the following multi-

modal analysis, we (1) analyzed task-based fMRI data to

identify cortical areas involved in the movement of

patient’s impaired and unimpaired hands, (2) used the

cortical areas as nodes for a functional connectivity analy-

sis, and (3) defined additional brainstem nodes based on

anatomical knowledge for a final structural connectivity

analysis. These procedures are explained in detail in the

following section (and depicted schematically in Fig. 2).

Figure 2. Schematic of the 3 consecutive steps of imaging analysis applied. FA-map, Fractional anisotropy map; FM-UE_motor, Fugl-Meyer motor

score of the upper extremity; FM-UE_sensory, Fugl-Meyer sensory score of the upper extremity; ICA-based denoising, independent component

analysis-based denoising.
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Structural and functional data were preprocessed based

on the Human Connectome Project’s minimal prepro-

cessing pipeline.26 Briefly, non-brain tissue of T1-

weighted scans was removed prior to intensity inhomo-

geneity correction using FMRIB’s Software Library (FSL)

5.0 (www.fmrib.ox.ac.uk/fsl).27 Due to the vulnerability of

global surface delineation to local anatomical defects as

found in the lesional hemisphere of patients after hemi-

spherotomy, contralesional hemispheres were mirrored

along the x-axis to eliminate those defects from the data.

The resulting symmetric brains consisting of two con-

tralesional hemispheres were passed The T1-derived sur-

faces were registered to the symmetric fsaverage-sym

template to enable comparison of originally left- as well

as right-sided hemispheres.29 After modality-specific pre-

processing steps were completed (see below), DTI and

fMRI data were registered to their respective T1-weighted

volume using boundary-based registration and subse-

quently projected on the fsaverage-sym surface template.

All previously described processing steps were visually

inspected for accuracy by a neuroradiologically trained

rater and manually corrected if necessary.

1 Motor fMRI: Motor fMRI data were analyzed using

FSL Feat27 and Freesurfer28 for surface-based analysis.

Surface-based analysis of fMRI data allows for a more

fine-grained distinction between activation in adjacent

cortical areas as it allows smoothing of time-series data

based on Geodesic rather than Euclidean distance. This

is crucial to distinguish between activation clusters in

primary and non-primary motor and sensory areas.

After removal of non-brain tissue, all data were cor-

rected for motion and slice timing. As EPI-Sequences

suffer from significant susceptibility induced distor-

tions, the Tolerable Obsessive Registration and Tensor

Optimization Indolent Software Ensemble (TORTOISE)

was used to correct those by means of constrained reg-

istration.30 While most patients showed increased head-

motion during movement of the impaired limb, abso-

lute and relative displacement of volumes were smaller

than 1.5 mm and thus considered acceptable. To

address the motor task-related noise within the BOLD-

signal, data were decomposed by means of independent

component analysis (ICA) and manually classified in

signal and noise components following established rou-

tines.31 Noise components were partially regressed out

of the data and the denoised data were projected onto

the individual surface representation derived from the

T1-weighted images and smoothed by a 5-mm Gaus-

sian kernel for all subsequent analysis. A vertex-wise

general linear model (GLM) was applied using the

PALM software package32 and nonparametric permuta-

tion inference to find clusters being active during the

movement of impaired and unimpaired hands in

patients as well as for movement of the left and right

hand in controls. All permutation tests were run with

10,000 repetitions and results were family-wise error

(FWE) corrected for multiple comparisons by means of

threshold-free cluster enhancement.33

2 Resting-state fMRI: Resting-state fMRI data were brain-

extracted and motion corrected prior to slice-timing cor-

rection, susceptibility induced distortion correction, and

ICA-based denoising as described in 1. Suprathreshold

clusters (p ≤ 0.05, FWE-corrected) indicating group-level

activation during the movement of patients’ impaired and

unimpaired hand as described in 1 were binarized and

projected from the inflated gray matter surface into the

cortical ribbon. The resulting n volumetric regions of

interest (ROI) were used as nodes to read out the mean

time series from the resting-state data. Individual n 9 n

adjacency matrices were constructed by computing the

full correlation coefficient between the time series data of

all node pairs. Network-based statistics34 (NBS) were used

to identify differences between the functional connectivity

profile of patients and controls and to find specific sub-

networks associated with sensory and/or motor function

within the patient group. NBS is a power-full method to

control the FWE when performing mass univariate testing

on network data and can be thought of as an application

of conventional cluster statistics35 to a graph.34 All tests

were conducted with an initial network forming threshold

of 3.1 and 10,000 permutations.

3 Diffusion tensor MRI: DTI datasets were brain extracted

and realigned to the mean of the b0 images to address

motion artifacts before correcting for eddy current-

induced artifacts and susceptibility-induced distortions

as described in 1. A probabilistic diffusion model was fit-

ted on the data by using FSL’s BEDPOSTX modeling

crossing fibers using Markov Chain Monte Carlo sam-

pling and diffusion tensors were derived for each voxel

by using FSL’s DTIFIT.36 For probabilistic tractography

of the motor network, the cortical ROIs were obtained

by projecting the group level activation clusters derived

from the patient’s task-based fMRI analysis as described

in 1 into the individual patient or control diffusion

space. As fMRI activation clusters are located within the

cortical ribbon, but the definition of tractography seeds

within gray matter is problematic, all ROIs were pro-

jected into the juxtacortical white matter. This allowed

us to benefit from group-level defined ROIs while taking

subject-specific gyral patterns into account. Additionally

to the cortical/juxtacortical nodes defined by motor task-

based fMRI, five pontine/mesencephalic ROIs were man-

ually defined for each patient and for each of the con-

trols’ hemispheres. ROI delineation was visually guided

by intensity differences on the FA map as well as by
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color-coded diffusion directions of the overlaid principal

vector map in the subject’s individual diffusion space.

Pontine/mesencephalic ROIs included both ipsi- and

contralesional red nuclei (RN), for analysis of cortico-

rubral connectivity. An ROI within the contralesional

base of the pons (BaseP) was defined to perform tractog-

raphy of the pyramidal tract. Due to tract degeneration,

it was not possible to delineate an ROI in the ipsilesional

BaseP. Finally, ipsi- and contralesional ROIs within the

pontine tegmentum (PTeg) were delineated to recon-

struct aMF. Adjacency matrices representing structural

connectivity in each subject were constructed by com-

puting the streamline-count between all pairs of ROIs.

Statistical analysis was conducted as described in 2.

All analyses of functional and structural connectivity

were equally controlled for age at scan and gender and,

when FM-UE_motor was subjected to regression analyses,

FM-UE_sensory was included as a covariate as well.

Results

Clinical explanatory variables of FM-UE
scores

As reported in our previous publication,3,14 the stepwise

regression analysis showed age at surgery to be the only sta-

tistically significant (p < 0.001) explanatory variable for

FM-UE_motor. All other explanatory variables did not

reach significance [age at scan (p = 0.881), affected hemi-

sphere (p = 0.822), etiology (p = 0.887), gender (p = 0.93)],

and were consequently removed from the model. Boot-

strapping confirmed high reproducibility (age at surgery,

p < 0.001) and suggested the inclusion of age at surgery for

further regression analyses. A consecutive simple regression

analysis also confirmed age at surgery as an explanatory

variable of FM-UE_motor (p < 0.001), with an R2 of 0.41:

the younger the patient was at surgery, the less likely he or

she showed motor impairment later.

Imaging explanatory variables of FM-UE
scores

Seven of the initial 34 patients failed to correctly execute

the motor task thrice and were excluded. Two different

patients could not complete the DTI acquisition due to

discomfort resulting in a total of nine patients who were

excluded from the study. Of the 25 remaining patients,

three patients could tap the thumb and the middle finger

as requested, 16 patients had to move their hand instead,

and six patients had to move the forearm. Eleven patients

needed a second attempt for the motor task and four

patients needed a third attempt. Seven patients fell asleep

during the acquisition of the resting-state fMRI, six

patients needed a second attempt after having taken a

break, and one patient needed a third attempt to com-

plete the resting-state fMRI while being awake.

1 Motor fMRI: Clusters representing mean activation dur-

ing movement of patients’ impaired limb (finger, hand,

or forearm) were found within the supplementary

motor area (SMA), premotor area (PMA), inferior

frontal gyrus (IFG), as well as the superior (SPL) and

inferior parietal lobe (IPL, all p ≤ 0.05, FWE-corrected,

see Fig. 3A). Movement of the unimpaired limb

resulted in activation within the primary motor cortex

(M1) and the primary somatosensory cortex (S1), simi-

lar to the activation seen within the control group (all

p ≤ 0.05, FWE-corrected, see Fig. 3B and C). No acti-

vation in the hemisphere ipsilateral to the limb moved

was found in the control group. The additional regres-

sion analysis with functional measures within the

patient group yielded no significant results.

2 Resting-state fMRI: Differences in functional connectiv-

ity between patients and controls were found for the

connection M1–SMA, which was stronger in patients

(p = 0.048, FWE-corrected). The opposite contrast,

testing for stronger connections in controls as com-

pared to patients, yielded no significant results. Regres-

sion analysis revealed a positive correlation between

FM-UE_sensory and the functional connectivity within

the subnetwork consisting of S1–IFG, IFG–SPL, and

SPL–IPL (p = 0.03, FWE-corrected). Regression analy-

ses with FM-UE and FM-UE_motor yielded non-

significant results (see Fig. 4 for details).

3 Diffusion MRI: Group-differences in structural connec-

tivity were found for a subnetwork consisting of the

connections SMA–contralesional-RN (i.e., cortico-rubral

connection/aMF), SMA–contralesional-BaseP (i.e., pyra-

midal tract), SMA–contralesional-PTeg (i.e., aMF), and

SMA–ipsilesional-PTeg (i.e., aMF), which showed a sig-

nificantly stronger connectivity in patients as compared

to controls (p < 0.001, FWE-corrected). The opposite

contrast indicated weaker connections within the cortical

sub-network SPL–M1–IPL in patients as compared to

controls (p = 0.002, FWE-corrected). A regression analy-

sis showed a significant positive correlation between

FM-UE_motor and structural connectivity of the subnet-

work M1–SMA–ipsilesional-PTeg (p = 0.023, FWE-

corrected). No structural connection was found to corre-

late with FM-UE_sensory (see Fig. 4 for details).

Discussion

In the present study we have tested the hypothesis that

patients after hemispherotomy recruit cortical motor
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areas rostral to M1 in the contralesional hemisphere for

voluntary movements of the impaired extremity and that

the output of these areas contribute to non-pyramidal

descending pathways mediating motor recovery. Our

main findings can be summarized as follows: Premo-

tor/supplementary motor areas show widespread activa-

tion, while M1 is not active during movement of patient’s

impaired hand. Descending tracts originating in the SMA

show a higher structural connectivity in patients as com-

pared to controls. Tracts showing a significant correlation

with the degree of motor impairment originate in M1

and SMA, descend through the ipsilesional pontine

tegmentum and correspond to aMF. No correlation with

motor impairment was found for the pyramidal tract.

For the study of motor recovery, patients after hemi-

spherotomy are of paramount interest. The procedure of

hemispherotomy leaves the contralesional hemisphere as

the only possible mediator of motor recovery. Motor

recovery after hemispherotomy, thus, entails the concept

that one hemisphere can compensate for the other.5 More

importantly, brain lesions leading to hemispherotomy and

hemispherotomy itself typically occur during infancy or

early childhood, when the brain is not fully matured and

thought to be most plastic. Indeed, several studies have

shown how early lesions facilitate motor recovery.12,37

K€upper and colleagues observed grasping ability after

hemispherotomy only in patients with pre- or perinatal

lesions.12 The pyramidal tract is bilaterally organized at

birth, but uncrossed connections are pruned around the

age of one and a half years in normal development.

Lesions occurring earlier to the motor system lead to the

preservation of these normally transient ipsilateral con-

nections, which can then be reinforced for motor recov-

ery7 and may mediate distal movements.14 Whereas in

our study, no significant effect of etiology (vascular|devel-
opmental|progressive disorders) on FM-UE_motor could be

observed, age at surgery could explain FM-UE_motor.

The reason for the non-significance of etiology most likely

lies in the broad three-tier classification (vascular|develop-
mental|progressive disorders) and the considerable variance

of age of lesion/the different patient histories within the

classes, which cannot be clearly determined for individual

patients.14 While for the patients with neurodevelopmen-

tal disorders, their fetal onset is subject to informed

Figure 3. Results of motor task-based functional MRI analysis. Mean activation during movement of the impaired hand (A) and the unimpaired

hand (B) in the patients’ group and mean activation of both hands in the control group (C). All results were family-wise error-corrected (FWE-

corrected) by means of threshold-free cluster enhancement. IFG, Inferior Frontal Gyrus; IPL, Inferior Parietal Lobe; M1, Primary Motor Cortex;

PMA, Premotor Area; S1, Primary Somatosensory Cortex; SMA, Supplementary Motor Area; SPL, Superior Parietal Lobe.
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speculation, the lesions of patients with vascular patholo-

gies may be dated to the late third trimester (later than

36 weeks) or the first 6 months after birth.38 Patients in

this group suffered from Rasmussen’s Encephalitis, which

is known to have a median onset age of 6 years.39 Unsur-

prisingly, age at surgery varies between patient subgroups

(developmental < vascular < progressive disorders), as

children with brain lesions occurring earlier in the lifes-

pan are more likely to undergo hemispherotomy earlier.

It may, thus, be discussed to what degree the significant

effect of age at surgery on FM-UE_motor represents a sur-

rogate marker for age of lesion or as to what extent hemi-

spherotomy itself is a stimulus for neuroplastic

reorganization (presuming that earlier hemispherotomy

Figure 4. Results of functional (A and B) and structural (C and D) connectivity analyses. (A) Functional connectivity group difference indicating

stronger connections between SMA and M1 in patients as compared to controls (p = 0.048, FWE-corrected). (B) Functional connectivity sub-

network correlating with the FM-UE_sensory subscore (p = 0.03, FWE-corrected). (C) Structural connectivity differences between patients and

controls. (D) Structural connectivity network correlating with the FM-UE_motor sub-score controlled for FM-UE_sensory. All analysis A–D were

additionally corrected for age and gender. All cortical nodes are defined by the results of the fMRI analysis shown in Figure 3. All pontine/

mesencephalic nodes were manually defined (see body of the manuscript). BaseP, Base of the Pons; IFG, Inferior Frontal Gyrus; IPL, Inferior

Parietal Lobe; M1, Primary Motor Cortex; S1, Primary Somatosensory Cortex; SMA, Supplementary Motor Area; SPL, Superior Parietal Lobe; PTeg,

Pontine tegmentum.
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occurs to a more plastic brain) in addition to the under-

lying lesion. Regardless of whether the hemispherotomy

as such or the lesion leading to hemispherotomy triggers

neuroplastic remodeling, for the study it is important to

note that the surgery–scan interval is sufficiently long (be-

tween 14 and 438 months, in average 124 months; see

Table 1) for the patients to reach a static plateau phase of

motor recovery. While the heterogeneity of the hemi-

spherotomy cohort and the possible effects of two plastic

stimuli (discussed above) complicate the development of

a general timeline for motor recovery after hemisphero-

tomy, in stroke recovery research, 6 months are seen as

the subacute phase in which most the patients’ motor

recovery potential is exploited.40 The results of the cur-

rent study speak in favor of our hypothesis that in the

postoperative brain premotor/supplementary motor areas

giving origin to aMF are recruited as an alternate system

to functionally compensate the motor deficit. aMF are

thought to be the tractography correlate of the cortico-

rubrospinal and cortico-reticulospinal tracts and have

been subject to several DTI studies investigating motor

recovery. However, legitimate skepticism has been fos-

tered as to whether cortico-rubrospinal and cortico-

reticulospinal tracts do exist in humans and as to whether

sensory fibers constitute the neuroanatomical underpin-

ning of aMF instead of motor fibers.22 Indeed, the charac-

terization of aMF has relied less on their anatomical

trajectory and more on their functional relevance as indi-

cated by observed relations between diffusivity parameters

and motor function. A long-standing problem of aMF-

studies is that M1 is used as ROI for the reconstruction

of aMF by means of tractography. Tracer studies in ani-

mals, however, have proven a premotor origin of cortico-

rubral and cortico-reticular connections23 and also a DTI

study has shown how aMF emanate from premotor

areas.41,42 Our study is, thus, the first to investigate struc-

tural connectivity of aMF using cortical seed regions not

defined by anatomical landmarks, but by fMRI. It thereby

links cortical premotor areas to aMF and suggests both as

network alternative to the pyramidal system in the

lesioned brain. While their rudimentary bihemispheric

organization allows other systems, such as the language

and the swallowing system to rely on the built-in redun-

dancy of the other hemisphere,43,44 this does not seem to

be the case for the motor system. Like most complex bio-

logical systems, the brain shares the trait of degeneracy,

which is defined as “the ability of elements that are struc-

turally different to perform the same function or yield the

same output”.45 The premotor network may well be ter-

med a degenerate/functionally redundant (instead of struc-

turally redundant) motor system, as it is structurally

different to M1, but seems to show functional redundancy

in the lesioned brain and is functionally distinct in the

healthy brain. The importance of the SMA is underlined

by the observation that the structural/functional connec-

tivity of five inputs/outputs of the SMA show between-

group differences, whereas only one input/output of the

M1 shows statistically significant differences between

patients and controls. The neuroanatomical underpinnings

of the connections reconstructed remain at least partly sub-

ject to speculation. The higher functional connectivity

between M1 and SMA may be seen as a possible prerequi-

site for re-mapping. The cortical connections to the pons

most likely correspond to corticospinal fibers (connections

to base of the pons) and aMF (connections to pontine

tegmentum). The cortical connections to the ipsilesional

(!) pontine tegmentum are interesting as there are several

animal studies investigating reinnervation after hemidecor-

tation or pyramidotomy which found sprouting of crossing

fibers targeting the ipsilesional red nucleus.17,46 Rubro-

spinal output fibers from the magnocellular part of the red

nucleus also cross the midline (decussation of Forel) and

may, thus, exert control over the contralesional/impaired

side where they have been hypothesized to make connec-

tions with alpha-motoneurons.47 The crossing of rubro-

spinal (!) fibers from the magnocellular part of the red

nucleus, however, cannot be visualized as the caudal exten-

sion of anatomy covered by DTI volumes is limited. (Fig. 5

provides a synopsis of our results.)

There are several caveats to bear in mind when inter-

preting the results of our study: The cross-sectional nat-

ure of our study design makes it more difficult to

determine whether the structural alterations found are

not only epiphenomenal, but the result of preceding plas-

tic remodeling mediating functional compensation. Fur-

thermore, the differing degree of motor recovery in

hemispherotomy patients has prevented our subjects to

conduct a consistent motor task for the fMRI; not all

patients were equally able to tap their fingers or move

their wrist. This is especially relevant as proximal move-

ments are more bilaterally and more anteriorly repre-

sented48 and as motor imagery is thought to activate

premotor and particularly supplementary motor areas.49

Additionally, no electrophysiological measures for mirror

movements were employed and isometric mirror contrac-

tions may have been missed. However, the observed rela-

tion between connectivity indices of connections

originating in these regions and motor function are

indicative of their functional relevance. Lastly, it should

be noted that the reflex activity section and the coordina-

tion/speed section were excluded from the standardized

Fugl-Meyer test and that the test scores are, thus, not

comparable to other studies.

It is our hope that this study will contribute to our nas-

cent understanding of motor recovery after hemispheric

lesions. The great variation of patient histories leading to
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hemispherotomy and the relatively low numbers are the

most important limitation of this study. This weakens not

only the statistical power of analyses run (such as the step-

wise regression analysis), but complicates the search for the

brain’s compensatory strategies after hemispheric lesions.

Importantly, would like to assert that for this reason it has

never been the aspiration of the current study to establish a

generally applicable rule for the description or prediction

of motor recovery in hemispherotomy/hemispherectomy

patients, but to showcase the maximal adaptive potential of

the motor system and highlight its mechanism of recovery.

As mentioned above, in hemispherotomy patients, a maxi-

mally invasive lesion occurs to a brain in a period, where it

is thought to be maximally plastic. Our better understand-

ing of the mechanism of this unparalleled neuroplastic

reorganization that we witness in our patients may inspire

new rehabilitative therapies harnessing the functional

redundancy/degeneracy of the premotor/supplementary

motor network.
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