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BACKGROUND: Previous reports have suggested that abnormally reduced water diffusivity and T2
prolongation involving cerebral gray matter in patients with early sporadic Creutzfeldt-Jakob disease
(sCJD) involves all areas of neocortex with similar frequency, except for primary sensorimotor cortex
(Rolandic cortex) and visual cortex. Rolandic cortex often appears to be spared even in the presence
of extensive surrounding neocortical signal intensity abnormality in adjacent frontal and parietal gray
matter. A quantitative apparent diffusion coefficient (ADC) analysis was designed to investigate
whether this unusual pattern results from pathophysiologic sparing of Rolandic cortex or from reduced
conspicuity of signal intensity abnormality on MR imaging echo-planar diffusion-weighted images
(epiDWI) related to unknown underlying features of Rolandic cortex.

METHODS: ADC maps were derived from epiDWI of 6 patients with sCJD and 8 control patients.
Bilateral regions of interest were manually selected in precentral gyri, superior frontal gyri, postcentral
gyri, supramarginal gyri, thalamus, putamen, and caudate nuclei. ADC and relative ADC (rADC) values
were calculated for each region of interest.

RESULTS: Patients with CJD had significantly lower ADC values than control patients in all areas (P �

0.05). The trend toward decreased ADC values in the deep nuclei correlates well with previously
published reports. rADC were not significantly different between CJD and control groups in any area
(P � 0.25 in all cases).

CONCLUSION: Quantitative ADC measurements in patients with early sCJD demonstrate a similar
degree of reduced water diffusivity in the primary somatosensory cortex as in other neocortical areas,
despite the normal appearance of these areas on visual inspection of epiDWI.

The characteristic manifestations of sporadic Creutzfeldt-
Jakob disease (sCJD) on echo-planar diffusion-weighted

MR imaging (epiDWI) and T2-weighted fluid-attenuated in-
version recovery imaging (FLAIR) have been well described in
a number of recent articles and include the reduction of water
diffusivity and prolongation of T2 relaxation time (T2) within
the cerebral cortex and deep gray matter (GM).1,2 Strong cor-
relation between regional distribution of spongiform degen-
eration at autopsy and abnormal water diffusivity on epiDWI
in 2 patients suggests that abnormal water diffusivity is closely
correlated with prion-related neuronal injury, at least in late
CJD.3 Recent analyses have demonstrated very high sensitivity
and specificity (�90%) for CJD diagnosis using epiDWI com-
bined with FLAIR imaging.4-6

Qualitative analysis of the distribution of abnormality on
epiDWI and FLAIR in a recently published early sCJD MR
imaging study showing �90% sensitivity overall, revealed ab-
normal T2 prolongation and reduced diffusivity occurring
with similar frequency in all areas of neocortex except the pri-

mary sensorimotor cortex (“Rolandic cortex”) and visual cor-
tex. Surprisingly, Rolandic cortex signal intensity on FLAIR
and epiDWI appeared normal in all 40 patients in this series,
even in the presence of extensive abnormality in adjacent fron-
tal and parietal GM.6 This apparent “Rolandic cortex sparing”
seems unusual for a disease with protean clinical manifesta-
tions and a systemic etiology, and although histopathologic
examination of Rolandic cortex is impossible in early CJD,
autopsy brain specimens show severe neuronal loss, spongio-
sis, and gliosis in the central gyrus.7 Thus we hypothesized that
in early prion parenchymal injury, an unknown feature intrin-
sic to Rolandic cortex may conceal reduced diffusivity in this
cortical area from discovery by qualitative (visual) inspection
of epiDWI. Because apparent diffusion coefficient (ADC)
mapping allows analysis of altered water diffusivity indepen-
dent of the underlying abnormal T2 prolongation or shorten-
ing that affects the signal intensity of epiDWI, we designed a
quantitative ADC analysis of a subset of the previously re-
ported cohort to determine whether visually undetectable ab-
normal diffusivity exists in Rolandic cortex.

Methods

Subjects
Six patients with CJD (1 man, 5 women) from the previously reported

cohort for whom digital data were available6 were included in this

study. The CJD group included 5 patients with definite sCJD and 1

patient with definite familial CJD (fCJD). Two examinations were

available from 1 of the sCJD patients. Digital epiDWI data from 8

control patients with nonprion dementias, from the same previously

reported cohort, were also analyzed (4 men, 4 women). The control

group included patients with diagnoses of Alzheimer disease, mild
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cognitive impairment, progressive supranuclear palsy, corticobasal

degeneration, dementia unspecified (nonprion), and clinically nor-

mal. The age ranges of the control patients (66.1 � 14.9 years) and

CJD patients (63 � 8.3 years) were similar.

Prior approval was obtained from the Institutional Review Boards

at the participating institutions for acquisition and retrospective anal-

ysis of data.

Image Acquisition
All MR examinations were performed on a 1.5T MR system with �20

mT/m fast gradients and echo-planar imaging (EPI) capability, using

a single-channel, circularly polarized head coil. The details of diag-

nostic MR imaging (FLAIR) scan parameters have been reported

previously.6

Diffusion Weighted Imaging
Whole-brain, axial-plane epiDWI were acquired using a spin-echo,

echo-planar imaging sequence. The diffusion-sensitizing gradients

were applied along 3 directions: section selection, phase encoding,

and readout with the diffusion weighting factor b � 1000 s/mm2, plus

1 reference scan with b � 0. Scan parameters included acquisition

matrix size, 128 � 128 (interpolated to 256 � 256 for display), field of

view, 24 –36 cm; section thickness, 5 mm (no intersection gap); rep-

etition time (TR), 8000 –10,000 ms; and echo time (TE), 97.4 –113.7

ms.

Data Analysis
The acquired images were analyzed with a software package devel-

oped in house, based on the Matlab (MathWorks, Natick, Mass) plat-

form running on a personal computer. The equation published by

Stejskal and Tanner8 was used for ADC calculation: ADC � �{ln(S1/

S2)/(b1�b2)}, where S1 and S2 are the signal intensities of diffusion-

weighted images with applied b-factors 1 (b1) and 2 (b2), respectively.

The ADC maps were computed on a voxel-by-voxel basis by averag-

ing the ADCs calculated from the 3 orthogonal directions.

Regions of interest (ROI) were manually selected to encircle the

cortex of the selected gyri while excluding the adjacent CSF and sub-

cortical white matter (WM). All ROIs were reviewed by a neuroradi-

ologist blind to diagnosis, before data analysis. ROIs were traced on

EPI T2-weighted images (ie, the b � 0 epiDWI) acquired as part of the

epiDWI sequence. These images are acquired in the same coordinate

space as the b � 1000 epiDWI but provide superior contrast between

CSF and cortex compared with the b � 1000 epiDWI images. The EPI

T2-weighted image data were chosen for ROI selection, instead of

other structural MR imaging data, to avoid any potential for misreg-

istration related to patient motion and inconsistent geometric distor-

tions between EPI and non-EPI sequence MR imaging. To reduce

possible errors related to the partial volume effect of subcortical WM

on normal appearing T2-weighted images, visual ROI prescription

was constrained with an algorithm that incorporated prior anatomic

knowledge of the thickness of neocortex. Voxels prescribed beyond

the predefined distance from the apparent cortical-CSF boundary

were rejected, because they were believed to be likely to contain a

substantial volume of subcortical white matter. Although the greater

visual conspicuity of the GM-white matter junction in areas of appar-

ently abnormal cortex rendered this procedure less critical, the same

prior knowledge-based constraint was used to check the ROI pre-

scription on abnormal-appearing images to avoid a systematic bias. A

similar constraint was used to decrease the influence of partial volume

averaging of CSF by eliminating boundary voxels at the GM-CSF

junction that were likely to contain a significant percentage of CSF.

This algorithm was designed to produce cortical ROIs that systemat-

ically undersampled the GM of each gyrus to reduce as far as possible

the inclusion of adjacent WM and CSF. The defined ROIs were trans-

ferred automatically to the ADC maps by the software program for

calculation of ADC.

ROIs were selected from the precentral gyri (PMC) and superior

frontal gyri (SFG) of the frontal lobes, the postcentral gyri (PSC) and

supramarginal gyri (SMG) of the temporal lobes in both hemispheres

on every scan. ROI were also selected in thalamus, putamen, and head

of caudate nucleus in each patient. ROI measurements of the corre-

sponding anatomic structures from both left and right hemispheres

were averaged, and a representative ADC value was obtained for each

anatomic region.

To quantify the severity of prion-induced ADC reduction in the

normal-appearing Rolandic cortex ROI compared with the ROI se-

lected within the qualitatively abnormal appearing areas of the frontal

and parietal lobes, ADC ratios (rADC) were calculated. For example,

the ratio of mean ADC of the frontal lobe PMC ROI to the mean ADC

of the frontal lobe SFG ROI within the same hemisphere of the same

patient was calculated using the formula: rADCPMC � ADCPMC/

ADCSFG. Likewise, the ratio of mean ADC of the parietal lobe PSC

ROI to the mean ADC of SMG ROI defined as rADCPSC � ADCPSC/

ADCSMG. If the PMC or PSC were relatively spared, the rADCPMC or

rADCPSC in patients with CJD would be expected to be significantly

greater than the respective rADCPMC or rADCPSC ratios in control

patients because the ADC of the affected ROI (SFG and SMG) in the

denominator would be significantly decreased relative to control and

the ADC of the spared ROI (PMC and PSC) in the numerator would

be relatively unchanged.

To allow comparison of the cortical rADC with characteristic

CJD-related rADC changes in the deep nuclei, the relative ADC of

thalamus, putamen, and head of caudate nucleus were also calculated

using an average of the frontal and parietal lobe ROI as an arbitrary

reference: rADCROI � ADCROI/ADCref, in which ADCref was the av-

erage of ADC values in SFG and SMG. If the ADC of the deep nuclei

ROI were relatively more severely affected than the cortical ROI, then

the rADCcaudate, rADCputamen, and rADCthalamus in CJD patients

would be expected to decrease relative to the respective control pa-

tient rADC ratios because the ADC of the deep nuclei in the numer-

ator would decrease more than the ADC of the neocortex in the

denominator.

Statistical Analysis
The overall difference in each cortical ADC and rADC between the

CJD group and control group was analyzed individually by use of the

unpaired 2-tailed Student t test. A P value of 0.05 or smaller was

regarded as statistically significant.

Results
Figure 1A shows the ROI in head of caudate nucleus, putamen,
and thalamus on T2-weighted images and the corresponding
epiDWI and ADC maps. The SMG ROIs of the same subject
are shown in Fig 1B, and PMC, PSC, and SFG are shown in Fig
1C. Bilateral epiDWI signal intensity abnormality was ob-
served in both frontal and parietal lobes (Fig 1B, -C), and
corresponding reduction in ADC values was confirmed in the
same areas on ADC maps. On the other hand, the PMC and
PSC appear normal on epiDWI, but hypointensity suggestive
of reduced ADC is seen in the PMC and PSC on ADC maps.
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The ADC values measured from different ROIs of both pa-
tients with CJD and control subjects are shown in Fig 2. Patients
with CJD have statistically lower ADC values than control pa-
tients in all areas of neocortical and deep GM sampled (P � 0.05).

Control patients had an ADC range from 793 � 82 to 933 � 80
(10�6 mm2/s); patients with CJD had an ADC range from 650 �
77 to 833 � 86 (10�6 mm2/s). The trend toward decreased ADC
in caudate nucleus, putamen, and thalamus correlates well with
previously published reports.9 Unprocessed epiDWI signal in-
tensities were significantly lower in PMC than SFG and PSC than
SMG (P � 0.0005), in both CJD and control cases, consistent
with the reported qualitative observation of “Rolandic sparing.”
It is noteworthy that the ratios of PMC/SFG and PSC/SMG
epiDWI signal intensities are 0.92 for the CJD group and 0.94 for
control group, which are not significantly different between CJD
and control cases (P � 0.1), confirming that the Rolandic cortex
is darker in appearance on epiDWI in both CJD and control pa-
tients. We have also observed this in healthy volunteers. As shown
in Fig 3, the rADC ratios of PMC/SFG ROI and PSC/SMG ROI
did not differ significantly in any ROI between the CJD or control
group (P � 0.25). This similarity between rADC in the CJD and
control groups rejects the hypothesis of physiologic sparing of
Rolandic cortex in early CJD.

Discussion
Recent reports have established high diagnostic accuracy for
epiDWI in CJD and described a characteristic distribution of

Fig 1. ROI in head of caudate nucleus (green), putamen (red), thalamus (cyan) (A), supramarginal gyri (SMG) (B), precentral gyri (PMC) (green), postcentral gyri (PSC) (red ), and superior
frontal gyri (SFG) (cyan) (C) on EPI B0 T2-weighted images (T2WI), and the corresponding diffusion-weighted images (DWI) and apparent diffusion coefficient maps (ADC). Bilateral abnormal
hyperintensity can be observed on DWI with corresponding decreased intensity on ADC maps in thalamus (A) frontal lobes (B ), and parietal lobes (C ). Characteristic sparing of the PMC
and PSC are seen in best in C, where these areas of Rolandic cortex appear normal. Hypointensity can be seen in the right Rolandic cortex on the ADC maps (arrow).

Fig 2. ADCs measured in gray matter ROI in patients with CJD (white bars) are significantly
lower (14% on average) than ADCs in the corresponding ROI of control patients (shaded
bars) in all areas including both commonly affected areas of the frontal lobes (SFG) and
parietal lobes (SMG) and typically spared frontal (PMC) and parietal (PSC) Rolandic cortex
(individual ROI P value, 0.001– 0.05).
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abnormality in cortical and deep GM.5,10,11 One large series
established that the appearance of normal signal intensity on
epiDWI within primary motor and sensory cortices despite
prominent signal intensity abnormality elsewhere in the adja-
cent frontal and parietal lobes is a characteristic component of
this distribution of abnormality, raising the question of why
these cytoarchitectonically distinct areas of neocortex should
appear to be spared by systemic prion disease. Our quantita-
tive ADC analysis was designed to determine whether this is
due to true physiologic sparing of Rolandic cortex or, alterna-
tively, to decreased conspicuity of a global abnormality related
to underlying differences between the baseline epiDWI signal
intensity in these areas.

Analysis of ADC in the deep nuclei validated our image
postprocessing and quantitation method. Although the ADC
values measured in caudate nucleus, putamen, and thalamus
in our study were somewhat higher than those previously re-
ported, which may result from differences in ROI sizes and
degrees of partial volume averaging of adjacent WM and CSF,
the trend toward decreased ADC in these areas compared with
healthy normal control subjects correlates well with the previ-
ously published results.9 In addition, our quantitative analysis
revealed ADC abnormality in areas of the thalamic pulvinar
and mediodorsal nucleus of patients with CJD in which no
epiDWI abnormality was found by visual inspection. This is
also consistent with previous literature demonstrating in-
volvement of these areas in sCJD and suggests that the preva-
lence of such involvement in sCJD may be higher than the 7%
suggested by studies based on epiDWI data.5,12

The observed statistical similarity between the rADC of
CJD and control groups rejects the null hypothesis of physio-
logic sparing and indicates instead that the CJD-related reduc-
tion in cortical water diffusivity is a global phenomenon, in-
volving the Rolandic cortex to a degree similar to that of other
neocortical regions. In other words, the ADC analysis provides
quantitative evidence that the sensorimotor cortex is involved
early in CJD to a degree similar to that of other areas of the
frontal and parietal lobes, as would be expected from the pro-
tean nature of the disease. The similarity of PMC/SFG and
PSC/SMG epiDWI signal intensity ratios between the CJD and

control cohorts, and the uniform hypointensity of Rolandic
cortex epiDWI signal intensity relative to other areas in both
patients with CJD and control patients, confirms quantita-
tively that Rolandic cortex has a different baseline signal in-
tensity on epiDWI compared with other neocortical regions.
Thus, the “Rolandic sparing” reported in qualitative epiDWI
studies seems likely to be a real phenomenon related to the
intrinsic hypointensity of Rolandic cortex relative to other
neocortical cytoarchitectonic areas on epiDWI. The aspects of
the microstructure of Rolandic cortex that account for this
difference in underlying epiDWI signal intensity remain an
interesting topic for future investigation. A recent report not-
ing greater phase shift on susceptibility-weighted imaging in
cortex adjacent to the central sulcus compared with elsewhere
in the brain suggests that local magnetic susceptibility effects
may contribute to the hypointensity of these areas on echo-
planar imaging sequences including epiDWI.13 One approach
to examining this question would be to use a non– echo-planar
DWI technique in addition to epiDWI in a number of these
patients.

Weaknesses of this study include the manual ROI selection
procedure, which may lower the reproducibility of the quan-
titative measurements. The adaptation and development of
atlas-based automated registration and segmentation tech-
niques to epiDWI GM segmentation is under way in our
group to address this limitation in future investigations. In
addition, the large voxel size of the 2D epiDWI images in our
study raises the possibility that the partial volume-averaging
effects could affect the measured ADC values. Partial volume
averaging of CSF, which has much higher ADC than GM,
would be expected to increase the measured ADC in GM.14

Partial volume averaging of subcortical WM, which has a
lower ADC than GM, would be expected to reduce the mea-
sured GM ADC values.15 To decrease the potential effect of
partial volume averaging, we used prior anatomic knowledge
to exclude from the ROI boundary voxels that were likely to
contain a mixture of CSF or WM with GM. This results in
smaller but presumably more homogeneous GM ROI. In ad-
dition, the rADC ratio analysis described above should negate
any systematic bias introduced by partial volume averaging.
For future quantitative studies of cortical diffusivity, higher
spatial resolution DWI can be used to differentiate CSF and
GM and decrease partial volume effects, or CSF contamina-
tion can be eliminated completely using a FLAIR DWI tech-
nique.16,17 Finally, the lack of “gold standard” pathologic cor-
relation in these patients prevents us from stating with
certainty that the areas of cortical and deep GM reduced water
diffusivity seen early in CJD represent true spongiform degen-
eration from direct prion infection, though published autopsy
data suggest that this is true late in the course of the disease.
Given the near impossibility of performing the direct patho-
logic correlation required to resolve this issue in early CJD, we
have chosen to use the somewhat broader term “prion-related
injury,” rather than “spongiform degeneration.”

Conclusion
Quantitative ADC measurements demonstrate abnormal wa-
ter diffusivity in the primary sensorimotor Rolandic cortex of
patients with CJD early in the course of disease, despite the
normal appearance of these areas on visual inspection of

Fig 3. rADC ratios between frontal (PMC) and parietal (PSC) Rolandic cortex ROI and
commonly affected adjacent frontal (SFG) and parietal (SMG) lobe neocortical ROI in
patients with CJD (white bars) do not differ significantly from the equivalent rADC ratios
in control patients (shaded bars), confirming that gray matter diffusivity is abnormal to a
similar degree in Rolandic cortex and other cortical areas in early CJD, despite apparent
“sparing” of Rolandic cortex on DWI (Fig 1C ). Likewise, rADC ratios in the deep nuclei do
not differ between patients with CJD and control patients, suggesting that the degree of
involvement of the caudate, putamen, and thalamus is similar to that of neocortex
(individual P value range: 0.25– 0.70).
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epiDWI. The decrease in Rolandic cortex ADC in patients
with CJD relative to control patients is similar in magnitude to
the decrease in ADC elsewhere in neocortex and in the deep
GM. This is consistent with the protean nature of prion disease
and suggests that prion-related GM injury affects Rolandic
cortex to a similar degree as other areas of neocortex in early
CJD. The previously reported “sparing” of these areas on vi-
sual inspection of epiDWI seems to represent masking of the
abnormally reduced water diffusivity by some intrinsic at-
tribute of the microstructure, possibly the observed baseline
hypointensity of these areas on epiDWI. Thus, observation of
reduced diffusivity on ADC maps in Rolandic cortex should
not be felt to argue against the diagnosis of CJD in the face of a
neurologic and MR imaging presentation otherwise suggestive
of CJD.
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