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Tract-based spatial statistics of diffusion tensor imaging in 
hereditary spastic paraplegia with thin corpus callosum reveals 
widespread white matter changes
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PURPOSE 
We aimed to investigate white matter diffusivity abnormal-
ities in hereditary spastic paraplegia with thin corpus callo-
sum (HSP-TCC) patients in relation with electrophysiological 
findings. 

MATERIALS AND METHODS
Brain magnetic resonance imaging (MRI) and diffusion ten-
sor imaging were performed on four HSP-TCC patients and 
15 age-matched healthy subjects. Voxel-wise statistical anal-
ysis of fractional anisotropy, axial diffusivity, radial diffusivity, 
and mean diffusivity maps were carried out using tract-based 
spatial statistics, and significantly affected voxels were la-
beled using a human white matter atlas. Conventional nerve 
conduction studies, cortical and spinal-root motor evoked 
potentials, and somatosensory evoked potentials were exam-
ined in three patients.

RESULTS
On MRI, all patients had a thin corpus callosum with mild 
T2 hyperintensity in the periventricular white matter. Com-
pared to control subjects, we detected widespread significant 
decreases in fractional anisotropy, and increases in axial dif-
fusivity, radial diffusivity, and mean diffusivity in structures in-
cluding in the corpus callosum, motor, and non-motor white 
matter tracts in HSP-TCC patients. Several different regions 
showed significant reduction in axial diffusivity. Electrophys-
iological studies revealed prolonged central motor conduc-
tion times and reduced cortical motor evoked potentials and 
somatosensory evoked potentials amplitudes in all patients. 
One patient had low sural sensory nerve action potential sug-
gestive of axonal neuropathy.

CONCLUSION
Tract-based spatial statistics of diffusion tensor imaging re-
vealed a more widespread involvement of white matter in 
HSP-TCC patients than has previously been detected by con-
ventional MRI. This may explain the broad spectrum of elec-
trophysiological and neurological abnormalities that compli-
cate hereditary spastic paraplegia in these patients.

H ereditary spastic paraplegia (HSP) describes a group of neurode-
generative disorders that can either be pure (isolated HSP), with 
progressive spasticity, or complicated. HSP is classified as “com-

plicated” when it co-occurs with other abnormalities such as mental and 
cognitive changes, optic atrophy, amyotrophy, ataxia, deafness, ichthy-
osis, and peripheral neuropathy (1, 2). In autosomal recessive HSP with 
thin corpus callosum (HSP-TCC), a form of complicated HSP, a patient 
typically has normal early motor and mental development followed by 
progressive spastic paraparesis, cognitive impairment, sensory distur-
bances, and ataxia during the second decade of life (3). First described by 
Iwabuchi et al. (4), HSP-TCC has been genetically linked to the SPG11 
locus 15q13-15 , although some heterogeneity has been described (5).

There are a few studies in the published literature describing the mor-
phological, pathological, and imaging features of a limited number of 
HSP-TCC patients. The main feature of HSP-TCC seen on structural 
magnetic resonance imaging (MRI) is marked thinning of the corpus 
callosum; this is especially prominent in the genu and the body. In ad-
dition, a subtle, diffuse increase in the T2 signal intensity of the subcor-
tical white matter (WM) and mild cerebellar and thalamic atrophy have 
also been variably reported (1, 6).

Diffusion tensor imaging (DTI) measures the anisotropic diffusion of 
water in WM tracts. In WM, diffusion is anisotropic, i.e. larger along 
the orientation of the axon and restricted in the cross-sectional direc-
tion. WM diffusion properties are influenced by structural factors such 
as the degree of myelination, the homogeneity of the orientation of 
fibers within the bundle, and/or damage. The dominant direction of a 
fiber bundle and the relative strength of diffusion in all directions can 
be estimated by fitting a tensor model to the diffusion data and by deriv-
ing different measures of diffusivity. These diffusivity measures include 
fractional anisotropy (FA), axial diffusivity (AD), radial diffusivity (RD), 
and mean diffusivity (MD). DTI also allows for the visualization of WM 
fasciculi in two and three dimensions as well as the detection of WM 
abnormalities before they are seen by structural MRI (7). Whole-brain 
analysis can be accomplished by tract-based spatial statistics (tract-based 
spatial statistics [TBSS], functional MRI of the brain [FMRIB], the FMRIB 
Software Library [FSL]) that enable voxel-wise analysis of multi-subject 
FA data (8).

Although studies of DTI performed on HSP patients have been pub-
lished, only a few reports on a limited number of patients have described 
the WM abnormalities associated with HSP-TCC (1, 3, 9, 10). None of 
these studies attempted to find correlations between DTI findings and 
functional abnormalities. The goal of this study was to quantify diffu-
sion indices in order to characterize WM changes and then relate those 
changes with functional disturbances on electrophysiological studies.
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Materials and methods
Subjects

The local institutional review board 
approved this prospective study and 
all subjects signed informed consent 
forms before participation. Four pa-
tients with HSP-TCC (three males, one 
female) aged 18, 21, 28 and 18 years, 
(mean age, 21 years), respectively, and 
15 healthy control subjects (mean age, 
22 years; age range, 18–28 years) were 
included in the study. The HSP-TCC 
patients had normal motor and men-
tal development before subsequently 
developing manifestations of spastic 
paraparesis (n=4), peripheral neuropa-
thy (n=4), cerebellar ataxia (n=2), and 
mild cognitive impairment (n=2) at 
some point between the end of their 
first decade and early in their second 
decade of life. The mean duration of 
symptoms was seven years (Table 1). 
All patients met the diagnostic criteria 
for HSP-TCC (11) and had consanguin-
eous parents. Three patients had a sec-
ond-degree relative with similar clini-
cal features; however, genetic studies 
could not be performed due to a lack 
of consent from the patients.

Healthy control subjects were volun-
teers who had no previous neurologi-
cal, psychological, or systemic disease. 
All control subjects had normal results 
on brain MRI.

Image acquisition 
Imaging studies were performed 

on a 1.5 Tesla MR scanner (Magne-
tom, Symphony TIM system, Siemens 
Medical Systems, Erlangen, Germany) 
equipped with an eight-channel head 
coil. Routine brain MRI pulse se-
quences included sagittal and axial 
T1-weighted spin-echo (SE) (TR/TE, 
500/20 ms; matrix, 192×256), axial 
and coronal T2-weighted fast SE (TR/
TE, 4000/100 ms; matrix, 192×256), 
and axial fast fluid-attenuated in-
version-recovery (FLAIR) (TR/TE/TI, 
9000/100/2100 ms; matrix, 192×256) 
images. All images had a 5 mm slice 
thickness with a 10% interslice gap. 
No contrast material was administered 
to patients. A neuroradiologist (K.K.O.) 
and a neuroradiology fellow (E.S.) both 
evaluated MR images in consensus.

For midsagittal evaluation of the 
corpus callosum and an anatomical 
registration, three-dimensional sam-
pling perfection with application-op-
timized contrasts using different flip 
angle evolutions FLAIR (TR/TE/TI, 

5000/400/1800 ms; matrix, 218×256) 
imaging was obtained prior to the 
DTI sequence. DTI used a single-shot 
echo-planar imaging sequence and was 
performed in the axial plane with the 
following parameters: TR/TE, 5814/98 
ms; maximum b factor, 1000 s/mm2; 60 
independent directions; FOV, 230×230 
mm; matrix, 128×128; 25 sections with 
3 mm thickness without any intersec-
tion gap covering the cerebrum, cere-
bellum, and brain stem. 

Data processing and DTI
Voxel-wise statistical analysis of the 

DTI data was carried out using TBSS im-
plemented within the FSL 4.0 software 
package (Centre for FMRIB, Oxford 
University, Oxford, UK). Pre-process-
ing of the diffusion-weighted data in-
cluded head motion and eddy current 
correction and diffusion tensor fitting 
(FSL DTIFit). FA maps were registered 
and aligned to the average space as in-
put for TBSS, and a thinned mean FA 
skeleton was computed. Then voxel-
wise statistical analysis comparing FA, 
AD, RD and MD in control and HSP-
TCC subjects was performed using an 
unpaired t test. The null distribution 
of the cluster-size statistic was built up 
over 500 permutations of group mem-
bership. The resulting Threshold-Free 
Cluster Enhancement output was cor-
rected, and family-wise error-corrected 
maps were obtained with P values less 
than 0.05. The WM structures with sig-
nificant group differences in all diffu-
sion metrics were extracted as regions 
of interest, registered and overlaid 
onto an anatomical template, and la-
beled using the “MR Imaging Atlas of 
Human White Matter” previously gen-
erated by Oishi et al. (12). FA, AD, RD, 
and MD values from the same regions 
of interests were recorded. 

Electrophysiological studies
Three HSP-TCC patients underwent 

electrophysiological studies. Conven-
tional nerve conduction studies were 
performed in upper and lower extrem-
ities. In motor evoked potential (MEP) 
studies, cortical MEPs were recorded at 
both tibialis anterior muscles by apply-
ing transcranial magnetic stimulation. 
Additionally, spinal-root MEPs were 
recorded bilaterally at tibialis anterior 
muscles by applying magnetic stimu-
lation to motor roots over the fourth 
lumbar spinous processes. Central 

motor conduction time (CMCT) was 
calculated as the difference between 
the latency of cortical and spinal-root 
MEPs. Somatosensory evoked poten-
tials (SEP) were studied bilaterally by 
stimulating the posterior tibial nerves 
and recording over the T12 spinal pro-
cess and vertex. Central conduction 
time was calculated as the time be-
tween the latency of the spinal (N22) 
and cortical (P40) SEP potentials. 

Results
Brain structural MRI 

The corpus callosum was diffusely 
thin in all HSP-TCC patients (Fig. 1). 
All patients had either mild (n=3) or 
moderate (n=1) cerebral atrophy with 
a mildly increased T2 signal in the an-
terior (ears of lynx appearance) and 
posterior periventricular WM. We did 
not observe any atrophy of the cerebel-
lum, thalami, or basal ganglia, nor did 
we observe any signal change in these 
structures.

DTI
The TBSS analysis revealed wide-

spread WM alterations. Reduced FA 
and increased RD, AD, and MD (Fig. 
2) dominated in the WM. The entire 
corpus callosum, thalami, internal and 
external capsules, anterior thalamic ra-
diations, bilateral cingulum, fornices, 
superior longitudinal fasciculi, unci-
nate fasciculi, sagittal stratum, brain 
stem, and the cerebellum showed sig-
nificantly lower FA in patients with 
HSP-TCC than in healthy subjects.

The RD was increased in all these 
areas except the corpus callosum  
(Fig. 2a). Furthermore, the corpus callo-
sum showed mostly increased AD and 
MD as well as some small clusters of de-
creased AD in the genu and body. A few 
additional clusters with significantly re-
duced AD were also found in bilateral 
occipital WM, the anterior limb of the 
right internal capsule, the brain stem, 
and middle cerebellar peduncles (Fig. 
2b). No FA increases or MD decreases 
were present. The diffusion measure-
ments in regions of interests from sig-
nificant clusters in patients and from 
corresponding areas in control subjects 
are presented in Table 2.

Electrophysiological studies
The results of the electrophysiolog-

ical assessments are summarized in  
Table 3. Distal sensory axonal neur-
opathy was detected in one patient 
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whose sural nerve sensory action po-
tential amplitudes were decreased bi-
laterally. Furthermore, in one patient, 
cortical MEP response amplitudes 
were reduced, and CMCT was signifi-
cantly prolonged bilaterally. However, 
there were only mild prolongations of 

CMCT in the other two patients. SEP 
revealed bilateral abnormalities in two 
patients while the other patient had 
normal values. In those two patients, 
cortical potential amplitudes were sig-
nificantly reduced and central conduc-
tion time was significantly prolonged.

Discussion
In this study, we evaluated different 

diffusion indices in order to understand 
how WM changes correlate with func-
tional changes in HSP-TCC patients. 
Consistent with previous studies, we 
observed thin corpus callosums and 
subtle WM T2 hyperintensities on struc-
tural MRI (3, 13). Although not an exact 
correlation, DTI provides invaluable in-
formation about the histopathological 
changes within the investigated brain 
parenchyma (7). The FA is an accepted 
measure of WM structural integrity, 
and decreases in the number or pack-
ing densities of axons, changes in their 
collinearity, or decreased orientational 
coherence of fiber tracts may lead to 
reduced FA (7). Whereas AD and RD 
measure the diffusion of water parallel 
to and perpendicular to WM fibers, re-
spectively, MD gives a measurement of 
the average molecular motion indepen-
dent of the direction of diffusion. In-
stead, cellular size, compartmental fluid 
imbalance, and degradation products all 
affect MD (14, 15). A reduction in FA is 
usually accompanied by an increase in 
RD, reflecting a de/dysmyelinating pro-
cess. AD has previously been shown to 
be a primary measure of axonal injury 
(16).

In our study, TBSS analysis revealed 
widespread reductions in FA and in-
creases in MD, RD, and AD in HSP-
TCC patients, with the exception of 
a few significant clusters of decreased 
AD. These changes, suggestive of both 
axonal and myelin damage, were ob-
served in the projection, commissural 
and association fibers of the brain. 
Involvement of the parahippocampal 

Figure 2. a, b. Family-wise error-corrected tract-based spatial statistics reveals regions of 
significantly reduced fractional anisotropy (a, yellow), increased radial diffusivity (a, red), increased 
mean diffusivity (b, yellow), decreased axial diffusivity (b, red), and increased axial diffusivity (b, 
blue) compared to control group (P < 0.05). The fractional anisotropy skeleton projected on the 
mean fractional anisotropy map is shown in green. Mean quantitative values of diffusion indices 
in the regions with significant changes are given in Table 2. Note that changes predominantly 
suggestive of demyelination are seen in the bilateral middle cerebellar peduncles and corticospinal 
tracts, in addition to widespread myelin and axonal abnormalities.

a

b

Figure 1. a–c. Sagittal FLAIR (a) and axial T2-weighted fast spin-echo (b) images of a 28-year-old patient showing thinning of the corpus callosum. 
The thinning is more pronounced in the genu and body (a), and periventricular frontal (ears of lynx appearance) and occipital white matter 
hyperintensity (b). Axial FLAIR image of another patient (c) also shows periventricular white matter hyperintensity.

ba c
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gyri and connected structures such as 
fornices, cingulum, and thalami was 
striking and may partly explain the 
cognitive impairment in patients with 
HSP-TCC. França et al. (10) recently 
demonstrated involvement of the WM 
beyond the corpus callosum and motor 
pathways in HSP-TCC patients. How-
ever, they also observed increased AD 
in the thalamus and frontal WM, but 

not in the posterior regions, whereas 
we observed reduced AD in the corre-
sponding occipital WM. We found that 
the splenium of the corpus callosum, 
which showed no remarkable DTI ab-
normality in the study by França et al. 
(10), was affected in addition to more 
anterior parts of the corpus callosum. 
Along with the lack of any apprecia-
ble RD change on the TBSS map, these 

findings suggest that main histopatho-
logical alteration in HSP-TCC patients 
may be axonal damage rather than de-
myelination in the corpus callosum. 
Based on a postmortem pathological ex-
amination, Wakabayashi et al. (17) also 
proposed that HSP-TCC correlates with 
maldevelopment of the corpus callosum 
and substantia nigra with subtle gliosis 
as well as well-preserved myelin associ-
ated with a severely attenuated corpus 
callosum. However, the general under-
standing is that both maldevelopmen-
tal and neurodegenerative processes oc-
cur throughout the course of HSP-TCC 
(17–19). 

One previous application of DTI in 
motor neuron diseases included 24 pure 
HSP patients and reported significant 
alterations in motor pathways and pro-
jections to the limbic system and corpus 
callosum (20). In our analysis, patients 
with HSP-TCC had additional wide-
spread alterations in other areas, in-
cluding the brain stem, cerebellum and 
anterior thalamic radiations, thalami, 

Table 1. Demographic and clinical features of the patients

   Age at disease Spastic  Peripheral Cognitive 
Patient no Age Gender onset paraplegia neuropathy impairment Ataxia Parkinsonism

1 18 years Male 10 years Yes Yes Mild Yes Yes

2 21 years Male 15 years Yes Yes Mild No No

3 28 years Male 21 years Yes Yes No Yes No

4 18 years Female 12 years Yes Yes No No No

Table 2. FA, MD, AD, and RD values from significant clusters of the patients and corresponding areas of healthy control subjects

                         Patients                             Control subjects

 FA MD  AD RD FA MD AD RD
Affected structure  (×10-6 mm2/s)  (×10-6 mm2/s)  (×10-6 mm2/s)   (×10-6 mm2/s)  (×10-6 mm2/s)  (×10-6 mm2/s)

CC, genu 0.55 1.07 1.80 0.82 0.81 0.69 1.53 0.28

CC, body 0.34 1.46 1.97 1.17 0.62 0.85 1.56 0.53

CC, splenium 0.72 0.89 1.83 0.47 0.87 0.70 1.71 0.21

Cingulate gyrus, R/L 0.38/0.42 0.85/0.78 1.09/1.10 0.73/0.77 0.42/0.46 0.78/0.80 1.10/1.08 0.71/0.74

Fornix, R/L 0.24/0.26 0.90/0.92 1.32/1.45 1.04/1.01 0.30/0.31 0.87/0.99 1.18/1.20 0.82/0.87

ALIC, R/L 0.57/0.55 0.75/0.76 1.26/1.23 0.46/0.52 0.64/0.61 0.69/0.70 1.26/1.24 0.41/0.44

PLIC, R/L 0.67/0.69 0.72/0.73 1.41/1.42 0.39/0.40 0.68/0.70 0.66/0.66 1.29/1.28 0.35/0.35

Thalamus, R/L 0.30/0.32 0.72/0.70 0.94/0.91 0.63/0.61 0.29/0.28 0.71/0.72 0.92/0.92 0.60/0.62

Sagittal stratum, R/L 0.49/0.50 0.88/0.87 1.41/1.49 0.72/0.73 0.58/0.58 0.79/0.78 1.36/1.34 0.51/0.54

UF, R/L 0.53/0.48 0.77/0.81 1.23/1.19 0.58/0.62 0.59/0.58 0.71/0.70 1.24/1.18 0.48/0.47

SLF, R/L 0.38/0.36 0.81/0.80 1.14/1.13 0.64/0.64 0.51/0.50 0.66/0.68 1.0/1.04 0.49/0.51

CST and pons, R/L 0.62/0.57 0.65/0.77 1.17/1.32 0.46/0.50 0.61/0.59 0.74/0.67 1.27/1.18 0.47/0.44

AD, axial diffusivity; ALIC, anterior limb of internal capsule; CC, corpus callosum; CST, corticospinal tract; FA, fractional anisotropy; MD, mean diffusivity; PLIC, 
posterior limb of internal capsule; R, right; L, left; RD, radial diffusivity; SLF, superior longitudinal fasciculus; UF, uncinate fasciculus.

Table 3. Summary of electrophysiological findings

Patient no NCS MEP SEP

1 Low sural SNAP Mild CMCT prolongation Normal

2 - Reduced cortical MEP  Reduced cortical SEP
  amplitude and significant  amplitudes and significant
  CMCT prolongation CCT prolongation

3 Normal Reduced cortical MEP  Reduced cortical SEP
  amplitude and significant  amplitudes and significant
  CMCT prolongation CCT prolongation

CCT, central conduction time; CMCT, central motor conduction time; MEP, motor evoked potential; 
NCS, nerve conduction studies; SEP, somatosensory evoked potentials; SNAP, sensory nerve action 
potential. 
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superior longitudinal fasciculi, uncinate 
fasciculi, and sagittal stratum.

In our patient group, we did not ob-
serve any abnormalities in the corona 
radiata, internal capsules, brain stem, 
or cerebellum on T2-weighted images. 
However, our results suggest anisotropy 
changes along the cortico-spinal tract. 
This is in agreement with electrophysio-
logical findings showing various degrees 
of conduction disturbance in the CMCT 
of three patients.

In addition to MEPs that indicate 
conduction disturbance at the corti-
cospinal motor pathways rostral to L4 
spinal segment, sensory neuropathy of 
an axonal nature has previously been 
reported in HSP; this was also observed 
in one of our patients (21). Further-
more, SEP revealed a bilateral abnor-
mality at the dorsal column-medial 
lemniscal sensory pathways in two pa-
tients, consistent with previous reports 
(22, 23). MEP and SEP abnormalities 
in HSP patients have generally been 
attributed to spinal cord involvement 
(22, 23). However, the abnormalities at 
the internal and external capsules, tha-
lamic projections and brain stem that 
we detected using TBSS-DTI analysis 
may also contribute to MEP and SEP 
abnormalities. Further DTI analysis of 
the spinal cord in HSP-TCC patients 
may advance the understanding of the 
structural abnormalities underlying 
electrophysiological findings associ-
ated with this condition.

Our data supports the involvement 
of the thalamus in the neurodegen-
erative progression of HSP-TCC even 
though its volume and signal on brain 
MRI is normal. This finding agrees 
with previous single photon emission 
computed tomography using N-isopro-
pyl-(iodine-123)p-iodoamphetamine, 
pathological, and MRI morphometry 
studies showing reduced blood flow, 
neuronal loss, gliosis, and atrophy in 
the thalamus (13, 18, 10, 24). 

The primary limitation of this study 
is the lack of genetic analysis due to 
patients’ reluctance. However, the pa-
tients’ clinical history, MRI features, 
and electrophysiological studies, 
which were further supported by pre-
viously published clinical criteria, en-
abled the diagnosis of HSP-TCC. Our 
patient group was small but relatively 
homogenous with respect to the du-
ration and severity of the disease. It is 
possible, though, that the extent and 
severity of DTI abnormalities could 

change depending on the duration 
and severity of the disease and in par-
allel with the changes in the WM (17). 
Given the disorder’s rarity and the 
scarcity of reports in the literature, we 
feel that our results support previous 
histopathological reports proposing 
that the structural changes associated 
with HSP-TCC go far beyond just the 
corpus callosum and motor pathways.

In conclusion, our study provides 
much needed insight into the wide-
spread reduced WM integrity in HSP-
TCC patients, which appears to be sub-
stantially more pronounced than can 
be seen in structural MRI. Furthermore, 
the abnormal motor and somatosen-
sory functions seen in electrophysio-
logical studies may provide a correlate 
for the widespread tissue alterations 
observed by DTI. Future longitudinal 
studies with increased patient enroll-
ment and a spectrum of phenotypes 
will be needed to shed further light 
on the pathophysiology, clinical cor-
relates, and course of HSP-TCC. 
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