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Abstract

Background and Purpose—To characterize changes in DTI scalars in WM tracts of the 

remaining hemisphere in children after hemispherectomy, assess the associations between WM 

DTI scalars and age at surgery and time since surgery, and evaluate the changes in GM fractional 

anisotropy (FA) values in patients compared to controls.

Materials and Methods—Patients with congenital or acquired neurological diseases who 

required hemispherectomy and high-quality postsurgical DTI data were included into this study. 

Atlas- and voxel-based analysis of DTI raw data of the remaining hemisphere was performed. FA, 

mean (MD), axial (AD) and radial (RD) diffusivity values were calculated for WM and GM 

regions. A linear regression model was used for correlation between DTI scalars and age at and 

time since surgery.

Results—19 patients after hemispherectomy and 21 controls were included. In patients, a 

decrease in FA and AD values and an increase in MD and RD values of WM regions were 

observed compared to controls (p<0.05, corrected for multiple comparisons). In patients with 

acquired pathologies, time since surgery had a significant positive correlation with white matter 

FA values. In all patients, an increase in cortical GM FA values was found compared to controls. 

(p<0.05)
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Conclusions—Changes in DTI metrics likely reflect Wallerian and/or transneuronal 

degeneration of the WM tracts within the remaining hemisphere. In patients with acquired 

pathologies, postsurgical FA values correlated positively with elapsed time since surgery 

suggesting a higher ability to recovery compared to patients with congenital pathologies leading to 

hemispherectomy.
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Introduction

Hemispherectomy is a neurosurgical procedure to treat children with intractable seizures that 

start in childhood, arise diffusely from one hemisphere, and are associated with 

unihemispheric insults.1,2 These include congenital (e.g. hemimegalencephaly and prenatal 

stroke) or postnatally acquired (e.g. Rasmussen encephalitis and traumatic brain injury) 

lesions.1,3

Postsurgical improvement of cognitive and behavioral functions is observed in children after 

hemispherectomy.4–8 Motor, cognitive, and behavioral outcome after hemispherectomy, 

however, differ between children and depend on the etiology and time of onset of the 

underlying pathology and age of the child at neurosurgery.6,9–11 These differences suggest 

that post-hemispherectomy plastic reorganization of brain circuitry may differ based on the 

underlying disease.

We used DTI to investigate the WM architecture of the remaining cerebral hemisphere in 

children after hemispherectomy. We 1) characterized the changes in DTI metrics in WM 

tracts of the remaining hemisphere in children after hemispherectomy and 2) assessed the 

associations between WM DTI scalars and a) age at and b) time since neurosurgery. We 

hypothesized 1) a secondary degeneration of WM tracts in patients compared to controls and 

2) more severe changes in DTI scalars in patients with congenital compared to patients with 

postnatally acquired pathologies. Finally, we 3) evaluated the changes in GM fractional 

anisotropy (FA) values in patients compared to controls.

Materials and Methods

This retrospective study was approved by our institutional review board.

Subjects

The inclusion criteria for this study were 1) status post full anatomical hemispherectomy 

with sparing only of the basal ganglia and thalamus and 2) availability of post-surgical DTI 

data without artifacts. Demographic data and detailed information about etiology causing 

intractable seizures and leading to hemispherectomy (classified as congenital for cortical 

malformations and prenatally acquired lesions and acquired for postnatally acquired 

lesions), age at neurosurgery, and time interval between surgery and DTI study were 

collected by a review of the clinical charts.
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Controls were selected from our neuroimaging database using three criteria: 1) normal brain 

anatomy, 2) absence of neurological disorders, and 3) availability of DTI raw data. MRI 

studies of the controls were acquired for clinical indications such as facial skin lesions or 

evaluation of soft tissue pathologies confined to the head and neck region.

DTI acquisition

DTI data were acquired on two 1.5 T scanners (Philips Medical Systems, Best, Netherlands; 

Siemens Avanto, Erlangen, Germany). On the Philips, DTI dataset was acquired with a 

multislice, single-shot echo-planar imaging (SENSE factor = 2.5) spin echo sequence. 

Diffusion weighting was applied along 32 directions with a b-value of 700 s/mm2. Five 

minimally weighted images (b-value=33s/mm2) were also acquired. For the acquisition of 

the DTI data, the following parameters were used: slice thickness=2.5mm, 

FOV=240×240mm, and matrix size=96×96, reconstructed/interpolated to a matrix of 

256×256. The acquisition was repeated three times to enhance the SNR.

DTI parameters on Siemens scanner: 20 non-collinear directions and a high b-value of 

1000s/mm2 was used. An additional measurement without diffusion weighting (b=0s/mm2) 

was performed. For the acquisition of the DTI data, the following parameters were used: 

slice thickness=2.5mm, FOV=240×240mm, and matrix size=192×192. Parallel imaging 

iPAT=2 with GRAPPA (generalized auto-calibrating partial parallel acquisition 

reconstruction) was used. The acquisition was repeated twice to enhance the SNR.

DTI post-processing

DTI post-processing was performed off-line using MRI Studio software (H. Jiang & S. 

Mori, Johns Hopkins University, available at www.MriStudio.org). The raw diffusion-

weighted images were first co-registered to one of the least diffusion-weighted images and 

corrected for eddy current and subject motion. The following maps were generated: FA, 

color-coded FA, trace of diffusion, axial (AD) and radial (RD) diffusivity, and mean b0. 

After skull-stripping, the images were subsequently normalized to the MNI coordinates 

using b0 images for both the subject and the template. Two “half brain templates” including 

only one cerebral hemisphere (right and left, respectively) were previously created using the 

JHU-MNI template (Supplementary Figure 1). Subsequently, a transformation using a dual-

contrast (FA and trace of diffusion) large deformation diffeomorphic metric mapping 

(LDDMM) was applied.

As the next step, atlas-based analysis (ABA) was performed using the WM parcellation map 

of the “half brain JHU-MNI template” to parcellate the brain into 88 anatomical regions 

including both GM and WM. Because of the reciprocal nature of both linear and non-linear 

transformation, the transformation results were used to warp the parcellation map to the 

original DTI data, thus automatically segmenting each brain into the 88 subregions. After 

exclusion of the extra-cerebral spaces by a trace of diffusion threshold at 0.0045, FA, mean 

diffusivity (MD), AD, and RD values were calculated for following categories of tracts 1) 

projection tracts: posterior limb of internal capsule (PLIC), anterior, superior, and posterior 

corona radiata, (ACR, SCR, PCR), 2) association tracts: cingulate bundle at the cortex 

(CGC), cingulate bundle-hippocampal part (CGH), superior longitudinal fasciculus (SLF), 
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and superior fronto-occipital fasciculus (SFO), and 3) commissural tracts: genu, body, and 

splenium of the corpus callosum (GCC, BCC, SCC) of the remaining hemisphere.12 In 

addition, DTI metrics were collected for the following GM structures: superior parietal, 

frontal, temporal occipital, precentral, postcentral, and cingulate gyri as well as thalamus 

and putamen.

After ABA, voxel-based analysis (VBA) was performed by a normalization of the subject 

data to the template using the LDDMM matrix. Statistical parametric mapping was used to 

assess DTI scalars differences between all patients and controls. VBA was performed with 

SPM8 (www.fil.ion.ucl.ac.uk/spm/software/spm8) for Matlab version 2011b. After masking 

all images with the half brain template, and flipping all images to the left side, images were 

smoothed with a 10-mm full width at half maximum filter. The post-processed scans of the 

patient group were compared to the scans of controls using a two-sample t test, with scanner 

as covariate. For the statistical analysis, an explicit WM mask (FA threshold >0.2) created 

with ROI editor was used. VBA was performed for FA, MD, AD, and RD maps. In our 

analyses we used false discovery rate correction for multiple comparisons with p<0.05 and 

30-voxel extent threshold. Finally, after controlling for correlation for right and left 

structures in our controls we flipped the right half brain to the left for all patients and 

controls, so analysis was done on the left hemisphere.

Statistical analysis

Statistical analyses were performed using SPSS Statistics version 21. Data obtained from 

ABA analysis was compared using a one-way ANCOVA with scanner type as a covariate. 

Post hoc analyses were performed using the Tukey’s significant different test. To evaluate 

the associations between DTI scalars of the selected WM tracts and GM structures and 1) 

age at surgery and 2) time since surgery, a linear regression model was used in which age, 

gender, and disease duration, were considered as covariates. In all our analyses, observed 

differences were considered statistically significant if p-value was less than 0.05.

Results

Subjects

Nineteen patients (13 females, median age at MRI 12.2 years, range 0.9–25.0 years) and 21 

controls (14 females, median age at MRI 12.2 years, range 0.9–29.0 years) were included in 

this study. Median age at surgery and median time since surgery were 3.8 years (range 0.8–

12.9 years) and 7.2 years (range 0.02–18.0 years), respectively. Eleven (5 females) patients 

had a congenital etiology leading to hemispherectomy, 8 patients (all females) had an 

acquired etiology (Table 1). The median age at MRI for the patients with a congenital 

etiology was 8.9 years (range 0.9–20.5 years), median age at surgery 2.7 years (range 0.8–

6.9 years), and median time since surgery 4.6 years (range 0.02–18.0 years). The median age 

at MRI for the patients with an acquired etiology was 14.9 years (range 3.9–25.0 years), 

median age at surgery 4.3 years (range 2.2–12.9 years), and median time since surgery 8.6 

years (range 0.8–16.3 years).
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Atlas-based analysis (ABA) of WM tracts

One-way ANOVA and post hoc analyses revealed significant changes in DTI scalars within 

projection (ACR, and PCR), association (CGC and SFO), and commissural (GCC, BCC, and 

SCC) tracts between patients after hemispherectomy and controls (Supplementary Tables 1 

and 2). When significantly different, FA and AD values were lower and MD and RD values 

higher in patients after hemispherectomy compared to controls (Figure 1). DTI changes 

between both group of patients and controls involved commissural and association tracts 

more than projections tracts. A higher number of differences in DTI scalars and WM tracts 

was found between patients with congenital pathologies and controls compared to patients 

with acquired pathologies and controls. Between patients with congenital and acquired 

pathologies, only FA values in the CGC were significantly different and higher in the 

acquired group (Supplementary Figure 2).

Voxel-based analysis (VBA) of WM tracts

VBA showed decrease in FA as well as increase in MD and RD values in patients after 

hemispherectomy compared to controls (Figure 2). Changes in FA values were similar 

between VBA and ABA, while changes in MD and RD were more prominent for VBA 

compared to ABA. Compared to ABA, VBA did not reveal significant changes in AD. 

Changes in DTI scalars involved commissural and association tracts more than projections 

tracts confirming the ABA results.

Correlation between WM tracts DTI scalars and clinical parameters

In patients with acquired pathologies, age at surgery showed a significant negative 

correlation with FA values and a significant positive correlation with MD and RD values in 

projections tracts (Table 2). In the same group of patients, time since surgery had a 

significant positive correlation with FA values and a significant negative correlation with 

MD and RD values in projections fibers, cingulate bundle at the cortex, and genu of the 

corpus callosum. In patients with congenital etiology, however, only FA values within the 

cingulate bundle at the cortex showed a significant positive correlation with age at surgery 

and a significant negative correlation with time since surgery.

Atlas-based analysis (ABA) and correlation analysis of GM regions

ABA of cortical GM regions revealed significant reduction in FA values within the superior 

frontal, temporal, parietal, occipital, pre- and postcentral, and cingulate gyrus in all patients 

compared to controls (Figure 3). Within the putamen, however, FA values were significantly 

higher in the congenital group compared to both the acquired group and controls. MD, AD, 

and RD did not show significant differences between patients and controls; nor were 

statistically significant correlations with clinical measures observed.

Discussion

The ability of the central nervous system to adapt and reorganize following injury early in 

life is remarkable but has been difficult to study systematically in human infants. Data has 

been mostly accumulated from case studies and suggest that lesions sustained in early 

childhood are associated with better recovery.13 This indicates a prominent structural 
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reorganization of the human brain.14–16 The post-hemispherectomy brain offers a unique 

opportunity for studying the structural and functional neuroanatomical reorganization that 

underlies plasticity. Previous studies in patients after hemispherectomy applied DTI to study 

the reorganization of the motor and sensory tracts.9,17,18 These studies showed marked 

trophic and microstructural changes within the ipsilesional corticospinal tract, while no 

differences were seen between the ipsi- and contralesional medial lemnisci.

We studied the contralateral (remaining) cerebral hemisphere using ABA and VBA.19 These 

post-processing approaches are considered complementary.20 ABA groups voxel values 

within a segmentation resulting in a marked reduction of information (from more than 1 

million voxels within a brain to 176 anatomical regions). This reduction (voxel averaging) 

may lead to a higher statistical power, reduction of noise, and an easier biological 

interpretation. VBA, however, has a higher sensitivity to detect subtle abnormalities that 

may remain undetected by ABA. For both ABA and VBA, we used a half-brain template to 

avoid inaccurate normalization due to ipsilateral brain tissue remnants after anatomical 

hemispherectomy (e.g. thalamus). The accuracy of the brain parcellation hinges on the 

accuracy of the image transformation and subsequent atlas warping. Previous studies 

showed a high level of accuracy using the LDDMM algorithm for populations with marked 

anatomical distortions, various disease models, and different image conditions.21,22 In our 

opinion, the use of a half-brain template and ABA as a low granularity filter helped to 

improve the parcellation accuracy in this study. Although state-of-art methods were used in 

all the steps, we cannot completely exclude minor inaccuracies within brain mapping.

In our study, ABA and VBA provided similar results including decrease in FA value and 

increase in MD and RD values in cerebral WM tracts of patients after hemispherectomy 

compared to controls. In addition, ABA revealed reduced AD values in cerebral WM tracts 

of patients compared to controls. Reduction in FA and AD associated with increase in MD 

and RD is suggestive of secondary Wallerian and/or transneuronal degeneration.23 These 

changes in DTI scalars may indicate increase in isotropic tissue diffusion characteristics 

consistent with the presence of gliosis and the possible increase in extracellular matrix as 

shown by histology in Wallerian and/or transneuronal degeneration.

Between patients with congenital and acquired pathologies, the only significant difference 

was found in FA values of the CGC, which were lower in the congenital group. A previous 

fMRI study showed activation in the cingulate cortex after passive foot dorsiflexion in 

patients after hemispherectomy.24 This may suggest a role of the CGC in rewiring cortical 

regions after hemispherectomy and assuming new functions such as motor tasks. Higher FA 

values suggest a better reorganization in the acquired group matching the better motor 

recovery in these patients.10

Highly different correlations were seen between both patients groups and age at surgery as 

well as time since surgery. In the acquired group, age at surgery negatively correlated with 

FA values, but had a positive correlation with MD and RD values in various components of 

the corona radiata. This suggests a more severe degeneration of projection fibers in children 

who were operated upon at an older age. In this group, early surgery may save the 

contralesional WM tracts from progressive degeneration and support/promote the greatest 
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postsurgical improvement with the application of rehabilitation techniques earlier during 

brain development.25 Time since surgery, however, correlated well with an increasing 

(normalization) of FA values and reduction of MD and RD values in WM tracts. This 

correlation suggests that patients with an acquired pathology have a progressive neuronal 

reorganization.

For the congenital group we found less obvious results. Our structural findings match 

previous outcome studies that show a poorer post-hemispherectomy outcome in patients 

with congenital etiologies.5,10 In patients with congenital pathologies structural and 

functional abnormalities have been shown within the “healthy” cerebral hemisphere.26,27 

Our findings are contrary to the Kennard principle suggesting that the immature brain should 

be more able to recover from injury than the more developed brain.28 More recent studies 

showed that lesions occurring during critical phases of brain development may result in 

severe disabilities caused by disturbed development of the neuronal networks.

In cortical GM regions, ABA revealed a decrease in FA values in patients compared to 

controls. The reduction in anisotropy may reflect increased unoccupied intracellular space 

due to a change in neuronal cell density and/or reduction of the cortical neuropil. However, 

the significance of FA in GM is still poorly understood. Compared to WM, various cell 

types (e.g. neuronal cell bodies, randomly oriented axons, dendritic fibers, oligodendrocytes) 

and extracellular matrices are present in GM structures and may affect the diffusion 

properties and degree of anisotropy.29,30 Putaminal FA values were significantly higher in 

the congenital group compared to both the acquired group and controls. This is an 

unexpected finding. Recently, increase in FA in GM structures after mild traumatic brain 

injury was shown to reflect progressive gliosis.31 In this study, it is unclear whether increase 

in putaminal FA may reflect pre- or post-surgical gliosis in patients with congenital 

etiologies.

We are aware of some limitations of our study. Pre-hemispherectomy DTI data were not 

available for this study. Accordingly, we cannot exclude that presurgical WM 

microstructural alterations may partially explain postsurgical DTI changes. The number of 

patients is rather small. However, few previous pediatric studies are available due to the 

rarity of the surgical procedure. The two groups of patients are of different median age and 

have different age distributions. It is well known that with progressing brain maturation DTI 

scalars evolve. However, the most significant age-related changes in DTI scalars occur 

within the first 4 years of age.32–34 Both studied groups of patients are significantly older 

(median ages of 8.9 and 14.9 years, respectively). The retrospective nature of this study 

made it impossible to correlate longitudinally collected clinical parameters of motor and 

cognitive functions and DTI scalars. Future prospective studies should include pre-surgical 

DTI data and longitudinally collected clinical parameters of neurological functions in order 

to evaluate neuroplasticity in children after anatomical hemispherectomy more accurately.

Conclusion

DTI is an ideal tool to study brain reorganization and may shed light on the structural 

cerebral plasticity in patients after hemispherectomy. Changes in DTI metrics reflect 

Meoded et al. Page 7

Epilepsy Res. Author manuscript; available in PMC 2015 November 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Wallerian and/or transneuronal degeneration of the commissural, association, and projection 

WM tracts within the remaining hemisphere. In patients with acquired pathologies, 

postsurgical FA values tend to normalize over time suggesting a higher potential for 

recovery compared to patients with congenital etiologies leading to hemispherectomy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviation key

ABA Atlas-based analysis

ACR Anterior corona radiata

AD Axial diffusivity

BCC Body of the corpus callosum

CGC cingulate bundle at the cortex

CGH cingulate bundle-hippocampal part

CST Corticospinal tract

FA Fractional anisotropy

GCC Genu of the corpus callosum

LDDMM large deformation diffeomorphic metric mapping

MD Mean diffusivity

PCR Posterior corona radiata

PLIC Posterior limb of internal capsule

RD Radial diffusivity

SCC Splenium of the corpus callosum

SCR Superior corona radiata

SFO superior fronto-occipital fasciculus

SLF superior longitudinal fasciculus

VBA Voxel-based analysis
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Figure 1. 
Results of ABA. Compared to controls, patients with anatomical hemispherectomy because 

of a congenital and acquired underlying etiology showed decrease in FA and AD as well as 

increase in MD and RD in multiple WM tracts. Only results that survived the Tukey’s 

significant different test are depicted with p<0.05. Color bars represent the p-values: 0.001–

0.05 with color gradient from red to light yellow.
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Figure 2. 
Results of the VBA. Compared to controls, patients showed decrease in FA values and 

increased in MD and RD values in all examined WM tracts. Only results that survived false 

discovery rate correction for multiple comparisons are depicted with p<0.05. Color bars 

represent the T statistics.
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Figure 3. 
Results of atlas-based analysis of GM structures. Compared to controls, patients in both 

etiology groups showed decreased FA in all the examined cortical areas with the exception 

of the putamen that showed increased FA in the congenital group. Only results that survived 

the Tukey’s significant different test are depicted with p<0.05. Color bar represents the p-

value: blue-light blue represent PT<CT and red-light yellow represent CT<PT.
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