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ABSTRACT

BACKGROUNDAND PURPOSE: Inherited prion diseases represent over 15% of human prion cases and are a frequent cause of early onset
dementia. The purpose of this study was to define the distribution of changes in cerebral volumetric and microstructural parenchymal
tissues in a specific inherited human prion disease mutation combining VBM with VBA of cerebral MTR and MD.

MATERIALS AND METHODS: VBM and VBA of cerebral MTR and MD were performed in 16 healthy control participants and 9 patients
with the 6-OPRImutation. An analysis of covariance consisting of diagnostic grouping with age and total intracranial volume as covariates
was performed.

RESULTS: On VBM, there was a significant reduction in gray matter volume in patients compared with control participants in the basal
ganglia, perisylvian cortex, lingual gyrus, and precuneus. Significant MTR reduction and MD increases were more anatomically extensive
than volume differences on VBM in the same cortical areas, but MTR and MD changes were not seen in the basal ganglia.

CONCLUSIONS: Gray matter and WM changes were seen in brain areas associated with motor and cognitive functions known to be
impaired in patients with the 6-OPRI mutation. There were some differences in the anatomic distribution of MTR-VBA and MD-VBA
changes compared with VBM, likely to reflect regional variations in the type and degree of the respective pathophysiologic substrates.
Combined analysis of complementary multiparameter MR imaging data furthers our understanding of prion disease pathophysiology.

ABBREVIATIONS: IPD � inherited prion disease; MD � mean diffusivity; MTR � magnetization transfer ratio; VBA � voxel-based analysis; VBM � voxel-based
morphometry

Human prion diseases are rapidly progressive, uniformly

fatal neurodegenerative disorders1 that can be inherited

(IPD), occur sporadically, or be caused by iatrogenic or dietary

infection. The discovery of variant Creutzfeldt-Jakob disease2

has not been followed by a major epidemic; however, the exis-

tence of subclinical infections3 and the evidence for secondary

transmission by blood transfusion4,5 reinforce the public

health relevance of these conditions.

Most of the literature on prion disease imaging has focused on the

acquired and sporadic forms rather than IPD. In prevalence studies,

15% of prion disease cases are IPD, a cause of early-onset dementia,

with more than 30 different prion protein gene (PRNP) mutations

identified.6 The clinical phenotypes vary widely, with some muta-

tions having a phenotype similar to sporadic Creutzfeldt-Jakob dis-

ease (eg, E200K), whereas others can mimic hereditary ataxias (eg,

P102L) or Alzheimer disease (eg, some cases of 4-OPRI).7 The find-

ings on conventional MR imaging are similarly variable.

In the United Kingdom, large kindreds presenting with 6 ad-

ditional repeats in the octapeptide region (6-OPRI mutation),

have been followed up for more than 2 decades with detailed

reports of clinical symptoms8 and neuropsychological features9

but without systematic analysis of imaging findings. These pa-
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tients characteristically present with frontoparietal dysfunction

progressing for 7–15 years (mean, 11 years) that culminates in an

akinetic mute state. Visuospatial, frontal executive, and nominal

skills are significantly impaired in this patient group, and apraxia

is an important early feature.

Brain atrophy has rarely been quantified in IPD, apart from a

case report of a presymptomatic P102L gene carrier demonstrat-

ing early parietal atrophy10 and a recent demonstration of parietal

and occipital cortical thinning in patients with the 6-OPRI muta-

tion.9 Quantitative MR imaging techniques such as MTR and MD

mapping have revealed significant regional and whole-brain dif-

ferences between patients with symptomatic prion disease and

control participants.11-14 However, these studies used region-of-

interest or histogram analyses, possibly missing or diluting re-

gionally specific changes.

VBA of structural images (VBM)15 or MR imaging measures

such as MD or MTR overcome these limitations because they do

not require a priori anatomic hypotheses. These tools have not

been applied in IPD, except for patients with the E200K

mutation.16-18

We performed VBM, MTR-VBA, and MD-VBA in a cohort of

patients with IPD who have the 6-OPRI mutation, some of whom

were previously studied with alternative methods.12,13 We hy-

pothesized that this multiparametric approach would localize

brain abnormalities corresponding to known clinical symptoms

and neuropsychological deficits and, further, that MTR and MD

would quantify microstructural changes even in areas without

significant volume loss on VBM.

MATERIALS AND METHODS
Patients

Patients attended the National Prion Clinic at the National Hos-

pital for Neurology and Neurosurgery, London, United King-

dom, and were recruited into the UK MRC PRION-1 trial.19 Eth-

ical approval was granted by the Eastern Multicentre Research

Ethics Committee, Cambridge, United Kingdom.

Full neurologic, Mini-Mental State Examination,20 and Clin-

ical Dementia Rating Scale sum of boxes�821 were recorded.

Where several individual patient MR imaging datasets were avail-

able, the dataset acquired when the patient’s Clinical Dementia

Rating Scale was closest to the group median (Clinical Dementia

Rating Scale�8) was selected. This approach allowed us to have a

more homogeneous cohort and minimize the Clinical Dementia

Rating Scale SD across the patient group.

Nine individuals with the 6-OPRI mutation were studied

(6-OPRI group: mean age, 38.1 � 3.6 years; median Mini-

Mental State Examination, 19 [range 11–27]; all codon

129MM). Sixteen healthy volunteers with no history of neuro-

logic disorder were included (Controls group: mean age,

37.1 � 10.7 years; all Mini-Mental State Examination, 30);

Table 1.

MR Imaging Acquisition
MR imaging was performed at 1.5T (GE Healthcare, Milwaukee,

Wisconsin) by using the standard transmit/receive head coil. Se-

quences included the following:

1) Structural T1-weighted imaging (3D inversion recovery-

spoiled gradient recalled-echo sequence [TR, 6.4 ms; TE, 14.5

ms; TI, 650 ms; flip angle, 15°; number of 1.5-mm partitions,

124; FOV, 24 � 18 cm2; matrix, 256 � 192; total acquistion

time, 9 minutes, 48 seconds]).

2) DWI with diffusion-weighting (“b”) (single-shot echo-planar

imaging [TR, 10 s; number of 5-mm sections, 30; FOV, 26 �

26 cm2; matrix, 96 � 128]) with diffusion-weighting factors

(“b-values”) of 0 (B0) and 1000 s/mm2 (b � 1000: TE, 101 ms;

1 average; acquistion time 1 minute, 20 seconds) and of 0 and

3000 s/mm2 (b � 3000: TE, 136 ms; 3 averages; acquisition

time 4 minutes) applied sequentially along 3 orthogonal axes.

MD was calculated as:

MD1k,3k � ln(S0/S1k,3k)/b1k,3k
22

where S0 and S1k,3k are respectively the local signal intensities of

the B0 and mean of DWI (b � 1000 or b � 3000) acquired in 3

orthogonal directions (as only 3 gradient sensitization directions

were used, this variable is actually an approximation of the mean

diffusivity that could be measured with 6 or more directions).

3) MTR imaging (interleaved 2D, gradient-echo sequence, simi-

lar to the EuroMT sequence23 [TR, 1500 ms; TE, 15.4 ms; flip

angle, 70°; number of 5-mm sections, 30; FOV, 24 � 18 cm2;

matrix, 256 � 192; acquisition time 12 minutes]). Magnetiza-

tion transfer presaturation was achieved with a Gaussian pulse

of duration 12.8 ms and peak amplitude 23.2 �T giving a nom-

inal bandwidth of 125 Hz, applied 2 kHz off water resonance.

Scans with and without presaturation were interleaved for

each TR period, ensuring exact coregistration of the pixels on

saturated (Msat) and unsaturated (M0) images.24 MTR was

calculated from M0 and Msat images as MTR � (1–Msat/

M0) � 100 in percentage units.

4) Fast spin-echo T2-weighted (TR, 6000 ms; TE, 106 ms; num-

ber of 5-mm sections, 22; FOV, 24 � 18 cm2; matrix, 256 �

224; 2 averages) and FLAIR imaging (TR, 9897 ms; TE, 161 ms;

TI, 2473 ms; number of 5-mm sections, 22; FOV, 24 � 24 cm2;

matrix, 256 � 224).

Imaging Analysis: Qualitative Analysis by Visual
Inspection
The T2-weighted, FLAIR, and DWI images were reviewed inde-

pendently (in an unblinded fashion) by 2 consultant neuroradi-

ologists with experience in prion disease. Pathologic signal

changes were assessed in the caudate, putamen, and thalamus and

in the cortex of the frontal, parietal, temporal, and occipital lobes.

When a discrepancy was identified, the images were re-reviewed

Table 1: Patient demographics and clinical data
Control Group 6-OPRI Group P Value

N 16 (8 M) 9 (4 M) �
Age (y) 37.1� 10.7 38.1� 3.6 ns
MMSE 30 (30–30) 19 (11–27) �.001
CDR � 8 (2–14) .002a

Note:—CDR indicates Clinical Dementia Rating Scale; M, male; N, number; MMSE,
Mini-Mental State Examination; ns, not significant (P�0.1); 6-OPRI, 6-octapeptide
repeat insertion. Age values are mean � SD. MMSE and CDR values are median
(range).
a All comparisons were performed with the Mann-Whitney U test, except for CDR,
for which the Wilcoxon test vs CDR� 0 was performed.
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in a consensus reading and a � statistic calculated to assess the

level of agreement.

Imaging Analysis: Quantitative MR Imaging

VBM Spatial Preprocessing. Spatial processing for VBM was per-

formed for structural data by using SPM8 (http://www.fil.ion.

ucl.ac.uk/spm) as follows:

1) SPM8’s “unified segmentation,” combining segmentation, bias

correction, and normalization to the Montreal Neurological In-

stitute space into a single generative model (SPM “Segment”).25

The rigid normalization transformation component was used to

produce approximately aligned images for the following step.

2) Generation of a cohort specific template for gray matter and

WM segments by using the DARTEL toolbox in SPM826 using all

participants.

3) Warping and resampling of individual gray matter and WM

segments, normalizing them to the cohort-specific template. Lo-

cal intensities for each voxel were modulated (ie, multiplied by the

ratio of voxel volume before and after normalization) to account

for normalization-associated volume changes.27

MTR-VBA Preprocessing. Rigid transformations between indi-

vidual Msat images and corresponding T1 datasets were estimated

and then combined with the warps computed for the T1 data to

normalize individual MTR maps to the cohort VBM T1-template.

As voxel MTR values are not directly related to voxel volume, data

were not modulated.

MD-VBA Preprocessing. The MD (b � 3000 s/mm2) dataset was

rigidly aligned with the MD (b � 1000 s/mm2) dataset (based on

the corresponding B0 acquisitions). Affine transformations be-

tween MD and corresponding T1 images were estimated with the

tool in NiftyReg (http://sourceforge.net/projects/niftyreg/)28,29

to partially correct echo-planar imaging-associated geometric

distortion (based on the MD (b � 1000 s/mm2) B0 acquisitions).

These transforms were then combined with the warps computed

for the T1 data to normalize (with no modulation) individual MD

(b � 1000 s/mm2) and MD (b � 3000 s/mm2) maps to the cohort

VBM T1-template.

Statistical Analysis
An isotropic 6-mm full width at half maximum Gaussian kernel

was applied to each of the 6 normalized datasets (gray matter,

WM, MTR, MD (b � 1000 s/mm2), and MD (b � 3000 s/mm2)).

An “objective” masking strategy30 defined the voxels for subse-

quent statistical analysis on gray matter and WM segments sepa-

rately; the resulting masks were combined for MTR and MD data

analysis. For each dataset, the analysis involved an analysis of co-

variance consisting of diagnostic grouping (6-OPRI or controls)

with individual age and total intracranial volume (estimated as

the sum of gray matter, WM, and CSF segments) as covariates

(using the same covariates for all analyses allowed for a more

consistent model across modalities). Group differences between

covariates were assessed with the 2-sample Mann-Whitney U test

(PASW Statistics 18, SPSS, Chicago Illinois).

SPM-t maps (P � .05) after family-wise error multiple-com-

parison correction (with no cluster-extent threshold), and effect-

size maps showing group differences as percentages of the control

group mean were produced. We also computed the affine trans-

formation between the DARTEL space (in which the SPM results

were computed) and Montreal Neurological Institute space. Us-

ing these parameters, we also transformed the SPM maps and

effect-size maps onto Montreal Neurological Institute space for

visualization. Results are thus displayed in the Montreal Neuro-

logical Institute space overlaid on the average of the warped and

smoothed T1 volumes. All are presented by using the neurologic

convention (right hemisphere displayed on the right).

ROIs
To quantify differences in MR imaging measures, 3 ROIs were

defined on the right hemisphere of the average warped and

smoothed T1-volume, in the thalamus, head of the caudate, and

putamen (ROI volume range, 0.59 – 0.60 mL). The ROIs were

then verified for individual datasets to ensure that the smoothing

had not introduced CSF contamination. The ROI mean from the

corresponding warped and smoothed datasets for each patient

was computed and between-group differences assessed by the

2-sample Mann-Whitney U test. To account for multiple com-

parisons over the 3 regions (but not the 4 metrics, as these tests are

being compared with each other, rather than simply being

searched over), P � .01 was considered significant.

RESULTS
Between controls and patients with 6-OPRI, differences in age

were not significant, in contrast to Mini-Mental State Examina-

tion and Clinical Dementia Rating Scale (Table 1). The total in-

tracranial volumes were 1.42 � 0.14 L (mean � SD) in controls

and 1.41 � 0.20 L in patients with 6-OPRI and were not signifi-

cantly different.

Qualitative Analysis
On initial assessment, both raters agreed that there was no patho-

logic signal change in 7 of the 9 patients. There were discrepancies

in 2 patients where DWI signal hyperintensity in the frontal cortex

was noted in 1 patient and FLAIR signal hyperintensity in the

perihabenular region noted in another patient (� score, 0.835).

On consensus review of these cases, it was decided that the find-

ings were artifactual and that there was no evidence of pathologic

signal change.

Quantitative Analysis

VBM. Within the supratentorial cortex, extensive bilateral sym-

metric gray matter volume reduction was seen in the perisylvian

cortex: central opercular, insular cortex, middle and superior

temporal gyri; parietal cortex: angular, supramarginal, and post-

central gyrus; and occipital cortex: lingual gyrus and cuneus. Less

extensive gray matter reduction was also seen in the left superior

frontal gyrus and cingulate gyrus. Within the deep gray nuclei,

significant gray matter reduction was seen in the caudate and

putamen bilaterally and within the posterior fossa; the cerebellar

cortex bilaterally also showed significant gray matter reduction

(Fig 1A).

The areas of significant WM reductions are more sparse and to

a smaller extent. Significant areas of WM volume reduction in-
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Table 2: Significant clusters for WM VBM (Controls> 6-OPRI)

k
Peak P Value
(FWE corr) Peak T Peak Z x y z Description

175 �.001 10.59 6.16 �34 �4 �31 L temporal fusiform and parahippocampal gyri
176 .003 7.61 5.22 �52 �43 �3 L middle temporal gyrus

.005 7.37 5.12 �56 �42 �12 L middle temporal gyrus
7 .017 6.66 4.83 �54 �29 �8 L middle temporal gyrus
6 .019 6.61 4.81 �39 �57 30 L angular gyrus
46 .006 7.25 5.08 �25 �31 �13 L hippocampus
45 .007 7.16 5.04 �26 �29 �8 L hippocampus and L parahippocampal gyrus

.03 6.35 4.69 �20 �34 6 L thalamus
18 .035 6.27 4.66 �13 6 �3 L pallidum
97 .001 8.25 5.45 57 �35 �13 R middle temporal gyrus

.017 6.67 4.83 49 �39 �9 R inferior temporal gyrus

.018 6.66 4.83 47 �48 �11 R inferior temporal gyrus
148 .002 7.82 5.29 37 �12 �22 R temporal fusiform gyrus

.003 7.72 5.26 37 �29 �13 R temporal fusiform gyrus
57 .009 7.01 4.98 26 �31 �6 R hippocampus
60 .012 6.86 4.92 13 8 �3 R pallidum
27 .004 7.58 5.21 2 �22 19 Midline-body of corpus callosum
3 .034 6.29 4.66 �5 �19 30 L body of corpus callosum
10 .022 6.54 4.78 5 �17 30 R body of corpus callosum

Note:—FWE corr indicates family-wise error corrected; L, left; MNI, Montreal Neurological Institute; R, right. k is the number of voxels within each cluster. All clusters of voxels
above a voxel-level threshold FWE P� .05 of size k� 2 are shown. For the largest clusters, the table shows up to 3 localmaximamore than 8mmapart. The x, y, and z coordinates
are in the MNI space. Peak-t and Peak-z values are within each cluster.

FIG 1. SPM-t maps for patients with the 6-OPRI mutation compared with control participants. SPM-t maps showing significant differences
between symptomatic patients with the 6-OPRImutation (n� 9) and healthy control participants (n� 16) for family-wise error P� .05. A, gray
matter: controls�6-OPRI, t� 6.60. B, WM: controls�6-OPRI, t� 6.07. C, MTR: controls�6-OPRI, t� 6.86. D, MD (b� 1000 s/mm2): controls
�6-OPRI, t� 7.03. E, MD (b� 3000 s/mm2): controls�6-OPRI, t� 6.96. The color bar represents the t value range.
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volved the anterior temporal lobes, the body of the corpus callo-

sum, and hippocampus bilaterally (Fig 1B). A complete list of the

coordinates and corresponding anatomic locations of the signifi-

cant cluster peaks (for clusters with size k � 2) is presented in

Table 2.

The effect maps (Fig 2A, 2B) demonstrated that the largest

percentage differences were present in the insular cortex, middle

and superior temporal gyri, angular and supramarginal gyri, lin-

gual gyrus, and cuneus.

MTR. Significant MTR reductions in the 6-OPRI group were to-

pographically similar in the supratentorial cortex to those seen on

VBM, with extensive involvement of the perisylvian regions, and

parietal and occipital cortices bilaterally, as described above (Fig 1C).

Within the deep gray nuclei, significant MTR reductions were seen in

the posteromedial thalamus bilaterally only. In the posterior fossa,

extensive involvement of the cerebellar cortex was seen.

Regarding the number of suprathreshold voxels, changes were

more anatomically extensive on MTR-VBA than on VBM in the

perisylvian regions, cuneus, and precuneus, where there is the

impression of involvement of the subcortical WM, with signifi-

cant reductions in the posteromedial thalamus, not seen on VBM.

However, MTR-VBA did not detect significant MTR reductions

in the caudate nucleus, putamen, or middle temporal gyri where

VBM showed differences (Fig 1C).

MD. MD (b � 1000 s/mm2). The largest clusters and most signif-

icant MD (b � 1000 s/mm2) increases were seen in the gray mat-

ter and subcortical WM of the perisylvian, parietal, and occipital

lobes (Fig 1D) and in the posteromedial thalamus bilaterally. Re-

garding the number of suprathreshold voxels, changes were more

anatomically extensive on MD-VBA than on VBM, similar to MTR-

VBA. No significant differences were seen in the cerebellar hemi-

spheres (as seen on MTR) or in the basal ganglia (as seen on VBM).

MD (b� 3000 s/mm2). Areas of significant MD (b � 3000

s/mm2) increase overlapped those seen with MD (b � 1000

s/mm2), although the extent and signif-

icance were generally smaller (Fig 1D,E).

Reduced significance could arise from

either reduced effect size (group differ-

ence) or increased variability. We inves-

tigated these influences by evaluating

the non-normalized group difference,

and a form of coefficient of variation

given by the square root of the mean

squared residuals (SPM ResMS Image)

divided by the average of the 2 group

means from the analysis of covariance

model. Both the group difference and

the coefficient of variation were larger

for MD (b � 1000 s/mm2) (data not

shown), suggesting that the higher sig-

nificance of MD (b � 1000 s/mm2)

changes is the result of a greater effect

size than for MD (b � 3000 s/mm2) and

not simply a higher signal-to-noise

ratio.

ROI Analysis
Mean values for patients with 6-OPRI differed significantly from

controls in all 3 ROIs for tissue-segment volumes, MTR, and MD

(b � 1000 s/mm2), and in the thalamic ROI only for MD

(b � 3000 s/mm2) (Table 3).

DISCUSSION
This systematic study is the first to describe the distribution of

gray matter and WM volume changes and voxelwise MTR and

MD changes in patients with IPD who have the 6-OPRI mutation.

We demonstrated anatomically specific mean tissue attenuation

reduction in these patients that are consistent with previous qual-

itative reports. Using MTR and MD, we detected cortical and

subcortical microstructural changes both coincident with and

spatially independent of tissue volume changes. Some of these

changes seem to be specific to the 6-OPRI IPD mutation.

Local Volume Reductions Assessed with VBM
Brain atrophy occurs in all forms of prion disease,8,31 but most

reports are based on visual inspection rather than objective quan-

tification. In an early case report, a presymptomatic P102L gene

carrier demonstrated widespread supratentorial and cerebellar

volume loss with relative sparing of the mesial temporal lobe

structures.11 In a recent study of patients with the 6-OPRI muta-

tion, significant cortical thinning was seen in the precuneus, infe-

rior parietal cortex, supramarginal gyrus, and lingula.9 Our study

confirms these findings, with gray matter volume loss in such

patients predominantly involving the perisylvian cortex, precu-

neus, and lingual gyrus and without significant involvement of

the mesial temporal lobe structures.

These cortical changes relate well to clinical symptoms docu-

mented in patients with the 6-OPRI mutation. Apraxia is an im-

portant early feature and is generally associated with lesions to the

dominant parietal lobe and, specifically, the supramarginal gyrus.

Visuoperceptual and visuospatial impairments known to be sen-

sitive to right parietal damage are also common in this patient

FIG 2. Effect size maps for all patients compared with control participants and patients with
6-OPRI compared with control participants. Effect size maps demonstrating the percentage
difference between patients with 6-OPRI and controls in (A) gray matter volume and (B) WM
volume calculated as 100*(controls-all patients)/controls displayed in the Montreal Neurological
Institute space.
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group.8 The explanation for the prominent cognitive features of

memory loss and frontal executive dysfunction in this patient

group32 is more complex.

Although the effect size maps (Fig 2) demonstrated some per-

centage difference in the mesial temporal lobes and prefrontal

cortices, these volume losses were less marked compared with

those in the cortical areas described above and did not prove to be

statistically significant on VBM. Some of the memory and execu-

tive deficits seen in patients with 6-OPRI mutations could be ex-

plained by subcortical pathologic changes affecting the cortical

circuits involved in these cognitive functions. This finding would

be supported by the subcortical gray matter volume loss seen in

the caudate nuclei and putamina, as well as the MD and MTR

changes in the posteromedial thalami.

Thalamic and striatal involvement is well established in all

forms of human prion disease.33 The putamen and caudate nuclei

receive input from diverse cortical areas, including the prefrontal

and limbic structures with nonmotor output from the striatum

projecting, via the mediodorsal and ventrolateral thalamic nuclei,

to the dorsolateral prefrontal cortex, lateral orbitofrontal cortex,

and the anterior cingulate.34

Voxel-Based Analyses of MTR and MD
The MTR-VBA and MD-VBA did not show significant change

in the basal ganglia; however, they demonstrated significant

MTR reduction and significant MD increase in the posterome-

dial thalamus (not detected by VBM), cortical gray matter ar-

eas corresponding to those displaying VBM changes, and also

in adjacent subcortical WM where no significant volume

changes were detected. This finding suggests that MTR and

MD data are a useful complement to T1-weighted structural

data and are potentially more sensitive to subcortical WM and

thalamic changes in prion diseases.

MTR-VBA
Our MTR findings are consistent with a

previous study in which decreases in

whole-brain and whole— gray matter

segment MTR compared with controls

were observed in patients with symp-

tomatic prion disease, correlating with

disease severity.13 An association be-

tween decreased postmortem gray mat-

ter MTR and increased spongiosis was

also seen in that study. One possible ex-

planation for the differences in regional

distribution of changes shown by MTR-

VBA and VBM here is the potential of

MTR to reflect microstructural patho-

logic changes (such as spongiosis), oc-

curring before or independent of mac-

roscopic volume loss.

MD-VBA
Our findings of increased cerebral MD

in patients with the 6-OPRI mutation

have been reported in patients with IPD,11,35 specifically in the

cerebellar cortex in patients with the E200K mutation18 and in

the thalamus in variant Creutzfeldt-Jakob disease,36,37 thought

to reflect increased gliosis.35,36 Opposite findings of decreased

MD have been reported in sporadic Creutzfeldt-Jakob disease

and in patients with the E200K mutation, specifically within

the basal ganglia and thalamus,11,14 thought to reflect spongi-

form change. A relationship between macroscopic atrophy and

microscopic changes reflected in increased MD may be ex-

pected; in other neurodegenerative disorders, whole-brain or

regional MD values usually increase in association with brain

atrophy.38,39 This increase in diffusivity has been associated

with loss of neuronal cell bodies, synapses, and dendrites, caus-

ing an expansion of the extracellular space where water diffu-

sivity is fastest.40 Also, in prion diseases, this increase in diffu-

sivity could reflect areas where neuronal loss and gliosis are

becoming dominant over spongiform change but is too subtle

to be detected by VBM.

High b-value DWI, relatively more sensitive to slowly dif-

fusing tissue water components,41 provided greater pathologic

sensitivity for spongiform change than conventional b-value

DWI in a previous study of sporadic Creutzfeldt-Jakob dis-

ease11 and in patients with IPD who have the E200K mutation

frequently mimicking the sporadic Creutzfeldt-Jakob disease

phenotype.14

However, in the former study11, high b-value DWI was not

more sensitive than conventional b-value DWI in the detection of

increased ADC values in the pulvinar nucleus in patients with

variant Creutzfeldt-Jakob disease, thought to have histopatho-

logic features of gliosis. It is likely that in the context of gliosis and

neuronal loss, fast diffusion components dominate the mean dif-

fusivity so that high b-value DWI is less sensitive, as was observed

in our study.

Table 3: Mean values for tissue segment volumes, MTR, MD (b� 1000 s/mm2), and MD
(b� 3000 s/mm2) in selected ROIs

Brain Region
Control
Group

6-OPRI
Group P Valueb

Right thalamus
WM (tv)a 0.66� 0.07 0.57� 0.05 .002
MTR (%) 40.6� 1.2 38.9� 1.1 .002
MD1K (�10�3mm2/s) 0.81� 0.03 0.88� 0.05 �.001
MD3K (� 10�3mm2/s) 0.63� 0.01 0.67� 0.03 �.001
Right caudate
GM (tv) 0.74� 0.07 0.50� 0.08 �.001
MTR (%) 37.6� 1.1 33.8� 2.2 �.001
MD1K (� 10�3mm2/s) 0.79� 0.03 0.88� 0.10 .001
MD3K (� 10�3mm2/s) 0.63� 0.02 0.64� 0.03 NS

Right putamen
GM (tv) 0.92� 0.12 0.60� 0.12 �.001
MTR (%) 38.6� 1.0 36.8� 1.1 .001
MD1k (� 10�3mm2/s) 0.78� 0.02 0.83� 0.07 .008
MD3k (� 10�3mm2/s) 0.65� 0.01 0.63� 0.03 .04

Note:—GM indicates gray matter; MD1k, mean diffusivity (b�1000 s/mm2); MD3k, mean diffusivity (b�3000 s/mm2);
NS, not significant (p�0.1); tv, modulated tissue segment fractional volume. Values are mean� SD over subject group
of the individual ROI means.
aWM is reported here because the SPM8 segmentation routine classifies the thalamus as a predominantly WM
structure.
b P values are reported for the Mann-Whitney U test.
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ROI Analysis
Although MD-VBA and MTR-VBA did not reveal significant

changes in the basal ganglia, significant ROI MD increases and MTR

decreases were seen in the thalamus, putamen, and caudate in the

6-OPRI subgroup relative to control participants. Voxel-based anal-

yses may not provide a complete substitute but, rather, a comple-

ment to ROI analysis, the latter potentially avoiding smoothing

across interregional or tissue boundaries. Cross-boundary smooth-

ing in VBA complicates interpretation and can either reduce or in-

crease statistical power, depending on whether the greatest underly-

ing changes respect the observable tissue boundaries. Intergroup

differences revealed on VBA and VBM may identify pathologically

specific affected regions. These differences may then be more sensi-

tively investigated on a subject-by-subject basis by ROI analysis,

which may provide the most straightforward and interpretable way

to monitor disease progression.

Study Limitations
Patients with the 6-OPRI mutation were the largest mutation sub-

group to undergo MR imaging scanning in the PRION-1 trial, and

our current study represents the largest group of such patients for

which consistent multiparameter MR imaging measurements are

available. Nevertheless, given the relatively small group size, our

analysis should be considered preliminary.

Some types of IPD (E200K, V201I) have clinical and radiologic

features similar to sporadic Creutzfeldt-Jakob disease,42 but apart

from patients carrying the P102L mutation,9 the imaging features

of other mutations are not well described in the literature. A com-

parison of 6-OPRI MR imaging findings with those from other

IPD mutations would be particularly informative. Although we

had access to another small set (n � 8) of patients with IPD who

had other mutations, the subgroups were too small (n � 4, n � 1,

n � 1, n � 1, n � 1) to achieve statistical power sufficient to pro-

vide robust conclusion on differences and similarities among mu-

tations. Future trials enrolling larger patient numbers will be nec-

essary for this type of analysis.

Our data suggest that in a number of brain regions, MTR

and MD appear more sensitive to pathologic changes than the

tissue-volume data inferred from the T1-weighted acquisition.

A future study with a larger dataset may confirm this observa-

tion by seeking significant changes after adjusting for local

atrophy by using voxelwise covariates (also known as biologic

parametric mapping).43,44 Furthermore, for our current data

we underline that the specific sensitivities (and statistical

power) of the individual voxel-based analyses also depend on

the acquisition signal-to-noise ratios in the respective proto-

cols (eg, determined by specific sequence parameters, includ-

ing nominal voxel sizes). We used the standard acquisition

parameters optimized for each method at our institution; our

current study was not designed to systematically compare pro-

tocols with matched signal-to-noise ratios.

Although the voxel-based analyses were performed on nor-

malized images with a nominal isotropic resolution (1.5 mm),3

the DWI and MTR source data were acquired with a larger section

thickness (5 mm) compared with the nominal 1.5-mm partition

of the 3D structural images. Partial-volume averaging from CSF at

the brain surface may thus be partly responsible for the larger

clusters detected proximal to the brain-CSF interfaces on MTR-

VBA and MD-VBA. With this problem in mind, we took care to

ensure that CSF contamination did not influence the manually

drawn ROIs.

CONCLUSIONS
Our study is the first multiparameter voxel-based analysis of ce-

rebral atrophy and microstructural changes in the 6-OPRI IPD

mutation by using quantitative MR imaging. With VBM, we dem-

onstrated regionally specific volume loss corresponding anatom-

ically to clinical symptoms and providing an anatomic basis for

the memory and executive function deficits seen clinically. We

also showed that VBA of MTR and MD can detect microstructural

changes in anatomic regions that do not demonstrate volume loss

on VBM. This finding is likely to reflect a diverse anatomic distri-

bution of histopathologic change driven by varying pathophysio-

logic processes. Combining regional measures from different but

complementary MR imaging modalities can identify brain re-

gions preferentially involved in the pathophysiology of prion dis-

ease and may provide markers of value in monitoring future ther-

apies. Comparison of our data on patients with the 6-OPRI

mutation with existing literature suggests that the distribution of

structural and microstructural changes presented here is specific

to this particular IPD mutation.
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