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BACKGROUND AND PURPOSE: Human prion diseases are known to cause gray matter degeneration in
specific cerebral structures, but evidence for white matter involvement is scarce. We used DTI to test
the hypothesis that white matter integrity is disrupted in human CJD during the early stages of the
disease.

MATERIALS AND METHODS: Twenty-one patients with the E200K variant of CJD and 19 controls
participated in DTI studies conducted on a 1.5T MR imaging scanner. The data were quantitatively
analyzed and mapped with a voxelwise TBSS method.

RESULTS: We found significant reductions of FA in patients with CJD in distinct and functionally
relevant white matter pathways, including the corticospinal tract, internal capsule, external capsule,
fornix, and posterior thalamic radiation. Moreover, these FA deficits increased with disease duration,
and were mainly determined by increase of radial diffusivity, suggesting elevated permeability of
axonal membranes.

CONCLUSIONS: The findings suggest that some of the symptoms of CJD may be caused by a
functional dysconnection syndrome, and that the leukoencephalopathy is progressive and detectable
fairly early in the course of the disease.

ABBREVIATIONS: AD � axial diffusivity; CJD � Creutzfeldt-Jakob disease; FA � fractional anisot-
ropy; MD � mean diffusivity; MMSE � Mini-Mental State Examination; RD � radial diffusivity;
TBSS � tract-based spatial statistics

Human prion diseases present a scientific challenge and a
public health concern. The putative pathogenic agent is

unlike any other: it lacks nucleic acids and conventional ge-
netic material, it demonstrates extraordinary resistance to
chemical and physical inactivation, and its reproduction and
infectivity may be mediated primarily by conformational
changes.1 CJD is the most common human prion disease, and
its etiology can be inherited, infectious, or sporadic. Clinical
presentation is characterized by rapidly progressive demen-
tia, ataxia, and myoclonus, and it is invariably fatal; typical
duration of survival after onset ranges from a few months to
a year.

The early evolution of CJD in the human brain is not well
understood. Neuropathologic studies demonstrate deposition
of the abnormal prion protein (PrPSc), astrogliosis, spongi-
form change, and neuronal loss in the striatum, thalamus,
cerebellum, and cortex,2 but these observations are typically
made at terminal disease stages. Recent neuroimaging work

with DWI has confirmed the involvement of these structures
at early stages of the disease,3-6 but these studies were all fo-
cused on reduced diffusion in cerebral gray matter, thought
to reflect the PrPSc deposition and/or vacuolation.7,8 It is
likely that PrPSc propagates along white matter path-
ways,9,10 and such propagation studies may reveal the
spread of the pathogen in the human brain. We aimed to
test the hypothesis that there is a specific white matter dys-
function in the early stages of CJD. We assessed WM integ-
rity by DTI, a method of quantifying displacement of water
molecules that are interacting with surrounding micro-
structural environments, such as cell membranes, macro-
molecules, and nerve fibers.

Materials and Methods

Subjects
As part of a prospective imaging study of CJD, 21 patients with famil-

ial CJD and 19 healthy controls from the same families were recruited.

Patients all had a clinical diagnosis of probable CJD by World Health

Organization criteria,11 with at least 2 of the following: rapidly pro-

gressive dementia, myoclonus, visual or cerebellar symptoms, pyra-

midal or extrapyramidal dysfunction, or akinetic mutism. To ensure

correct diagnosis, all patients were confirmed positive for the E200K

mutation of the PRNP gene and all were followed until death. MR

imaging scans were conducted early in the course of the disease, an

average of 2.81 � 2.02 months from symptomatic onset, when they

were, generally, not yet demented. The controls were members of the

same families who were confirmed to be negative to the E200K mu-

tation, healthy by history, and had medical and neurologic examina-

tions and neuropsychological testing. The study was approved by the

institutional review boards of the Sheba Medical Center, Israel, and

the Mount Sinai School of Medicine, New York.
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MR Imaging Acquisition
Scanning was performed at the Sheba Medical Center, Israel, on a

1.5T Signa Excite system (GE Healthcare, Milwaukee, Wisconsin)

with a standard quadrature head coil. As part of the standardized

study protocol, MR imaging sequences included a single-shot

echo-planar pulsed gradient spin-echo DTI sequence, with b �

1000 seconds/mm2. Imaging parameters include 25 contiguous

5-mm axial sections, FOV 260 mm, TR 8300 ms, TE 94 ms, flip

angle 90°, with an acquisition matrix of 128 � 128, zero-filled to

256 � 256, yielding the reconstructed in-plane image resolution of

1.0 � 1.0 mm. The DTI sequence acquired a non-diffusion-

weighted image (b � 0 seconds/mm2, T2-weighted) and a diffu-

sion-weighted image (b � 1000 seconds/mm2) along each of 25

noncollinear gradient directions.

Occasionally, severe signal loss in a diffusion-weighted image was

detected, and inclusion of the artifacts led to erroneously derived DTI

indices. For quality assurance purposes, we discarded a DTI volume if

the mean intensity of a section was more than 4 standard deviations

below the mean of all 25 DWI volumes. Of the 1040 volumes in the

study, a total of 29 volumes (5 in controls and 24 in patients) were

discarded. The artifact was not spatially selective, and it is not clear

whether it was related to a scanner malfunction, bulk head move-

ment, or CSF pulsation.12

Image Analysis
Voxelwise image processing was performed by the FDT (diffusion

toolbox) and TBSS tools provided by FMRIB software (http://www.

fmrib.ox.ac.uk/fsl/).13 For each subject, motion and eddy current dis-

tortion were reduced by registering each diffusion-weighted image

with its b � 0 image with affine transformation using FLIRT.14 A

binary brain mask was created by applying the BET15 tool to the b �

0 image. The 6 tensor elements were calculated by a linear least-square

fitting method, and 3 eigenvalues (�1 � �2 � �3) were derived.

We evaluated 4 common indices: MD, RD (diffusivity perpendic-

ular to the principal axis, ie, across the axonal membrane), AD (dif-

fusivity along the principal axis, ie, within the axonal length), and FA.

DTI Voxelwise Analysis
Final analysis was performed by TBSS.16 In the spatial normalization

step, individual FA maps were warped to match the default

FMRIB58_FA template, using a nonlinear registration algorithm

(FNIRT), to fit the standard Montreal Neurological Institute stereo-

tactic space. Residual misregistration was reduced by tracing tract

centers within thick fiber bundles, transforming 3D fiber bundles into

a “skeleton,” thereby ensuring exclusion of other tissue or fluid.16

Last, both nonlinear transformation and projection parameters de-

rived from the FA maps were applied onto corresponding MD, RD,

Fig 1. A flow diagram of voxelwise analysis performed by TBSS. After spatial normalization to a stereotactic space using a default FMRIB58_FA template, tracts are traced in FA, AD,
and RD maps. Voxels surviving P � .05 (corrected for multiple comparisons) are overlaid onto a group averaged FA map and their anatomic correspondence is defined by ICBM-DTI-81
white matter and Harvard-Oxford subcortical structural atlases.
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and AD images to produce skeletonized maps of the 4 DTI indices, as

shown in Fig 1.

Voxelwise statistical analysis was performed on thresholded (0.2)

skeletonized FA maps by the nonparametric randomization method

with age entered as a covariate. Significance was determined by the

threshold-free cluster extent algorithm17 at P � .05, corrected for a

multiple comparison. To maintain a conservative approach, all sig-

nificance tests were 2-tailed. The cerebellum was only partially ana-

lyzed, due to incomplete brain coverage of some subjects. Anatomic

locations of significant clusters were determined by the ICBM-

DTI-81 WM labels atlas18,19 for the internal capsule, external capsule,

corpus callosum, and cerebral peduncles; by the Harvard-Oxford

subcortical structural atlases (http://www.cma.mgh.harvard.edu/)

for the brain stem and thalamus; and by the Talairach atlas (http://

ric.uthscsa.edu/) for the frontal lobe. FA, MD, AD, and RD values

were also extracted from the skeletonized regions where FA differ-

ences were significant. The extracted values were then subjected to

post hoc regression analyses.

Results
Controls (n � 19, age 56.6 � 9.9 years, 9 men) were free of
cognitive deficits, as measured by the MMSE20 (28.8 � 1.5),
and neurologic symptoms, as measured by the structured
Clinical Neurological Scale3 (0.5 � 0.8). Patients did not differ
from controls on age or sex distribution and demonstrated the
expected symptoms (Table 1); they survived 4.25 � 4.73
months after the MR imaging scans.

No voxels demonstrated higher FA in patients than con-
trols. Voxelwise analysis of the white matter revealed de-
creased FA among the patients in the brain stem, cerebral pe-

Table 1. Patient characteristics (mean � SD of numeric variables)

Total number 21
Age (years) 59.4 � 7.4
Male/Female 13/8
MMSE 20.9 � 6.7
Clinical Neurological Scale 12.1 � 5.8
Duration of illness (months) 2.8 � 2.0
Survival after MRI (months) 4.3 � 4.7
Symptoms (%)

Brain stem dysfunction 57%
Frontal release signs 86
Cerebellar signs 90
Extrapyramidal signs 86
Pyramidal signs 76
Cognitive impairment (MMSE�24) 60

Fig 2. Pattern of reduced fractional anisotropy (green) in patients with CJD compared with healthy normal controls. Results are overlaid onto a representative anatomic scan in Montreal
Neurological Institute standard brain (MNI152) stereotactic space. Arrows indicate corresponding anatomic regions. Voxels are considered significant at a threshold of P � .05 (corrected
for multiple comparisons).
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duncle, cerebellar peduncle, corticospinal tract, thalamus,
internal capsule (anterior limb, posterior limb, and retrolen-
ticular), external capsule, fornix, corpus callosum, and frontal
lobe, including corona radiata (anterior, superior, and poste-
rior), posterior thalamic radiation, and sagittal striatum. The
color-coded voxels in Fig 2 represent significantly reduced FA
in patients. Within those clusters, group average MD, AD, and
RD were derived as shown in Fig 3, and corresponding per-
centage group differences were calculated. Mean FA values
were 0.43 � 0.02 in controls and 0.38 � 0.02 in patients (t37 �
6.61, P � .0001). On average, FA in patients was 12% lower
than in controls, and MD was elevated by 7%. Comparison of
axial and radial diffusivities within the same clusters indicated
nearly equal axial diffusivities between the groups (within
2%), while radial diffusivity was substantially elevated (11%)
among the patients. The mean FA of the significant voxels was
significantly correlated with duration of illness within the pa-
tients (r � �0.51, P � .02; Fig 4). The linear regression equa-
tion (FA � 0.397 � 0.0055 � Duration) indicates that the FA
deficit, compared with controls, would increase from approx-
imately 8% at duration 0 (onset of disease) to approximately
20% after 10 months.

Discussion
Gray matter neuropathology at the terminal stage of disease is
well described in CJD and primarily involves the cerebellum,
striatum, thalamus, and cortex. There is also emerging con-
sensus regarding imaging findings at early stages of the disease,
which consist of reduced diffusion of striatum and thalamus.
DWI is not sensitive to cerebellar degeneration,3 and cortical
diffusion reductions are easily detectable only in individual
patients; it is not yet established why these are elusive in group

analyses.5 All these brain areas are richly interconnected by
known white matter pathways, and constitute known func-
tional circuits concerned primarily with movement control.
Prions are suspected to propagate along axonal tracts, and the
extensive connectivity among the known gray matter sites of
degeneration in CJD should reveal this propagation.

In animal models of prion infection, it is clear that prions
can invade the brain through peripheral neuronal path-
ways.9,21,22 Animal models of CJD also demonstrate white
matter deposition of PrPSc, astrocytes, and vacuolization, all of
which are hallmarks of CJD pathology, as well as damage to
myelinated axons.1,10,23-26 Recently, new evidence is accumu-
lating to suggest a fundamental relationship of the prion pro-
tein to WM. While predominantly neuronal, PrPC (the nor-

Fig 4. Pearson product-moment correlation between duration of illness and averaged FA
over the significant voxels. Open circles represent mean FA values of each patient. The
filled circles and error bar represent the mean and standard deviations of FA in controls.

Fig 3. Group averaged DTI indices of the significant voxels shown in Fig 1. Group averaged values of (A) FA, (B) MD, (C) AD, and (D) RD are plotted by diagnosis. The error bars represent
standard deviations.
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mal cellular precursor protein) is also expressed in astrocytes
and oligodendrocytes.27 PrPC appears to be necessary for my-
elin protection and maintenance28; its replacement by PrPSc in
CJD may well cause myelinopathy. This finding has now been
extended to the early development of Prnp 0/0 mice, which
display deficits in motor coordination and balance and vacu-
olation in several WM tracts at age 6 months.29

In the human brain, pathologic studies of terminal CJD
reported axonal damage, and suggested the possibility of ret-
rograde axonal transport of prions, infecting multiple sites
along neuroanatomic pathways.27,30-32 In the Japanese panen-
cephalopathic variant (pCJD), WM damage has been noted in
the internal capsule, brain stem, and middle cerebellar pedun-
cles,33 consistent with our imaging findings. In vCJD (the vari-
ant CJD associated with consumption of tainted beef), vacuo-
lation, PrP deposition, and glial cell reaction were observed in
the cortical WM of all 11 cases studied.34 The suggestion was
made that PrPSc was leaking from damaged axons, and the
cerebral cortex may be affected by prion pathology spreading
through ascending fiber tracts. However, human WM findings
are scarce in sporadic CJD, the most common sporadic
type.35-37

It is plausible, thus, that white matter pathways between the
injured gray matter sites are affected in CJD, but robust evi-
dence has been lacking until now. The current study provides
such evidence through DTI-derived indices: FA, MD, RD, and
AD. FA is the most widely reported quantitative index in DTI
and is known to reflect white matter integrity.38 High FA ap-
pears in densely packed WM tracts where displacement of wa-
ter molecules perpendicular to the fibers (radial diffusivity) is
restricted by the barriers of myelinated axons, but water move-
ment is less restricted in the direction parallel to the axonal
fibers (axial diffusivity). MD is an average of the 3 diffusion
coefficients, highly sensitive to CJD in gray matter.5,7,39 In the
current whole-brain voxelwise quantitative analysis, we found
significant reduction of FA in corticospinal tracts, basal gan-
glia pathways, thalamus, and cerebellar peduncles. Moreover,
these FA reductions were progressive and became worse with
longer disease duration. The pathways that were found to be
significantly affected in the current study are well known to
mediate the connectivity among the thalamus, striatum, and
frontal cortex. Notably, the cerebellar peduncles, which play a
central role in connecting the cerebellum with brain stem and
thalamus, were also affected. Previously, we reported signifi-
cant cerebellar atrophy around the fourth ventricle in patients
with CJD with definite cerebellar symptoms, and suggested
that the atrophy may mask diffusion reductions.3 Considering
our current findings, it is also reasonable to consider cerebellar
symptoms as a result of disrupted efferent fibers emanating
from the cerebellum to other structures.

The precise biophysical basis of the FA reductions observed
here, and thus the cellular pathology, is unknown. Identifying
the tissue substrate of FA changes is complicated by the fact
that diffusion of water molecules occurs in at least 2 compart-
ments: intracellular and extracellular. FA was shown to be el-
evated with increasing myelination,40-42 and it is tempting to
interpret our data as proof of degraded myelination. However,
the axonal environment can be altered by other mechanisms
that would modify diffusion, such as geometry. It is notewor-
thy, however, that our data strongly suggest that FA reductions

are mostly determined by an increase in RD. This component
of diffusivity is thought to reflect water molecules experienc-
ing the barriers of surrounding myelinated axons.43 The data
are thus consistent with the notion that fibers are less insulated
from extracellular space and more permeable to water mole-
cules. This conclusion is strongly supported by a neuropatho-
logic study33 that reported severe loss of myelin in panen-
cephalopathic CJD. However, our current data cannot resolve
whether the white matter changes are primary or secondary to
gray matter degeneration. Prion deposition has been shown in
olfactory sensory pathway of patients with sporadic CJD,44 but
it is not yet established whether this is caused by centrifugal or
centripetal propagation.33,45 While the regression against du-
ration of disease suggests that white matter integrity is im-
paired before clinical onset, gray matter diffusion changes are
also detectable before onset.5 Therefore, it is plausible that
prion-associated degeneration starts in the basal ganglia and
thalamus, and then spreads through ascending white matter
tracts to cortical projection areas. This hypothesis can be
tested by serial examinations of FA and MD in gray and white
matter in the future. If confirmed, it would suggest that in-
creasing symptoms at later stages of CJD could be a conse-
quence of a progressive dysconnection syndrome, not just fur-
ther degeneration of gray matter.

Finally, we should note that this study was conducted in a
homogeneous sample of familial patients with CJD with the
E200K mutation. Such patients represent a minority (less than
20%) of the affected population, which is mostly composed of
sporadic patients. The neuropathologic features of E200K pa-
tients and their DWI signature are similar to sporadic pa-
tients,5 but there are no data comparing them in white matter
properties. It is possible, though unlikely, that the current
findings of progressive focal leukoencephalopathy in distinct
pathways is unique to the E200K variant; future work should
address this in patients with sporadic CJD.
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