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 Purpose: To explore white matter (WM) and gray matter tissue 
integrity in the apparently unaffected hemisphere of pa-
tients with herpes simplex encephalitis (HSE) who have 
gross unilateral medial temporal lobe (MTL) lesions and 
both verbal and visuospatial memory defi cits.

 Materials and 
Methods: 

This study had institutional ethics committee approval 
and included written informed consent. Magnetic reso-
nance (MR) imaging was performed in fi ve patients who 
had recovered from HSE (one woman, four men; median 
age, 32 years; interquartile range, 28.5–37 years) and 
51 age-matched controls (30 women, 21 men; median age, 
32 years; interquartile range, 28–37 years). As markers of 
microstructural WM integrity, fractional anisotropy (FA), 
mean diffusivity (MD), axial diffusivity, and radial diffu-
sivity (RD) derived from diffusion-tensor (DT) imaging 
were used. An automated regional brain segmentation 
approach yielded estimates of subcortical volumes, includ-
ing hippocampus, and cortical thickness. Group differ-
ences were evaluated by using permutation tests.

 Results: Examination of standard MR images found unilateral le-
sions in all patients. The patients with HSE showed re-
duced FA and increased MD and RD in several WM tracts 
contralateral to lesions ( P   ,  .05, corrected for multiple 
comparisons). Affected tracts included connections be-
tween the MTLs and other parts of the brain. No signifi -
cant group differences were observed in subcortical volume 
or cortical thickness.

 Conclusion: These results suggest that patients with HSE have reduced 
microstructural integrity of normal-appearing WM con-
tralateral to grossly visible lesions. These subtle lesions, 
detectable at DT imaging, probably contribute to the mem-
ory impairment manifested by these patients.

 q  RSNA, 2010
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to HSE. We excluded one patient ow-
ing to prolonged respirator treatment 
during hospitalization, and three pa-
tients declined to participate. The fi nal 
sample consisted of fi ve patients who 
had recovered from HSE (one woman, 
four men; median age, 32 years; inter-
quartile range [IQR], 28.5–37 years), 
all of whom had positive polymerase 
chain reaction fi ndings for herpes sim-
plex virus type 1. Median time since 
the insult was 4 years (IQR, 2–7 years). 
One patient was left-handed. 

 A neuroradiologist (P.D., with 21 years 
experience) examined all MR images. In 
all patients, liquefi ed cavities were ob-
served in the MTL, with signal changes 
in adjacent tissue ( Fig 1  ). Lesions were 
deemed unilateral, involving the left 
( n  = 3) or right ( n  = 2) hemisphere. 
The term  contralateral hemisphere  in 
the following text indicates the hemi-
sphere contralateral to the HSE lesion. 

 The control group included 51 age-
matched healthy volunteers (30 women, 
21 men; median age, 32 years; IQR, 
28–37 years) drawn from a sample 
described in detail elsewhere (10). 
Appendix E1 (online) and Table E1 

even when such lesions are not detect-
able with standard MR imaging pulse 
sequences. 

 Diffusion-tensor (DT) imaging of-
fers a noninvasive method to explore 
WM integrity in vivo. Deviations in dif-
fusion characteristics may be detected 
in normal-appearing WM, indicating 
abnormalities that are not visible on 
standard T1- or T2-weighted MR im-
ages ( 9 ). We hypothesized that patients 
with HSE would show less anisotropic 
diffusion, smaller subcortical volumes, 
and thinner cortices in the MTL of 
the apparently unaffected hemisphere 
compared with healthy age-matched 
controls. The purpose of our study was 
to explore WM and gray matter tissue 
integrity in the apparently unaffected 
hemisphere of patients with HSE who 
have gross unilateral MTL lesions and 
both verbal and visuospatial memory 
defi cits. 

 Materials and Methods 

 Subjects 
 Our study was approved by the insti-
tutional ethics committee, and all ret-
rospectively enrolled participants gave 
written informed consent. 

 We identifi ed nine patients with 
HSE who fulfi lled the inclusion criterion 
of lesions affecting the MTL. Patients 
were required not to be using medi-
cines that affect the central nervous 
system and not to have secondary inju-
ries, diseases, or complications related 

             Herpes simplex encephalitis (HSE) 
may cause gross uni- or bilateral 
cerebral lesions, usually affecting 

the medial temporal lobes (MTLs) (ie, 
hippocampal formation, entorhinal and 
parahippocampal areas), that are read-
ily imaged by using standard spin-echo 
magnetic resonance (MR) sequences 
( 1,2 ). As all cellular elements are af-
fected, lesions may comprise both white 
matter (WM) and gray matter ( 3 ). Cog-
nitively, the most common long-term 
sequela in HSE is anterograde amnesia 
( 4 ): the impaired ability to form new 
episodic memories. 

 Anterograde amnesia involving both 
verbal and visuospatial memory has 
previously been indicated in patients 
with HSE who have unilateral temporal 
lesions ( 2,5 ). Researchers in other pre-
vious studies ( 6,7 ) have reported that 
damage to the dominant MTL (usu-
ally the left) impairs verbal memory, 
while damage to the nondominant MTL 
(usually the right) impairs visuospatial 
memory. Follow-up analyses of patients 
who have undergone unilateral tempo-
ral lobectomy and have anterograde am-
nesia have shown hitherto undiscovered 
contralateral MTL damage ( 8 ). Thus, 
patients with HSE who have both ver-
bal and visuospatial amnesia may have 
lesions in normal-appearing brain tis-
sue contralateral to the primary lesion, 

 Implications for Patient Care 

 Subtle lesions following HSE can  n

be identifi ed at DT imaging anal-
ysis in areas that appear normal 
with other imaging techniques, 
implying that DT imaging–
derived measures are useful in 
diagnosis and prognosis. 

 The lesions in normal-appearing  n

WM likely contribute to the 
memory impairments typically 
experienced by patients with 
HSE, and knowledge of such 
functional effects may facilitate 
rehabilitation. 

 Advances in Knowledge 

 Reduced microstructural integrity  n

of normal-appearing white 
matter (WM) was observed con-
tralateral to gross unilateral 
lesions following herpes simplex 
encephalitis (HSE). 

 The subtle lesions in normal- n

appearing WM were not evident 
at conventional MR imaging but 
could be detected at diffusion-
tensor (DT) imaging analysis. 

 The severe amnesia of patients  n

with HSE, usually related to 
bilateral lesions, is likely caused 
in part by the reduced WM 
integrity in tracts connecting the 
medial temporal lobe to other 
parts of the brain in the appar-
ently unaffected hemisphere. 

  Published online before print  
 10.1148/radiol.10100179 

Radiology 2010; 257:774–781

 Abbreviations: 
 AD = axial diffusivity 
 DT = diffusion tensor 
 FA = fractional anisotropy 
 HSE = herpes simplex encephalitis 
 HSE L  = HSE lesion in left hemisphere 
 HSE R  = HSE lesion in right hemisphere 
 IQR = interquartile range 
 MD = mean diffusivity 
 MTL = medial temporal lobe 
 RD = radial diffusivity 
 WM = white matter 
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per fection with application-optimized 
contrasts by using different fl ip angle evo-
lutions (3390/388; matrix, 204  3  256; 
fi eld of view, 204; isotropic voxels, 1 mm), 
or SPACE. 

 The DT imaging was performed with 
a single-shot twice-refocused spin-echo 
echo-planar sequence (8200/82;  b  value, 
700 sec/mm 2 ; isotropic voxels, 2 mm). The 
sequence was repeated in two runs 
of 30 gradient directions. Ten images 
with a  b  value of 0 sec/mm 2  (hereaf-
ter,  b  0  image or volume) were obtained 
per run. For morphometry, we used a 
repeated T1-weighted magnetization-
prepared rapid gradient-echo sequence 
(2400/3.61/1000; matrix, 192  3  192; fi eld 
of view, 240; voxel size, 1.25  3  1.25  3  
1.20 mm). DT and magnetization-pre-
pared rapid gradient-echo acquisitions 
were averaged during postprocessing to 
increase the signal-to-noise ratio. 

 DT Imaging Analysis 
 Data were analyzed by using FSL soft-
ware tools (FMRIB Software Library, 
available at  http://www.fmrib.ox.ac.uk
/fsl ) (H.G. and L.T.W., with 2 and 5 years 
experience, respectively). Each volume 
was affi ne registered to the  b  0  volume by 
using FLIRT (FMRIB Software Library) 
and correcting for motion between 
acquisitions and eddy currents. After 
removing nonbrain tissue, fractional 
anisotropy (FA) and eigenvalue maps 
were computed. We defi ned mean dif-
fusivity (MD) as the mean of the three 
eigenvalues, axial diffusivity (AD) as 
the largest eigenvalue, and radial diffu-
sivity (RD) as the mean of the second 
and third eigenvalues. (The nomencla-
ture  axial  and  radial  diffusivity pertains 
to the eigenvalues of the DT relative 
to the principal eigenvector and not 
necessarily to the underlying brain tis-
sue.) FA volumes were skeletonized and 
transformed into a common space by 
using tract-based spatial statistics ( 11 ). 
The tract-based spatial statistics steps 
were executed separately for the HSE L  
and control groups and for the HSE R  
and control groups. All volumes were 
nonlinearly warped to the FMRIB58_FA 
template by using FNIRT (FMRIB Soft-
ware Library). Inaccurate warping may 
occur when structures are present in 

tions, Erlangen, Germany). MR exami-
nations included two T2-weighted pulse 
sequences: fl uid-attenuated inversion-
recovery repetition time (repetition time 
msec/echo time msec/inversion time 
msec, 9000/109/2500; matrix, 448  3  
512; fi eld of view, 448; voxel size, 0.45  3  
0.45  3  6.50 mm), or FLAIR, and sampling 

(online) summarize sample characteris-
tics and results of the neuropsychologic 
assessment. 

 MR Imaging Acquisition 
 Imaging data were acquired by using a 
12-channel head coil with a 1.5-T MR 
imager (Avanto; Siemens Medical Solu-

 Figure 1 

  
  Figure 1:  Unenhanced coronal fl uid-attenuated inversion-recovery, or FLAIR, 
(repetition time msec/echo time msec, 9000/109) and sagittal and axial 
sampling perfection with application-optimized contrasts by using different fl ip 
angle evolutions, or SPACE, (3390/388) T2-weighted structural MR images of 
fi ve HSE patients and one control (32-year-old man). Arrows = lesions, 
 HSEL  = HSE lesion in left hemisphere (HSE 

L
 ),  HSER  = HSE lesion in right 

hemisphere (HSE 
R
 ),  L  = left,  R  = right.   
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quotient. Signifi cant group differences 
were observed in education (patients  ,  
controls), Stroop interference (patients 
 .  controls), verbal fl uency categories 
(patients  ,  controls), and verbal intel-
ligence quotient (patients  ,  controls) 
(Appendix E1 [online]). 

 Patients performed significantly 
worse on both verbal and visuospatial 
memory tests, including all subtests 
of the California Verbal Learning Test 
(CVLT) and Rey-Osterrieth Complex 
Figure Test (ROCF) delayed recall 
(5 and 30 minutes) (all  P   ,  .01). For 
instance, patients with HSE scored 
a median of 22 on the CVLT learning 
subtest and a median of 1 on the CVLT 
5-minute delayed recall subtest, com-
pared with 60 and 14, respectively, for 
the controls (Table E2 [online]). Con-
tinuous Visual Memory Test (CVMT) 
delayed recognition scores tended to 
be lower for patients ( P  = .0504), while 
scores on CVMT total and the initial 
ROCF copy did not show any signifi cant 
group differences. 

 DT Imaging Analyses 
  Figure 2   depicts voxels showing re-
duced FA and increased MD and RD 
in the patients compared with the con-
trols ( P   ,  .05, corrected for multiple 
comparisons). The  Table   gives a sum-
mary of the regional effects (correspond-
ing FA, MD, and RD values are pre-
sented in Table E3 [online]). Median FA 
in the areas showing signifi cant group 
differences in the contralateral hemi-
sphere was 0.47 (IQR, 0.47–0.54) for 
the HSE L  group and 0.57 (IQR, 0.55–
0.59) for controls, a 19% difference. It 
was 0.43 (IQR, 0.43–0.44) for the HSE R  
group and 0.51 (IQR, 0.50–0.53) for 
controls, a 17% difference. No areas 
showed increased FA in the patients. 

 Median MD in areas showing signif-
icant group differences in the contralat-
eral hemisphere was 0.85  3  10  2 3  mm 2 /
sec (IQR, [0.74–0.90]  3  10  2 3  mm 2 /
sec) for the HSE L  group and 0.72  3  
10  2 3  mm 2 /sec (IQR, [0.69–0.75]  3  
10  2 3  mm 2 /sec) for controls, a difference of 
17%. It was 0.89  3  10  2 3  mm 2 /sec (IQR, 
[0.88–0.90]  3  10  2 3  mm 2 /sec) for the 
HSE R  group and 0.79  3  10  2 3  mm 2 /sec 
(IQR, [0.76–0.82]  3  10  2 3  mm 2 /sec) for 

based normalization procedure imple-
mented in FreeSurfer. 

 Statistical Analyses 
 Voxelwise DT imaging analyses for group 
effects (ie, HSE L  group vs controls, 
HSE R  group vs controls) on FA, MD, AD, 
and RD were performed by using per-
mutation-based nonparametric cluster 
inference as implemented in Randomise 
(FMRIB Software Library), which is a 
permutation program. Threshold-free 
cluster enhancement was used for sta-
tistical inference ( 14 ). For the HSE L  
group versus controls, 10 000 permu-
tations were performed. Owing to the 
smaller sample size, 1378 permutations 
were performed for the HSE R  group 
versus controls. 

 To test for group effects on regional 
subcortical volumes while controlling 
for intracranial volume, we fi rst per-
formed linear regression analyses with 
each volume as the dependent variable 
and intracrainal volume as the indepen-
dent variable, saving the unstandardized 
residuals. These residuals were then fed 
into permutation tests by using custom 
Matlab (Mathworks, Nattick, Mass) scripts 
to test for median differences between 
groups.  P  values were Bonferroni cor-
rected by a factor of 46. Vertexwise 
analyses for group effects on cortical 
thickness were carried out with cluster 
sizes tested nonparametrically against 
empirical null distributions as above. 
For all measures, we only considered 
effects in the contralateral hemisphere. 
 P  values less than .05 were considered 
to indicate signifi cant differences. Group 
differences in neuropsychologic mea-
sures were evaluated by using the Mann-
Whitney test. 

 Results 

 MR images obtained with standard se-
quences showed unilateral lesions in all 
patients. 

 Behavioral Results 
 There were no signifi cant differences 
between patients and controls in 12 of the 
16 sample characteristics and neuropsy-
chologic assessment measures, includ-
ing age and performance intelligence 

the standard, but not native, brain, and 
to account for this, areas showing sig-
nal intensity changes in the  b  0  volumes 
were masked. Thus, the warping was 
based only on structures present in 
both native and standard spaces, and 
accuracy was judged to be satisfactory 
(H.G. and L.T.W.). 

 Mean FA volume across subjects was 
computed and thinned to generate a 
mean FA skeleton. We set a threshold 
for the skeleton at an FA greater than 
0.20 to minimize partial voluming and 
excluded parts of the skeleton that in-
tersected the gross lesions. Individual 
FA values were projected onto the skel-
eton, and the resulting data were fed 
into voxelwise statistics. Similar analy-
ses were used for MD, AD, and RD. 

 To verify that significant effects 
were not due to errors in registration 
procedures or other processing steps, 
we  (a)  back-projected signifi cant FA ef-
fects to each participant’s native diffu-
sion space and  (b)  obtained FA, MD, 
and RD directly from a temporal lobe 
region of interest in native diffusion 
space and tested for group differences 
(H.G.). 

 Morphometric Analyses 
 Regional subcortical volumes and cor-
tical thickness were obtained by using 
FreeSurfer software tools (Athinoula 
A. Martinos Center for Biomedical Im-
aging, available at  http://surfer.nmr
.mgh.harvard.edu ). For volume calcula-
tions of subcortical structures, we used 
whole-brain segmentation, which has 
been described in detail elsewhere ( 12 ). 
Cortical thickness measurements were 
obtained by reconstructing representa-
tions of the boundary between WM and 
gray matter and the cortical surface 
and calculating the distance between 
these surfaces at each vertex across 
the mantle ( 13 ). Maps were smoothed 
with a full width at a half maximum of 
30 mm and averaged across partici-
pants. We visually checked all segmen-
tations in the contralateral hemisphere 
for accuracy and corrected minor er-
rors, usually restricted to removal of 
nonbrain tissue included in the cortical 
surface (H.G. and L.T.W.). Intracranial 
volume was estimated by using an atlas-



778 radiology.rsna.org n Radiology: Volume 257: Number 3—December 2010

 NEURORADIOLOGY:  Diffusion-Tensor Imaging: Amnesia after Herpes Simplex Encephalitis Grydeland et al

directly from the temporal lobe region 
of interest in diffusion space also dif-
fered signifi cantly between groups, fur-
ther verifying that the observed effects 
were not due to registration or other 
processing errors (Table E4 [online], 
Fig E3 [online]). 

 Morphometric Analyses 
 No signifi cant differences between pa-
tients and controls were observed in 
subcortical volumes (including hippocam-
pus) or cortical thickness in the contral-
ateral hemisphere (Fig E4 [online]). 

 Discussion 

 In our study, memory-impaired HSE 
patients with unilateral lesions on stan-
dard MR images were shown to have 
areas of altered diffusivity in the hemi-
sphere contralateral to the MR-detected 
lesions. Notably, these contralateral ab-
normalities in diffusivity affected tracts 
connecting the MTL with other parts of 
the brain, including those involved in 
memory processing ( 15 ). Researchers 
in previous studies of HSE have reported 
changes in WM diffusivity ( 16,17 ) and 
volume ( 18,19 ) in temporal areas com-
prising these tracts. However, these studies 
did not explore normal-appearing brain 
tissue specifi cally. Our fi ndings suggest 
that reduced WM integrity in seemingly 
unaffected areas in the hemisphere con-
tralateral to the primary HSE lesions 
is involved in the impaired memory ob-
served in these patients. 

 The reduced WM integrity could 
be explained by bilateral damage caused 
directly by the herpes simplex virus or 
by secondary immune-mediated mech-
anisms ( 20 ). Postmortem fi ndings in 
29 patients with HSE invariably showed 
bilateral asymmetric distribution of her-
pes simplex virus antigen in different 
brain areas (including MTL), indica-
tive of disease progression from one 
hemisphere to the other ( 21 ). Acyclo-
vir treatment may hamper this bilat-
eral spread ( 22 ), but both hemispheres 
could still be affected even if it is not 
observable at neuroradiologic exami-
nation. It has been published ( 1 ) that 
MR spectroscopy of one patient with 
HSE who had only right temporal lobe 

trols, a 15% difference. No areas showed 
decreased RD in the patients. 

 No signifi cant differences were found 
in AD between patients and controls in 
the contralateral hemisphere. 

 Figure E2 (online) shows back-
projected signifi cant FA effects super-
imposed on the FA volumes of each pa-
tient and fi ve age- and gender-matched 
controls, demonstrating good alignment 
between the skeleton and the native 
space in the temporal areas. In addi-
tion, FA, MD, and RD values obtained 

controls, a difference of 12%. No areas 
showed decreased MD in the patients. 

 Median RD in areas showing sig-
nifi cant group differences in the con-
tralateral hemisphere was 0.63  3  10  2 3  
mm 2 /sec (IQR, [0.52–0.64]  3  10  2 3  mm 2 /
sec) for the HSE L  group and 0.50  3  
10  2 3  mm 2 /sec (IQR, [0.47–0.53]  3  
10  2 3  mm 2 /sec) for controls, a 23% differ-
ence. It was 0.63  3  10  2 3  mm 2 /sec (IQR, 
[0.62–0.65]  3  10  2 3  mm 2 /sec) for the HSE R  
group and 0.54  3  10  2 3  mm 2 /sec (IQR, 
[0.52–0.56]  3  10  2 3  mm 2 /sec) for con-

 Figure 2 

  
  Figure 2:  Mean tract-based spatial statistics skeletons (blue) superimposed on the mean FA images 
show voxelwise group differences (red voxels;  P   ,  .05, corrected for multiple comparisions) for FA, 
MD, and RD. Top three rows: HSE 

L
   (HSEL)  group versus controls  (CON)  (tract-based spatial statistics 

skeleton mask = 122 373 WM voxels). Bottom three rows: HSE 
R
   (HSER)  group versus controls (tract-

based spatial statistics skeleton mask = 118 710 WM voxels). Both patient groups showed reduced FA 
and increased MD and RD in the contralateral hemisphere (red boxes) compared with controls. Number 
in upper right corner of each image is the Montreal Neurological Institute  y  coordinate.   
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in morphology, at least in some areas. 
However, the limited statistical power of 
our study may have precluded detection 
of subtle morphometric effects, and it 
is premature to conclude that such ef-
fects do not exist on the basis of our 
analyses. Larger samples are needed to 
explore this hypothesis. 

 Diffusion properties of the arcuate 
fasiculus, fornix, inferior fronto-occipital 
fasciculus, inferior longitudinal fascic-
ulus, parahippocampal cingulum, and 
uncinate fasciculus have been related 
to memory functions in epilepsy and 
schizophrenia ( 29,30 ). In our study, dif-
ferences in diffusivity between patients 
and controls were observed in all these 
tracts. Patients also showed substantial 
defi cits on tests assessing verbal and 
visuospatial memory. Researchers in 
previous lesion ( 6,7 ) and functional MR 
imaging ( 31,32 ) studies have reported 

multiple-comparisons correction. Sub-
cortical volume and cortical thickness 
reductions in the MTL have been docu-
mented in HSE ( 18,19,26 ), but not spe-
cifi cally concerning normal-appearing 
brain tissue. In 35 patients with primary 
progressive multiple sclerosis who had 
reduced FA in normal-appearing WM 
tracts, Bodini et al ( 27 ) found gray mat-
ter atrophy in some anatomically corre-
sponding areas but not others. DT im-
aging and morphometry may therefore 
be complementary and relatively inde-
pendent neurobiologic markers of sub-
tle structural alterations ( 28 ). Accord-
ingly, we have previously found that DT 
imaging indexes are sensitive to normal 
age-related WM changes decades prior 
to tissue loss ( 10 ). Thus, subtle patho-
logic changes may manifest primarily as 
microstructural changes as measured 
at DT imaging and, to a lesser extent, 

damage visible on T1- and T2-weighted 
MR images showed a reduced  N -acety-
laspartate–to-choline ratio, indicating 
neuronal loss, in the normal-appearing 
left temporal lobe. On the basis of our 
current data, we cannot rule out the 
possibility that the altered diffusivity is 
mediated by secondary lesion-related 
mechanisms ( 9 ). Images from acute stages 
are needed to address the question of di-
rect and secondary effects. The RD in-
creases observed in our study may partly 
be caused by demyelination ( 23,24 ), al-
though other factors, such as axonal loss, 
fi ber density, axonal diameter, and in-
tegrity of cell membranes, probably con-
tribute considerably to the degree of 
anisotropy ( 25 ). 

 No group differences in subcorti-
cal volumes (including hippocampus) 
or cortical thickness were observed 
in the contralateral hemisphere after 

 Number of Voxels Showing Signifi cant Differences in FA, MD, and RD in Patient Groups versus Controls 

HSE 
L
  Group HSE 

R
  Group

Tract FA MD RD FA MD RD

Anterior corona radiata NS NS 156 (10) 1054 (63) NS NS
Anterior thalamic radiation 259 (4) 7 (0) 282 (5) 1253 (17) 143 (2) 133 (2)
Cerebellar peduncle 11 (1) NS 22 (1) 686 (37) NS NS
Corpus callosum
 Body NS NS 90 (6) 494 (31) 199 (12) 193 (12)
 Splenium NS NS 228 (19) 139 (12) 86 (7) 99 (8)
Corticospinal 777 (17) 225 (5) 1063 (23) 471 (11) 144 (3) 115 (3)
Dorsal cingulum NS NS NS 580 (27) 1 (0) 77 (4)
External capsule 519 (41) 294 (23) 536 (42) 90 (6) NS NS
Forceps major NS NS 22 (1) 50 (2) 13 (0) 280 (10)
Fornix and stria terminalis 154 (59) 31 (12) 119 (45) 87 (26) NS NS
Inferior fronto-occipitial fasciculus 1171 (13) 368 (4) 1240 (14) 1589 (19) 40 (0) 294 (4)
Inferior longitudinal fasciculus 800 (13) 302 (5) 1282 (21) 714 (10) 61 (1) 267 (4)
Internal capsule
 Posterior limb 369 (41) 155 (17) 432 (48) NS NS NS
 Retrolenticular part 433 (57) 57 (7) 365 (48) 79 (11) NS NS
Parahippocampal cingulum NS NS 246 (35) NS NS 7 (1)
Posterior corona radiata 36 (5) NS 120 (16) 126 (18) 212 (30) 193 (28)
Superior corona radiata 198 (14) 119 (8) 621 (44) 246 (18) 68 (5) 120 (9)
Superior longitudinal fasciculus
 Entire tract  585 (8) 538 (7) 1086 (15) 851 (11) 7 (0) 3 (0)
 Temporal part 417 (14) 257 (9) 562 (19) 448 (10) NS NS
Unicinate fasciculus 39 (2) NS 100 (4) 970 (27) NS NS

Note.—Data are numbers of voxels signifi cantly different from those in controls, with percentage of total voxels in that tract in parentheses. Changes in HSE L  group were in the right hemisphere, and 
those in the HSE R  group were in the left hemisphere. Binary masks based on probabilistic Johns   Hopkins University WM tractography atlas and on the International Consortium for Brain Mapping DTI-
81 WM labels atlas indicated the anatomic localization (14) (see Figure E1 [online] for tract renderings). NS = no signifi cant differences.
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