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A B S T R A C T   

Diffusion imaging is very useful for the diagnosis of sporadic Creutzfeldt-Jakob disease, but it has limitations in 
tracking disease progression as mean diffusivity changes non-linearly across the disease course. We previously 
showed that mean diffusivity changes across the disease course follow a quasi J-shaped curve, characterized by 
decreased values in earlier phases and increasing values later in the disease course. Understanding how MRI 
metrics change over-time, as well as their correlations with clinical deficits are crucial steps in developing 
radiological biomarkers for trials. Specifically, as mean diffusivity does not change linearly and atrophy mainly 
occurs in later stages, neither alone is likely to be a sufficient biomarker throughout the disease course. We 
therefore developed a model combining mean diffusivity and Volume loss (MRI Disease-Staging) to take into 
account mean diffusivity’s non-linearity. We then assessed the associations between clinical outcomes and mean 
diffusivity alone, Volume alone and finally MRI Disease-Staging. 

In 37 sporadic Creutzfeldt-Jakob disease subjects and 30 age- and sex-matched healthy controls, high angular 
resolution diffusion and high-resolution T1 imaging was performed cross-sectionally to compute z-scores for 
mean diffusivity (MD) and Volume. Average MD and Volume were extracted from 41 GM volume of interest 
(VOI) per hemisphere, within the images registered to the Montreal Neurological Institute (MNI) space. Each 
subject’s volume of interest was classified as either “involved” or “not involved” using a statistical threshold 
of ± 2 standard deviation (SD) for mean diffusivity changes and/or − 2 SD for Volume. Volumes of interest were 
MRI Disease-Staged as: 0 = no abnormalities; 1 = decreased mean diffusivity only; 2 = decreased mean diffusivity 
and Volume; 3 = normal (“pseudo-normalized”) mean diffusivity, reduced Volume; 4 = increased mean diffu-
sivity, reduced Volume. We correlated Volume, MD and MRI Disease-Staging with several clinical outcomes 
(scales, score and symptoms) using 4 major regions of interest (Total, Cortical, Subcortical and Cerebellar gray 
matter) or smaller regions pre-specified based on known neuroanatomical correlates. 

Volume and MD z-scores correlated inversely with each other in all four major ROIs (cortical, subcortical, 
cerebellar and total) highlighting that ROIs with lower Volumes had higher MD and vice-versa. Regarding 
correlations with symptoms and scores, higher MD correlated with worse Mini-Mental State Examination and 

Abbreviations: sCJD, Sporadic Creutzfeldt-Jakob disease; PrD, prion disease; PrPSc, scrapie isoform of the prion protein; DWI, diffusion-weighted imaging; GM, 
grey matter; MD, mean diffusivity; DTI, Diffusion tensor imaging; HC, Healthy controls; MMSE, Mini-mental state examination; VOI, volume of interest; ROI, Region 
of interest. 
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Barthel scores in cortical and cerebellar gray matter, but subjects with cortical sensory deficits showed lower MD 
in the primary sensory cortex. Volume loss correlated with lower Mini-Mental State Examination, Barthel scores 
and pyramidal signs. Interestingly, for both Volume and MD, changes within the cerebellar ROI showed strong 
correlations with both MMSE and Barthel. Supporting using a combination of MD and Volume to track sCJD 
progression, MRI Disease-Staging showed correlations with more clinical outcomes than Volume or MD alone, 
specifically with Mini-Mental State Examination, Barthel score, pyramidal signs, higher cortical sensory deficits, 
as well as executive and visual-spatial deficits. Additionally, when subjects in the cohort were subdivided into 
tertiles based on their Barthel scores and their percentile of disease duration/course (“Time-Ratio”), subjects in 
the lowest (most impaired) Barthel tertile showed a much greater proportion of more advanced MRI Disease- 
Stages than the those in the highest tertile. Similarly, subjects in the last Time-Ratio tertile (last tertile of dis-
ease) showed a much greater proportion of more advanced MRI Disease-Stages than the earliest tertile. There-
fore, in later disease stages, as measured by time or Barthel, there is overall more Volume loss and increasing MD. 

A combined multiparametric quantitative MRI Disease-Staging is a useful tool to track sporadic Creutzfeldt- 
Jakob- disease progression radiologically.   

1. Introduction 

Sporadic Creutzfeldt-Jakob disease (sCJD) is the most common form 
of human prion disease (PrD) and classically presents as a rapidly pro-
gressive dementia with ataxia and myoclonus, usually leading to aki-
netic mutism and death within a year or less from onset, but there are 
several subtypes with slower progression. Other motor symptoms, as 
well as higher cortical dysfunction and behavioral disturbances are also 
common (Appleby et al., 2009; Brown et al., 1986; Parchi et al., 1999; 
Prusiner, 1998; Rabinovici et al., 2006). 

Conventional MRI with diffusion-weighted imaging (DWI) has high 
diagnostic sensitivity and specificity for sCJD. The classical MRI finding 
of sCJD is cortical and/or subcortical grey matter (GM) restricted 
diffusion (reduced mean diffusivity MD)(Shiga et al., 2004; Vitali et al., 
2011). Of the primary pathological features of prion disease, reduced 
diffusion seems to correlate strongest with vacuolization, and to a lesser 
extent with PrPSc (scrapie isoform of the prion protein) deposition 
(Geschwind et al., 2009; Haïk et al., 2002; Kretzschmar et al., 1996; 
Manners et al., 2009). 

Reduced diffusion, however, is limited for tracking disease progres-
sion, as MD changes over time in sCJD are non-linear and even change 
direction (Caverzasi et al., 2014a). We previously showed with quanti-
tative diffusion tensor imaging (DTI) that GM MD has a quasi J- or U 
-shaped (flattening of the top of the J) temporal trajectory with three 
possible phases relative to normal MD. In the 1st phase, MD decreases 
and is reduced relative to controls. In the 2nd phase, MD is still reduced 
but begins to increase back towards normal. This is followed by a 3rd 
phase in which the slope of increasing MD flattens (hence quasi J- 
shape), and MD is either normal or more often increased relative to 
controls (Caverzasi et al., 2014a). This temporal course might prevent 
use of GM MD alone as an imaging biomarker in treatment trials. 
Furthermore, GM MD varies even between brain areas in single subjects, 
likely due to regions being in different disease stages with varying un-
derlying neuropathological or neurophysiological abnormalities (Grau- 
Rivera et al., 2017; Vitali et al., 2019). 

Brain atrophy usually is not an obvious early radiological finding by 
standard visual assessment in sCJD (De Vita et al., 2017; Finkenstaedt 
et al., 1996) and seems to occur only in the intermediate/late stages of 
the disease, particularly in subjects with prolonged disease courses 
(Finkenstaedt et al., 1996; Galvez and Cartier, 1984; Uchino et al., 1991; 
Ukisu et al., 2005). Quantitative volume assessment methods such as 
voxel-based morphometry (VBM) or cortical thickness evaluation, 
however, are more sensitive for detecting atrophy in sCJD or other prion 
diseases (Alner et al., 2011; Cohen et al., 2009; De Vita et al., 2013, 
2017; Grau-Rivera et al., 2017). 

Understanding how MRI metrics change during the course of sCJD is 
important for establishing their relationship with clinical outcomes and 
identifying optimal imaging outcome measures, which might help with 
designing treatment trials and prognostication for patients. As MD does 
not change linearly, and atrophy that is appreciated by visual 

assessment only occurs later in the disease course, neither alone is likely 
to be a sufficient biomarker throughout the disease course. 

In this study, we sought to systematically correlate in sCJD, a range 
of clinical scales, scores and symptoms with brain GM Volume alone, MD 
alone and a “MRI Disease-Staging” model that combined both GM Vol-
ume and MD changes. We hypothesized that combining MD and volu-
metric measures might improve the clinical-radiological correlation 
compared with using either parameter alone. 

2. Material and methods 

2.1. Subjects 

The 37 subjects used in this study were serial patients evaluated at 
the UCSF Memory and Aging Center (MAC) from June 2008 to 
September 2015 for rapidly progressive dementia research, ultimately 
diagnosed with probable (n = 10) (Geschwind et al., 2007) and/or def-
inite (n = 27) sCJD (Kretzschmar et al., 1996) and who had a sufficient 
quality research 3 T brain MRI (Siemens Trio Syngo, Erlangen, Ger-
many) that included high angular resolution diffusion imaging (HARDI) 
(see Supplemental material regarding patient selection). Table 1 shows 
the demographics of the sCJD and healthy control cohorts. For the sCJD 
cohort, the mean age was 64 ± 8 years (median 65, range 46–82), 20 
(54%) were males, 36 (97%) were right-handed and one was left- 
handed. Thirty healthy subjects matched for age and sex (mean age 
64 ± 10, median 66, range 45–78, 50% female) who underwent the 
same MRI protocol on the same scanner were selected from the UCSF 
MAC database as healthy controls (HCs). As shown in Supplemental 
Tables 1A and 1B, codon 129 polymorphisms MV and VV were over- 
represented and MM under-represented, and regarding molecular clas-
sifications, MM1 was underrepresented and MM2, VV1/2, MV1 and 
MV1/2 were overrepresented in our cohort compared to a typical North 
American or European sCJD cohort (Collins et al., 2006; Parchi et al., 
1999). Subjects or their caregivers provided informed consent to 
participate in this study, approved by the UCSF Committee on Human 
Research. 

2.2. Clinical assessment. 

Each subject had a detailed standardized comprehensive neurolog-
ical examination and the Mini-Mental State Examination (MMSE)(Fol-
stein et al., 1975). Of 37 subjects with sCJD, 30 had modified Barthel 
index of activities of daily living (ADLs; “Barthel”)(Shah et al., 1989) 
and 28 had the neuropsychiatric inventory (NPI)(Cummings, 1997). 
Only 22 of 37 subjects were able to undergo at least part of a one-hour 
battery of neuropsychological testing (Geschwind et al., 2013). All 
scales, scores and the neurological examinations used for statistical 
analysis were recorded ± 3 days from MRI scan date. The sCJD cohort on 
average had moderate dementia and was mild to moderately function-
ally impaired (Table 1). 

S. Sacco et al.                                                                                                                                                                                                                                   
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2.2.1. Neurological examination 
Components of the history and neurological examination (U.S. Na-

tional Alzheimer’s Disease Research Center standardized exam) were 
noted for presence or absence of a sign or symptom. Certain neurological 
systems were considered involved if a subject had the following symp-
toms/signs: pyramidal, ≥ two of four signs: weakness, hyperreflexia, 
spasticity, pathological reflexes (i.e., Hoffman’s, up-going toes, Babin-
ski, Chaddock’s); extrapyramidal, ≥ two of five signs: cogwheel rigidity, 
hypomimia, reduction in amplitude of movements (finger taps, foot taps 
or open and close fist), global bradykinesia and non-rubral tremor (ki-
netic or postural); cerebellar, ≥ one of these three signs: dysdiadocho-
kinesia, rubral tremor, dysmetria; and visual system, visual disturbances 
in this cohort were usually signs and symptoms such as blurred vision, 
difficulty seeing at dusk and but not visual field loss. Visual hallucina-
tions, diplopia and eye fatigue were not considered as visual distur-
bances for the purposes of localization or correlation with MRI findings. 
Astereognosis and agraphesthesia were considered as higher cortical 
sensory dysfunction. 

Regarding motor features in the 37 sCJD subjects, five (14%) had a 
pyramidal syndrome (all were bilateral), 14 (38%) had an extra- 
pyramidal syndrome (2 unilateral left-body; 12 bilateral), and 19 
(51%) a cerebellar syndrome (2 unilateral left-body; 17 bilateral). Eight 
(22%) subjects had higher cortical sensorial deficit (2 unilateral left- 
body; 6 bilateral) and 15 (41%) had visual disturbances. 

2.2.2. Cognitive composites 
Participants were given a comprehensive standardized one-hour 

neuropsychological battery used by our center which included assess-
ment of memory, executive, language and visuospatial domains (Kramer 
et al., 2003). Cognitive composites were created for data reduction and 
reducing multiple comparisons. A threshold of tests was specified to 
allow for some missing data but require a requisite number of tests to 
improve comparability across individuals (See Supplemental material) 
(Kramer et al., 2003; Staffaroni et al., 2018a). 

2.2.3. Neuropsychiatric inventory 
The 12-item NPI was scored as the sum of frequency × severity scores 

for all 12 behaviors (Cummings, 1997). For our analyses we used both 
this score, referred to as “Total NPI,” as well as three specified fre-
quency × severity NPI categories scores (apathy, disinhibition and 
aberrant motor behavior) with known neuroanatomical atrophy corre-
lation (Rosen et al., 2005). 

2.3. MRI acquisition 

Details of the MRI protocol are shown in Supplemental material, but 
included sagittal T1-weigthed 3D MPRAGE (voxel size 1x1x1 mm3) and 
HARDI dataset (in-plane resolution = 2.2 mm2; TR/TE = 8000/109 ms; 
64 non-collinear diffusion sensitization directions at b = 2000 s/mm2, 1 
at b = 0; integrated parallel acquisition technique acceleration (IPAT) 
factor = 2). 

2.4. Image processing and analysis 

2.4.1. T1 Imaging processing 
Before preprocessing, all T1-weighted images were visually inspec-

ted for quality control. T1-weighted images underwent bias field 
correction using N3 algorithm, and segmentation was performed using 
SPM12 (Wellcome Trust Center for Neuroimaging, London, UK; htt 
p://www.fil.ion.ucl.ac.uk/spm; RRID:SCR_007037) unified segmenta-
tion (Ashburner and Friston, 2005). A group template was generated 
from the within-subject average gray and white matter tissues by 
nonlinear and rigid-body registration template generation using Dif-
feomorphic Anatomical Registration using Exponentiated Lie algebra 
(DARTEL) (Ashburner and Friston, 2011). Native subjects’ space gray 
and white matter were normalized, modulated, and smoothed in the 
group template using intersubject transformations. The applied 
smoothing used a Gaussian kernel with ~4 mm full-width chalf- 
maximum. For statistical purposes, linear and nonlinear transformations 
between DARTEL’s space and International Consortium for Brain Map-
ping (Mazziotta et al., 1995) was applied. Each subject’s average subject 
segmentations were carefully inspected to ensure no major segmenta-
tion or normalization errors. 

2.4.2. Diffusion imaging processing 
Initial image preprocessing was performed using the FMRIB Software 

Library (FSL; http://www.fmrib.ox.ac.uk/fsl/). FSL’s brain extraction 
tool was used for skull stripping both for T1-weighted and diffusion 
dataset. Preprocessing of the DTI datasets was performed using FSL’s 
diffusion toolbox. Eddy current distortions and motion artifacts were 
corrected by registering each diffusion-sensitized volume to the b0 
volume with an affine transform. After tensor diagonalization, whole- 
brain maps of voxel wise quantitative GM metrics of MD were ob-
tained. For each subject, the b0 volume of the DTI dataset was registered 
to T1-weighted image through dedicated boundary-based registration 
(Greve and Fischl, 2009). T1-weighted image was registered to the 
Montreal Neurological Institute (MNI) standard stereotactic atlas using 
FSL’s linear and nonlinear registration tool. The MD map was warped to 
MNI space using the transform estimated for the registration of the T1- 
weighted image to MNI space. 

2.4.3. MD and Volume involvement map. 
Average MD and Volume were extracted from a total of 82 GM vol-

umes of interest (VOI), within the images registered to the MNI space. 
Specifically, the Freesurfer segmentation output (aparc + aseg file) was 
used to obtain, for each hemisphere, 36 cortical GM VOIs (Desikan et al., 
2006), 4 subcortical GM VOIs (thalamus, caudate, putamen, pallidus) 
and 1 cerebellar cortical GM VOIs (Fischl et al., 2002). White matter was 
not analyzed in this study. To decrease the potential effect of partial 
volume artifact, a threshold intensity, average intensity of cerebral 
spinal fluid (CSF) extracted in ventricles + 2 standard deviations (SD) 

Table 1 
Clinical features of sporadic Creutzfeldt-Jakob patients and controls.   

Controls n = 30 sCJD n = 37 

Age at first evaluation, years, mean 
+/- SD (median, range) 

64 +/- 10 (66, 
45–78) 

64 +/- 8 (65, 46–82) 

Sex, female (%) 50 46 
Right-handed (%) 100 97 
Time-Ratio mean +/- SD (median, 

range)  
0.64 +/- 0.25 (0.71, 
0.11–1) 

Total disease duration, months, mean 
+/- SD (median, range)  

16.27 +/- 8.19 (17, 
3–34) 

MMSE score, mean +/- SD (median, 
range) 

29.4 +/- 1 (30, 
26–30) 

16 +/- 8 (18, 0–27) 

Barthel index, mean +/- SD (median, 
range) 

N/D 63.7 +/- 37 (77.5, 
0–100) (n = 30) 

NPI, mean +/- SD (median, range) N/D 24.8 +/- 17 (21, 0–61) 
(n = 28) 

CSF t-tau (pg/mL) mean (median, 
range)b  

3699.4 (4079, 
248–15308) (n = 32) 

CSF protein 14–3-3  n = 35 
Positive (%)  40 
Negative or inconclusive (%)  60 

EEG  n = 33 
Periodic epileptiform discharges 
(PED) (%)  

9 

Slowing without PEDs (%)  60 
Normal (%)  31 

Pathologically-confirmed cases (n; %)  27; 73% 

Time-Ratio: (time from onset of symptoms to MRI scan/ total disease duration. 
MMSE =Mini-Mental State Examination; t-tau = total tau; CSF = cerebrospinal 
fluid; NPI = neuropsychiatric inventory frequency × severity product score 
(score range 0–144). 

b Abnormal value > 1200 pg/mL. 
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was used to exclude voxels that were likely to contain a mixture of CSF 
with GM from the VOI boundary. We considered caudate, putamen, 
globus pallidum and thalami as subcortical VOIs. 

Age-corrected z-scores for MD and Volume were computed for sCJD 
subjects using HCs. Subsequently each VOI in each subject was classified 
in a binary manner as either involved or not involved for MD changes 
and for Volume loss using as statistical threshold of MD average +/- 2 SD 
from HCs for that VOI, and Volume average of − 2 SD from HCs for that 
VOI. 

2.4.4. Staging of the VOIs 
We initially performed a voxel-based approach of MD maps to 

correlate with clinical scores and symptoms but could not find any 
correlations after multi-comparison correction (data not shown). We 
therefore then used a VOI approach. As MD changes are not only non- 
linear, but are J- or even U-shaped over time, and Volume loss tends 
to occur later in, the disease course (Caverzasi et al., 2014a, 2014b; 
Grau-Rivera et al., 2017), we developed an MRI Disease-Staging 
combining Volume and MD information, staging each single VOI for 
each subject as summarized in Table 2 and shown in Fig. 1. Our hy-
pothesis was that a multi-parameter approach, would improve the 
clinical-radiological correlation compared with either parameter alone. 

2.5. Statistical analysis 

As there was a large range for subject total disease durations, we 
calculated a Time-Ratio scale (defined as the ratio between time from 
onset of symptoms to MRI scan divided by total disease duration), from 
0 to 1 non-inclusive, to account for when an MRI was done during a 
subject’s total disease course (Caverzasi et al., 2014a). 

For most statistical analyses, composites of VOIs, referred to as re-
gions of interest (ROIs; e.g. right parietal lobe, bilateral medial temporal 
lobe, total GM), were used by calculating the weighted-average for the 
MD z-score, Volume z-score or MRI Disease-Staging, with each indi-
vidual VOI weighted based on its volume in MNI space. For assessing 
relationships of MMSE, Barthel, Time-Ratio and Total NPI with MRI 
quantitative metrics (MD and Volume) and MRI Disease-Stage, we used 
four general major ROIs (cortical, subcortical, cerebellar and total GM). 
We used pre-specified ROIs or single VOIs based on expected regions of 
neuroanatomical involvement to assess relationships of composite 
cognitive scores, three specific subcategories of NPI (apathy, disinhibi-
tion and aberrant motor behavior) and other specific neurological 
symptoms with MRI quantitative metrics and with MRI Disease-Stage. 

Here we list the ROIs and VOIs used to assess these relationships. For 
cognitive composite scores: Executive-score with frontal lobes and all 
subcortical ROIs (Chow and Cummings, 2007; Cummings, 1995); 
Memory-score with bilateral medial temporal lobes (Mesulam, 2000); 
Language-score with the left lateral temporal lobe; and Visuospatial- 
score with the right parietal lobe (Mesulam, 2000). We used the lateral 
left temporal lobe as the ROI due to the specific nature of the tests 
including in the Language-score composite , which included: the Pea-
body Picture Vocabularly Test, a measure of semantic knowledge with 

correlates in the left temporal pole (Mesulam, 2016); the mini Boston 
Naming Test (15 item), a measure of confrontational naming, most 
commonly shows associations with the lateral temporal lobe in neuro-
imaging studies (Baldo et al., 2013); and lastly. Finally, we included 
semantic/category fluency, which also has a temporal anatomy (Baldo 
et al., 2006; Birn et al., 2010). Lexical fluency tasks were not included in 
our Language-score composite as they have a greater frontal lobe 
anatomy (including the IFG) and are often considered as an executive 
function measure (Staffaroni et al., 2018b). The single left-handed 
subject did not have language testing and thus was not included in the 
Language-score composite. 

Neuroanatomical regions used for correlates for the three specific 
NPI subcategories were: aberrant motor behavior with a composite of 
two VOIs, caudal and rostral anterior cingulate; apathy with right su-
perior frontal gyrus; and disinhibition with rostral anterior cingulate 
(Rosen et al., 2005). 

For clinical syndromes the following neuroanatomical regions used 
for correlates were: visual disturbances with a composite of both oc-
cipital lobe VOIs, as signs and symptoms did not include lateralized 
features such as homonymous anopsias; lateralized cerebellar syn-
dromes (i.e. limb ataxia or dysmetria) with the ipsilateral cerebellar 
hemisphere VOI; pyramidal syndrome with a composite of contralateral 
precentral gyrus and paracentral lobule VOIs (Fernandez-Torre et al., 
2011); and extrapyramidal syndrome with a composite of contralateral 
subcortical VOIs (Fernandez-Torre et al., 2011). For assessing the rela-
tionship with higher cortical sensory loss (i.e., astereoagnosis or agra-
phesthesia), we used a single VOI of the post-central gyrus. 

We used Pearson correlations for most of our primary analyses as 
well as the relationship between MD and Volume within the general 
major ROIs (cortical, subcortical, cerebellar and total GM). For assessing 
the relationship of MRI parameters with clinical symptoms expressed as 
categorical variables, we used a general linear model (ANOVA) for 
detecting differences in MD z-score alone, Volume z-score alone and MRI 
Disease-Stage between subgroups of subjects with and without specific 
symptoms (e.g., pyramidal, extrapyramidal), using the GM ROIs noted 
above. 

To further assess if MRI Disease-Stage correlated with measures of 
disease severity, the following was done: for each subject, we calculated 
the proportion of VOIs at each specific MRI Disease-Stage (1, 2, 3 or 4) 
among all involved VOIs at any stage 1–4 (i.e., MRI Disease-Stage > 0). 
Then the cohort was divided according to disease severity into equal- 
sized tertiles according to the Barthel (100, <100 to > 55, ≤ 55) or 
the Time-Ratio (<0.47, ≥0.47 to < 0.8, ≥0.8). To further increase the 
power to detect differences, we combined stages 1 and 2 (less advanced 
stages) and stages 3 and 4 (more advanced stages). We then compared 
the proportions of VOIs involved at stages 1 or 2 and stages 3 or 4 in first 
vs last tertile using a two-sided t-test. 

The total NPI was scored as the sum of frequency × severity scores 
for all 12 behaviors (Cummings, 1997). We then assessed correlations 
between this score and value of MD, Volume and MRI disease-stage 
within the 4 general major ROIs (cortical, subcortical, cerebellar and 
total GM). 

Our analysis was corrected for multiple comparisons. Using the False 
Discovery Rate method for ranking p-values (Benjamini and Hochberg, 
1995; Glickman et al., 2014), the q-value for significance of the results 
was q = 0.035 for all Pearson correlation data presented in Tables 3 and 
4. 

3. Results 

3.1. Correlation among clinical scales or scores. 

The Time-Ratio showed a strong negative correlation with Barthel (R 
− 0.66, p = 0.0004) and a trend toward negative correlation with the 
MMSE (R − 0.29, p = 0.08), suggesting that subjects later in their disease 
course showed worse impairment. Time-Ratio, however, had no 

Table 2 
MRI Disease-Staging per volume of interest (VOI)a based on gray matter mean 
diffusivity (MD) and Volume.  

MRI Disease-Stage MD Volume 

0 Normal Normal 
1 Decreased Normal 
2 Decreased Decreased 
3 Normal due to “pseudo-normalization” Decreased 
4 Increased Decreased  

a Per aparc + aseg file output of the Freesurfer pipeline (Desikan et al, 2006; 
Fischl et al, 2002). In each volume of interest (VOI) MD is considered decreased 
if < 2 SD, or increased if > 2 SD, from healthy controls (HCs). Volume of a VOI is 
considered decreased if < 2 SD from HCs. See Methods for more details. 
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correlation with Memory-score (R 0.32, p = 0.14), Executive-score (R 
0.003, p = 0.98), Language-score (R − 0.007, p = 0.76), or Visuospatial- 
score (R − 0.20, p = 0.36). The Barthel correlated strongly with the 
MMSE (R 0.68, p = 0.00003) and correlated with Memory-score (R 0.51, 
p = 0.03), but only trended toward positive correlation with 
Visuospatial-score (R 0.45, p = 0.07) and had no correlation with the 
Executive-score (R 0.22, p = 0.37) or Language-score (R 0.29, p = 0.24). 
We hypothesized that the cognitive composite scores overall did not 
correlate well with Time-Ratio or Barthel because the subgroup of pa-
tients who were able to perform the cognitive test battery used to derive 
the composite scores were earlier in the disease course or less func-
tionally impaired, and thus the cognitive composites were not captured 
across the entire disease spectrum. Ad hoc analysis confirmed that those 
who could do the cognitive test battery (n = 22) were less functionally 
impaired (on Barthel) and trended towards being earlier in the disease 
course compared to the subgroup who could not (n = 15) do the 
cognitive battery (see Supplemental Material Section 2.1). Other cor-
relations among scales and scores are shown in Supplemental material. 

3.2. Correlation between Volume and MD z-scores at the ROI level. 

Volume and MD z-scores correlated inversely with each other in all 
four major ROIs (cortical, subcortical, cerebellar and total) (Table 3). 
Thus, ROIs with lower Volumes had higher MD and vice-versa, consis-
tent with our prior 1.5 T data (Caverzasi et al., 2014a) and our MRI 
Disease-Stage model. 

3.3. Correlations of MD z-score with clinical outcomes (scales, scores and 
symptoms). 

Various clinical outcomes correlated with MD z-scores, but with 
differences in directionality. Regarding those correlating with higher 
MD, in general, more cognitively and functionally impaired subjects 
(lower MMSE and Barthel) had higher MD values (Table 4). Specifically, 
lower Barthel scores correlated with higher total and cerebellar MD, but 
not with cortical or subcortical MD. The relationship between MD z- 
score and Barthel are shown in Fig. 2A. 

Fig. 1. MRI Disease-Staging process in each volume of interest (VOI) using mean diffusivity (MD) and Volume loss. (A) Left figure is an axial B2000 Trace DWI brain 
image and right is a T1MPRAGE of a single subject. (B) Mapping of MD (left figure) and Volume loss (right figure) of the subject compared to HCs onto MNI space. (C) 
MRI Disease-staging map: each VOI is assigned to a disease stage based on the MD being reduced, increased or no difference compared to HCs and Volume being 
reduced or not reduced compared to HCs. MRI Disease-Stages for each VOI are then used for correlation with clinical outcomes. 

Table 3 
Correlations between Volume and Mean Diffusivity z-scores.a.  

Gray Matter Region of interest (ROI) Total Cortical Subcortical Cerebellum 

Pearson correlation coefficient (R); P-value (CI) − 0.54; 0.0005 (− 0.74;− 0.26) − 0.43; 0.009 (− 0.66;− 0.13) − 0.36; 0.029 (− 0.61;− 0.04) − 0.46; 0.004 (− 0.73;− 0.05)  

a This able shows Pearson correlation coefficients between MD z-score and Volume z-score in total, cortical, subcortical and cerebellum ROIs. 95% confidence 
intervals (CI) are reported. Using the False Discovery Rate method for ranking p-values, the q-value for significance of the results was q = 0.035 correction) 
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Lower MMSE scores correlated with higher cerebellar MD but no 
other ROIs. Time-Ratio showed a positive correlation with MD z-score 
only in cerebellum but trended toward positive correlation with total 
GM MD and cortical MD, suggesting that subjects later in their disease 
course have higher MD values, particularly in the cerebellum. 

Higher cortical function deficits were associated with lower MD. 
Specifically, subjects with left body astereognosis and/or agraphesthesia 
had lower MD in the right postcentral gyrus. Subjects with worse overall 
psychiatric symptoms (higher Total NPI) had lower subcortical MD. The 

Table 4 
Relationship between quantitative MRI metrics and clinical outcomes.  

Pearson correlations (R)a between quantitative MRI metrics in major Regions of 
Interest (ROIs)^ and clinical scales 

Clinical scales/ 
Gray Matter ROIs 

MD z-score Volume z-score MRI Disease- 
Staging  

R; P value (CI) R; P value (CI) R; P value (CI) 

Barthel (n ¼ 30) 
Total ¡0.42; 0.025 

(¡0.68, ¡0.07) 
0.36; 0.045(0.01, 

0.64) 
¡0.44; 0.013 

(¡0.69, ¡0.102) 
Cortical − 0.37; 0.045 

(− 0.65, − 0.02) 
0.27; 0.15 − 0.32; 0.08 

(− 0.61, 0.04) 
Subcortical 0.25; 0.17 0.41; 0.021 

(0.07, 0.68) 
− 0.32; 0.08 

(− 0.61, 0.04) 
Cerebellar ¡0.49; 0.006 

(¡0.72, 
¡0.153) 

0.53; 0.002 
(0.20, 0.746) 

¡0.57; 0.001 
(¡0.77, ¡0.262) 

MMSE (n ¼ 37) 
Total 0.07; 0.67 0.37; 0.022 

(0.06, 0.62) 
¡0.52; 0.0009 
(¡0.72, ¡0.23) 

Cortical 0.19; 0.25 0.34; 0.034 
(0.03, 0.65) 

¡0.48; 0.002 
(¡0.67, ¡0.19) 

Subcortical − 0.11; 0.48 0.40; 0.014 
(0.09, 0.64) 

¡0.54; 0.0005 
(¡0.73, ¡0.26) 

Cerebellar ¡0.44; 0.006 
(¡0.67, ¡0.14) 

0.37; 0.024 
(0.05, 0.62) 

¡0.45; 0.006 
(¡0.67, ¡0.14) 

Time-Ratio (n ¼ 37) 
Total 0.32; 0.06 

(− 0.004, 0.58) 
− 0.17; 0.3 0.23; 0.16 

Cortical 0.0.28; 0.08 
(− 0.05, 0.55) 

− 0.13; 0.4 0.17; 0.31 

Subcortical − 0.04; 0.8 − 0.17; 0.3 0.07; 0.6 
Cerebellar 0.36; 0.03(0.04, 

0.62) 
− 0.26; 0.11 0.34; 0.04(0.01, 

0.6) 
Total NPI (n ¼ 28) 

Total 0.03;0.86 
(− 0.35;0.4) 

− 0.07;0.7 
(− 0.43;0.31) 

0.13;0.48 
(− 0.26;0.48) 

Cortical 0.04;0.84 
(− 0.34;0.44) 

− 0.02;0.9 
(− 0.39;0.35) 

0.14;0.47 
(− 0.25;0.49) 

Subcortical ¡0.62;0.0005 
(¡0.8;¡0.32) 

− 0.15;0.34 
(− 0.5;0.24) 

0.18;0.36 
(− 0.21;0.52) 

Cerebellar 0.21;0.26 
(− 0.18;0.54) 

− 0.17;0.38 
(− 0.51;0.22) 

0.07;0.7 
(− 0.31;0.43) 

Pearson correlations between quantitative MRI metrics in pre-determined ROIs^ and 
neurocognitive composed score assessing specific functions 

Composite 
neurocognitive 

score/ Gray 
Matter ROIs 

MD z-score Volume z-score MRI Disease- 
Staging  

R; P value (CI) R; P value (CI) R; P value (CI) 
Visuospatial-score (n = 22) 

Right Parietal lobe 0.26; 0.22 0.12; 0.58 ¡0.60; 0.002 
(¡0.81, ¡0.24) 

Memory-score (n ¼ 22) 
Bilateral medial 

temporal lobe 
− 0.05; 0.82 0.29; 0.18 − 0.34; 0.11 

Executive Function-score (Executive-score) (n ¼ 22) 
Subcortical 0.06; 0.77 0.14; 0.51 ¡0.58; 0056 

(¡0.8, ¡0.21) 
Bilateral frontal 

lobe 
0.30; 0.17 0.04; 0.84 0.33; 0.14 

Language-score (n ¼ 22) 
Left lateral 
temporal lobe 

0.19; 0.38 0.23; 0.30 − 0.26; 0.25 

Pearson correlations between quantitative MRI metrics in pre-determined ROIs^ and 
specific Neuropsychiatric Inventory categories 

NPI category/ 
Gray Matter 

ROIs 

MD z-score Volume z-score MRI Disease- 
Staging  

R; P value(CI) R; P value(CI) R; P value(CI) 
Apathy (n ¼ 28) 

Right superior 
frontal gyrus 

0.22;0.25 
(− 0.17;0.55) 

− 0.15;0.43 
(− 0.5;0.24) 

0.08;0.66 
(− 0.3;0.44) 

Disinhibition (n = 28) 
Rostral anterior 

cingulate 
− 0.15;0.43 
(− 0.5;0.24) 

− 0.26;0.18 
(0.58;0.13) 

0.27;0.16 
(− 0.11;0.58) 

Aberrant motor behavior (n ¼ 28)  

Table 4 (continued ) 

Pearson correlations (R)a between quantitative MRI metrics in major Regions of 
Interest (ROIs)^ and clinical scales 

Clinical scales/ 
Gray Matter ROIs 

MD z-score Volume z-score MRI Disease- 
Staging  

R; P value (CI) R; P value (CI) R; P value (CI) 

Caudal and rostral 
anterior 
cingulate 

¡0.44;0.01 
(¡0.7;¡0.08) 

0.04;0.84 
(− 0.34;0.41) 

− 0.13;0.48 
(− 0.48;0.26) 

Comparison (ANOVA) of MRI quantitative metrics in pre-determined ROIs between 
subjects with and without specific symptoms 

Clinical findings/ 
Gray Matter 

ROIs 

MD z-score Volume z-score MRI Disease- 
Staging 

Pyramidal syndrome (n = 37) 
Contralateral 
precentral gyrus 
and paracentral 

lobule 

No differences (P 
value > 0.1) 

Lower Volume in 
symptomatic 
patients (p 

value = 0.002) 

More ad advanced 
MRI Disease-Stages 

in symptomatic 
patients (p 

value = 0.002) 
Extrapyramidal syndrome (n = 37) 

Contralateral 
putamen, 
caudate, 

pallidum and 
thalamus 

No differences (P 
value > 0.1) 

No differences (P 
value > 0.1) 

No differences (P 
value > 0.1) 

Cortical sensory deficit (Left astereognosis and agraphesthesia) (n ¼ 37) 
Right post-central 

gyrus 
Lower MD in 
symptomatic 
patients (p 

value = 0.02) 

No differences (P 
value > 0.1) 

More advanced 
MRI Disease-Stages 

in symptomatic 
patients (p 

value = 0.007) 
Cortical sensory deficit (Right astereognosis and agraphesthesia) (n = 37) 

Left post-central 
gyrus 

No differences (P 
value > 0.1) 

No differences (P 
value > 0.1) 

No differences (P 
value > 0.1) 

Cerebellar syndrome (n = 37) 
Ipsilateral 
Cerebellum 

No differences (P 
value > 0.1) 

No differences (P 
value > 0.1) 

No differences (P 
value > 0.1) 

Visual deficits (n = 37) 
Occipital lobe No differences (P 

value > 0.1) 
No differences (P 

value > 0.1) 
No differences (P 

value > 0.1) 

Summary description of Table results:  
- MD correlates negatively with Barthel and MMSE, indicating worse scores are 

associated with higher MD values and vice-versa. MD correlates positively with 
Time-Ratio (defined as the ratio between time from symptoms onset to MRI scan 
divided by total disease duration), indicating that subjects with higher Time-Ratio 
(later in their disease course at the time of MRI scan) show higher MD values and vice- 
versa.  

- Volume correlates positively with Barthel and MMSE, indicating worse scores are 
associated with lower Volume and vice-versa.  

- MRI disease-staging correlates negatively with Barthel, MMSE, Executive and 
Visuospatial scores indicating worse scores to be associated with more advanced 
MRI disease-stages and vice-versa. MRI disease-staging correlates positively with 
Time-Ratio, indicating that subjects with higher Time-Ratio (later in their disease 
course at time of MRI scan) show more advanced MRI disease-stages vice-versa. 

a Bold results indicate statistically significant correlations at p < 0.035. (Using 
the False Discovery Rate method for ranking p-values, the q-value for signifi-
cance of the results was q = 0.035 correction). Underlined results indicate trends 
toward correlation at 0.1 < p < 0.35. 95% confidence intervals (CI) are reported 
only for statistically significant correlations and trends toward correlation. ^See 
text for a detailed description of ROIs 
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total NPI did not, however, correlate with total GM, cortical, or cere-
bellar MD. Among the three specific categories of the NPI (apathy, 
disinhibition and aberrant motor behavior) with prior defined neuro-
anatomical correlation (Rosen et al., 2005), the only correlation was 
negative, between MD in the anterior cingulate ROI and aberrant motor 
behavior, meaning lower MD values were associated with worse 
(higher) NPI category scores (Table 4). No other relationships were 
found with composite cognitive scores or major symptom categories 

3.4. Correlation of Volume z-score with clinical outcomes (scales, scores 
and symptoms) 

We next explored correlations with Volume. MMSE correlated posi-
tively in all major ROIs, whereas Barthel correlated positively in cere-
bellar and subcortical ROIs (Table 4), suggesting that more cognitively 
and functionally impaired subjects have greater atrophy. The relation-
ship between Volume z-score and Barthel is shown graphically in 
Fig. 2B. Interestingly, Time-Ratio did not correlate with any major ROI. 
Subjects with a pyramidal syndrome, however, had less Volume in the 
contralateral precentral gyrus and paracentral lobule than those without 

this syndrome. No other correlations or relationships were identified 
with composite cognitive scores or other symptom categories. 

3.5. Correlation of MRI Disease-Staging with clinical outcomes (scales, 
scores and symptoms) 

Overall, compared with either Volume or MD z-score alone, MRI 
Disease-Staging showed correlations (mostly negative) with more clin-
ical outcomes and with slightly higher correlation coefficients in most 
ROIs, although CIs overlapped (Table 4). Specifically, MMSE correlated 
negatively (lower MMSE, higher MRI Disease-Staging score) in all four 
major ROIs. Barthel also correlated negatively in total and cerebellar 
ROIs and trended negatively in subcortical and cortical ROIs. After 
multiple comparison correction, Time-Ratio did not correlate with any 
ROIs, however, the p-value for the correlation of Time-Ratio and MRI 
Disease-stage within the cerebellum was very close to the statistical 
significance (p = 0.037 with 0.035 of cut off after multiple comparison 
correction). This suggests that subjects temporally later in their disease 
course may have more advanced MRI Disease-Stages in the cerebellum 
(lower Volume and higher MD). To assess if the 51% of our cohort whom 

Fig. 2. Relationship between Barthel and MRI gray 
matter MD or Volume. Relationship between Barthel 
and MRI gray matter MD and Volume. These graphs 
show the relationship between Barthel scores (X axis) 
and (A) MD z-score (Y axis) or (B) Volume z-score 
within Cortical, Subcortical, Cerebellar, and Total 
gray matter (GM) ROIs. Note the Barthel is plotted on 
the X-axis going left to right from higher (more 
functional) to lower scores (less functional). Subjects 
with lower Barthel scores (more impaired) show 
higher MD z-scores in all ROIs except for the 
Subcortical GM. For Subcortical GM, the relationship 
is in the opposite direction, with more impaired 
subjects having lower MD, and conversely less 
impaired subjects having higher MD in the striatum 
and thalamus. In (B) relationship between Barthel 
scores and Volume z-score suggests that subjects with 
lower Barthel scores (more impaired) have lower 
Volume z-score in all major ROIs.   
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had cerebellar signs had cerebellar MRI differences, we compared MRI 
findings (MD, Volume, MRI Disease-Staging) in cerebellar ROIs between 
sCJD patients with or without a cerebellar syndrome. We found no 
statistical difference in MD, Volume or MRI disease Stage values, how-
ever (Table 4). 

Regarding cognitive assessments, Executive-score correlated, nega-
tively, with only subcortical ROIs but not with frontal lobes. 
Visuospatial-score correlated, negatively, with the right parietal lobe 
ROI. Thus, subjects with worse Executive and Visuospatial scores had 
higher MRI Disease-Stage (increased MD, reduced Volume) in these 
respective regions than those with better scores. Neither Language-score 
nor Memory-Score correlated with MRI Disease-Stage (Table 4). 

Subjects with pyramidal symptoms and left body astereognosis and/ 
or agraphesthesia had higher MRI Disease-Stages (increased MD, 
reduced Volume) in the contralateral precentral and paracentral gyrus 
and right postcentral gyrus, respectively, than subjects without these 
features (Table 4). 

3.6. Number and sum of VOIs involved at each MRI Disease-Stage. 

Regarding the number of VOIs involved by MD and/or Volume (i.e., 
MRI Disease Stage 1–4), on average only 32 ± 20 out of 80 total VOIs 
(40%; median 30, range 4–78) were involved per subject. The most 
commonly involved VOI was the right lateral occipital cortex (n = 27; 
73%); the least involved was the left hippocampus (n = 3; 8%; see 
Supplemental Table 2). For each VOI, the mean number of subjects with 
involvement was 16 ± 6 out of 37 (43%; median 15, range 3–27). The 
average percent of brain Volume involved at each MRI Disease-Stage for 
the cohort is shown in Fig. 3. Note that on average 60% of the brain was 
MRI Disease-Stage 0, not involved in terms of MD or Volume. Among the 
40% of VOIs involved, 60% were Stage 1, with only reduced MD. 

3.7. Relationship between number of VOIs involved by MRI Disease-Stage 
1–4 and either the Barthel or Time-Ratio 

There was no correlation between the Barthel or the Time-Ratio and 
either the percent of VOIs or percent of Volume of VOIs involved (not 
shown). We then limited this analysis to only correlate with involved 
regions by considering only VOIs with MRI Disease-Stages 1–4. Exam-
ining the percent of VOIs involved at each MRI Disease-Stage, only MRI 
Disease-Stage 4 (increased MD, reduced Volume) correlated, positively, 
with Time-Ratio (R 0.33, p = 0.04) and, negatively, with Barthel (R 
− 0.38, p = 0.006). Examining the percent of Volume involved at each 
MRI Disease-Stage, both MRI Disease-Stage 3 (normal MD, reduced 
Volume) and Stage 4 correlated, negatively, with Barthel (R − 0.42, 
p = 0.02; R − 0.40, p = 0.03, respectively), whereas MRI Disease-Stage 4, 
correlated, positively, with Time-Ratio (R 0.37, p = 0.02). These data 
suggest that subjects with more advanced disease have reduced Volume 
and either normal or increased MD in more VOIs than less advanced (by 
Barthel or Time-Ratio) subjects. 

3.8. Relationship of MRI Disease-Staging with disease severity scales 
(Barthel and Time-Ratio) by tertiles 

Next, in order to increase power to detect relationships, rather than 
examining correlations along an entire scale spectrum, we looked at the 
distributions of MRI Disease-stages among subjects subdivided in groups 
according to two measures of disease severity, Barthel and Time-Ratio. 
Given that for each VOI, more than half of subjects did not show 
involvement (MRI Disease-Stage 0), for this analysis we only considered 
involved VOIs (MRI Disease-Stage 1–4) to avoid giving too much weight 
to the MRI Disease-Stage 0, uninvolved brain regions. 

Subjects in the cohort with Barthel scores (n = 30) and with Time- 
Ratio (n = 37) were subdivided into tertiles. The distribution of the 
MRI Disease-Stages within the regions involved (MRI Disease-Stage > 0) 
in each tertile group is shown in Fig. 4. There was no difference in the 

distribution of MRI Disease-Stages 1–4 among the Barthel or the Time- 
Ratio tertiles. Therefore, to better detect differences, we combined 
certain stages. As a key aspect of our model is mean diffusivity, which is 
an almost pathognomonic diagnostic imaging feature of this disease, we 
focused on the state of MD. We therefore combined stages 1 and 2 (both 
of which have restricted MD; less advanced stages) and stages 3 and 4 
(which both have increased or pseudo-normalization of MD; more 
advanced stages). Subjects in the lowest Barthel tertile showed a much 
greater proportion of more advanced MRI Disease-Stages than the 
highest tertile (two-sided t-test, p = 0.03), and similarly, subjects in the 
last Time-Ratio tertile showed a much greater proportion of more 
advanced MRI Disease-Stages than the earliest tertile (two-sided t-test, 
p = 0.02). This, generally supports findings in our prior analysis in 
Section 3.7, showing that subjects whose disease was more progressed 
had more brain regions (VOIs) with higher MRI Disease-Stages 
(increased MD, reduced Volume). 

As shown in Section 3.5 (Correlation of MRI Disease-Staging with 
clinical outcomes), whereas Barthel had correlations with MRI Disease- 
Stage in many ROIs, Time-Ratio correlated with MRI Disease-Stage only 
in cerebellar GM. To further explore possible relationships of Time-Ratio 
with MRI Disease-Stage, we compared the mean MRI Disease-Stage 
within each involved VOI (Stages 1–4) and major ROI for subjects in 
the earliest versus the latest Time-Ratio tertiles. This analysis, not 
assessed for statistical significance because of multiple comparisons, 
shows that subjects in the latest Time-Ratio tertile had more advanced 
MRI Disease-Stages in almost all VOIs than did those in the earliest Time- 

Fig. 3. Average percent of gray matter Volume involved at each MRI Disease- 
Stage Average percent of gray matter Volume involved at each MRI Disease- 
Stage. The average percent of volumes of interest involved at each MRI 
Disease-Stage in the cohort considering all volumes of interest (VOIs) regardless 
of whether they were involved or not (i.e. includes volume not involved; left bar 
graph) or considering only involved VOIs (i.e. MRI Disease-Stage 1–4; right bar 
graph). For all subjects, the average MRI Disease-Stage was calculated for each 
VOI and then multiplied by the volume of each VOI to calculate these values. 
VOIs MRI Disease-Stages as follows: 0 = no abnormalities; 1 = decreased mean 
diffusivity only; 2 = decreased mean diffusivity and Volume; 3 = normal 
(“pseudo-normalized”) mean diffusivity, reduced Volume; 4 = increased mean 
diffusivity, reduced Volume. A similar analysis examining not percent of total 
volume, but percent of VOIs (not corrected for size of VOI) involved showed 
nearly identical results (not shown). 
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Ratio tertile (Supplemental Table 3). This suggests that, in general when 
a region is involved (reduced Volume and/or abnormal MD), in subjects 
who are later in their disease course that region is more likely to be at a 
more advanced MRI Disease-Stage and the converse. Thus, MRI Disease- 
Stage tracks disease course in both early and late disease stages, and 
therefore in most of the VOIs that are involved (reduced Volume and/or 
abnormal MD) there is a progression toward higher MD and reduced 
Volume (i.e. atrophy or Volume loss) at later disease stages. 

4. Discussion 

This study systematically evaluated the correlation of clinical out-
comes (clinical scales, scores and symptoms) with two important MRI 
features of sCJD, MD abnormalities and Volume loss. As our and others’ 
previous research had shown that radiological parameters might change 
variably in different stages of PrD (Caverzasi et al., 2014a, 2014b; Grau- 
Rivera et al., 2017), we developed a novel MRI Disease-Staging scale 
with four serial stages that can be applied to each VOI: 1. Reduced MD 
and normal Volume early in the disease process; 2. Reduced MD and 
initial Volume loss; 3. Volume loss associated with normal MD; and 4. 
Further Volume loss associated with increased MD. Thus, in brain re-
gions with early involvement, there is primarily decreased MD with no 
or minimal Volume loss. As disease in a brain region advances, pro-
gressive Volume loss (atrophy) is associated with higher MD values 
(Caverzasi et al., 2014a, 2014b; Grau-Rivera et al., 2017). As we 

hypothesized, a quantitative multi-parameter approach combining MD 
and Volume changes shows correlations with more clinical outcomes 
than either MD or Volume alone. 

There are at least two main reasons why our MRI Disease-Staging 
appears to work better for clinical-imaging correlation than MD 
changes alone: 1. MD change over-time in sCJD is non-linear (Caverzasi 
et al., 2014a), and 2. MD increases during a disease stage when atrophy 
occurs (discussed later). Regarding the first reason, an individual with 
sCJD can simultaneously have some regions with increased MD, some 
with decreased MD, and some with normal MD (Grau-Rivera et al., 
2017). This is because as a brain region becomes affected, initially there 
is a phase of decreased MD, but if the disease progresses for sufficient 
time, that region will eventually a stage of increasing MD (Caverzasi 
et al., 2014a). Therefore, for any brain region, clinical outcomes would 
not correlate with MD alone (which changes non-linearly) throughout 
the entire course of the disease (decreased, then increased MD), but for 
our current study we predicted they might correlate with either the 
increasing or the decreasing phase alone of MD change. In line with this 
hypothesis, we found that certain clinical outcomes correlated with 
higher MD and others with lower MD. Patients with more global 
impairment (based on Barthel or MMSE) showed higher cortical and 
cerebellar MD values, whereas patients with more neuropsychiatric 
symptoms (higher NPI) and higher cortical sensory dysfunction showed 
lower MD values within the subcortical GM and the postcentral gyrus, 
respectively. We postulate that the latter may be because identifying 

Fig. 4. Relationship between Disease-Stage and Barthel or Time-Ratio Tertiles. Subjects in the cohort with available Barthel scores (A; n = 30) and with Time-Ratio 
(B; n = 37) were subdivided into tertiles based on these scores (see Results). A) Patients with highest Barthel tertile (Barthel = 100) had a statistically significant 
difference (*; p < 0.03, two-sided t-test) in the percent of VOIs involved at disease stages 1–2 versus 3–4 compared to patients with lowest Barthel tertile (Bar-
thel ≤ 55). B) Patients in the earliest Time-Ratio (lower than 0.47; i.e. closer to onset) showed a statistically significant difference (* p < 0.02, two-sided t-test) in the 
percent of VOIs involved at MRI disease stages 1–2 versus 3–4 compared to patients in the latest Time-Ratio tertile (≥0.8; i.e., closer to the end of disease-course). As 
this Figure suggests, there appears to be a direct relationship between the MRI Disease-Staging and the Barthel as well as Time-Ratio. Thus, in later disease stages, as 
measured by Time-Ratio or Barthel, there is a larger percent of VOIs with reduced Volume and increasing MD. 
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deficits such as agraphesthesia and astereoagnosia requires a high level 
of patient participation that would usually only occur in earlier disease 
phases. Thus, clinical-imaging correlations using MD alone is problem-
atic, as it is not clear a priori whether something will correlate with 
increased or decreased MD; this limitation, however, can be overcome 
using a quantitative multi-parameter approach, such as our MRI Disease- 
Staging, that correlates with clinical outcomes only in one direction. 

We are aware of only two other studies that have attempted to sys-
tematically correlate diffusion alterations and clinical deficits in PrD 
cohorts. Cohen et. al. 2009, working predominantly with E200K genetic 
CJD, which radiologically has much overlap with some sCJD subtypes, 
used visual assessment, rather than their quantitative MD ADC map 
data, for correlating DWI hyperintensity (allegedly decreased diffusion) 
with several neurological syndromes (Cohen et al., 2009). They found no 
correlation between cerebellar DWI hyperintensity and cerebellar syn-
drome (consistent with our MD findings), whereas DWI hyperintensity 
in the frontal lobe, precentral gyrus and basal ganglia correlated with 
executive function deficits, pyramidal and extrapyramidal syndrome, 
respectively. Although they also quantitatively measured MD from ADC 
maps, for reasons that are unclear to us, they only used DWI hyper-
intensity by visual assessment, and not this quantitative ADC data, for 
correlations with clinical symptoms. As visual assessment of DWI trace 
images is far less sensitive and more subject to artifact, and MD from 
DWI ADC maps is somewhat less sensitive than a quantification of MD 
derived from DTI (Alexander et al., 2007), in our analysis we explored 
the MD values (derived from DTI) of ROIs expected to be involved, 
looking for differences between subjects with or without certain symp-
toms. When we examined MD alone, however, we found that only 
subjects with left body astereognosis and/or agraphesthesia showed 
lower MD in the right postcentral gyrus, but no differences were 
detected in the ROIs expected to be involved between patients with or 
without pyramidal, extrapyramidal, cerebellar and visual symptoms 
(Table 4). 

Several reasons can account for the discordance between our results 
and those of Cohen et.al 2009. Despite Cohen et al. having several 
cortical regions with DWI hyperintensity correlating with some neuro-
logical symptoms, with their quantitative approach (measuring MD 
from Apparent Diffusion Coefficient maps) did not find any cortical re-
gions with decreased MD; this might suggest that some, or much, of the 
cortical DWI hyperintensity was artifact rather than true reduced 
diffusion. DWI images can be subject to artifact, particularly in frontal 
regions, from susceptibility effects in regions adjacent to the sinuses 
(Pierpaoli, 2010; Pierpaoli et al., 2001; Zerr et al., 2009). This might 
explain the difference between our findings, which correlat with true 
and quantified MD rather than DWI hyperintensity of unclear diffusion 
level. Lastly, another possible reason for different findings between our 
study and Cohen et al. is that although E200K has overlap with sCJD, 
clinicopathologically they are not quite equivalent (Brown et al., 1986, 
1994; Brownell and Oppenheimer, 1965; Chapman et al., 1993; Cohen 
et al., 2011; Collins et al., 2006; Cooper et al., 2005; Kropp et al., 1999; 
Parchi et al., 1999; Takada et al., 2017; Tsuji et al., 2004). 

The second study that correlated diffusion alterations with clinical 
presentation in a PrD cohort was by De Vita et al., 2013. Somewhat 
similarly to our study, they approached the clinical-imaging correlations 
with a multi-parametric quantitative MRI analysis, conducting a voxel 
based analysis of MD maps, which was, however, derived from DWI, not 
DTI (De Vita et al., 2013). Also, differently from us, their analysis was of 
only nine subjects, all with a six octapeptide repeat insertion mutation 
(6-OPRI)) that usually causes a Gerstmann-Sträussler-Scheinker form of 
gPrD that does not show restricted diffusion on MRI (Takada et al., 2017; 
Kim et al., 2018; Boxer et al., 2007). This is most likely because 6-OPRI 
cases radiologically might be more similar to other non-prion neuro-
degenerative disease which show increased MD with progression 
(Kantarci et al., 2010; Whitwell et al., 2010). Thus, not unexpectedly in 
this study, differently from ours and Cohen et al.’s findings, clinical 
deficits were associated only with increased MD values. 

A second reason why our MRI Disease-Staging, combining both MD 
and Volume changes, works better for clinical-imaging correlation than 
MD changes alone is that in general MD increases at a later disease stage, 
around the time when atrophy occurs (Grau-Rivera et al., 2017; Iwasaki, 
2017; Iwasaki et al., 2014). As MD in sCJD has a quaisi-J or U-shaped 
curve (Caverzasi et al., 2014a; Grau-Rivera et al., 2017), when MD is still 
normal, one cannot tell if it is in the early, downslope of MD (decreasing 
MD phase) or in the later, upslope (increasing MD phase). As within each 
subject at a single time point different brain regions might be in different 
stages of disease (Grau-Rivera et al., 2017), it suggests that the clinical 
history cannot give reliable suggestions on where different brain regions 
might be along the quasi J- or U-shaped curve of the longitudinal MD 
change. If significant brain atrophy were present by visual assessment, 
this could suggest that most brain regions are in advanced disease stages. 
Most sCJD subjects do not show gross atrophy by visual assessment of 
MRI. Assuming that atrophy is present but not detectable by visual 
assessment, adding quantification of Volume to the equation may help 
resolve this issue. If there is no atrophy, one is likely still early and in the 
decreasing phase and if atrophy is present, one likely is in the increasing 
MD phase. Thus, the combined MD-Volume assessment helps determine 
if areas with normal MD values are normal because 1. The areas are 
either not involved (MRI-Disease Stage 0) or 2. MD is “pseudo-normal-
ized,” as it is on the increasing phase of the quasi J- or U-shaped curve 
when Volume loss is present (MRI-Disease Stage 3). Next we discuss how 
Volume loss might affect MD changes in sCJD. 

Regarding the histopathology underlying MD change over time, our 
current data support the possible influence of Volume loss on MD values. 
First, we found a negative correlation between Volume and MD z-score 
in all GM ROIs (Table 3), suggesting that when Volume is reduced, MD is 
increased. Second, our MRI-Disease Stage accounting for MD and Vol-
ume correlated with more clinical outcomes than either MD or Volume 
alone. Some of the earliest pathological changes in sCJD are PrPSc 

deposition and small vacuolation, followed by a phase of increasing 
gliosis, and in later stages increasing neuronal loss with disruption of 
cytoarchitecture (neuropil rarefaction) up to, in some cases, a state 
defined as status spongiosus (severe gliosis, neuronal loss, and rarefac-
tion) (Iwasaki, 2017; Iwasaki et al., 2014; Masters and Richardson, 
1978). A few studies have tried to correlate sCJD pathological changes 
with MD and Volume changes. Reduced MD associates best with earliest 
pathological changes, including PrPSc deposition (Geschwind et al., 
2009; Haïk et al., 2002) and particularly microvacuolation (Geschwind 
et al., 2009; Manners et al., 2009). Neuronal loss, disruption of brain 
cytoarchitecture and severe reactive gliosis are likely to increase MD 
(Grau-Rivera et al., 2017; Haïk et al., 2008; Ukisu et al., 2005), as is seen 
also in other neurodegenerative diseases (Kantarci et al., 2010; Whitwell 
et al., 2010). Other possible key factors in the pseudo-normalization or 
even increase of the MD signal in sCJD might be the coalescence of 
vacuoles and expansion of the size of each vacuole, both of which can 
occur in later stages (Masters and Richardson, 1978). If vacuoles enlarge 
sufficiently, such as in status spongiosus, the diffusion of water might no 
longer be restricted (Gelal et al., 2002; Geschwind et al., 2009). 

Although our study is cross-sectional, it suggests progressive increase 
in MD with the development and progression of atrophy as well as 
disability. This is supported by our finding that subjects with lower 
Barthel and subjects later in their disease course (larger Time-Ratio) 
both showed a greater proportion of more advanced MRI Disease- 
Stages than subjects with higher Barthel or subjects earlier in their 
disease course (lower Time-Ratio), respectively. A paper by Park et al. 
also supports increasing or at least pseudo-normalization of MD in later 
sCJD stages, when atrophy is present. They divided their cross-sectional 
36 sCJD codon 129MM cases clinically into four disease-stage groups (1. 
vague symptomatic, 2. possible CJD criteria, 3. probably CJD criteria 
and 4. chronic vegetative state characterized by full dementia and aki-
netic mutism) and compared the pattern of involvement on DWI and 
ADC map by visual assessment among these stages (Park et al., 2016). 
DWI signal cortical hyperintensities increased from the first stage to the 
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third stage, but then became less hyperintense in the last clinical stage. 
Such a finding of decreased DWI hyperintensities in later clinical stages 
has been reported elsewhere as well (Eisenmenger et al., 2016; Hirose 
et al., 1998; Matoba et al., 2001; Oppenheim et al., 2004; Tribl et al., 
2002; Ukisu et al., 2005). This finding is very consistent with our model 
suggesting increasing MD in later stages, particularly in the cortex. Park 
et al. also found that striatal DWI/ADC involvement in their MM cases 
occurred in later disease stages, which was consistent with our data 
showing lower MD MD in the striatum of more impaired patients 
(Fig. 2A). 

A longitudinal DTI study might confirm our hypothesis of MD quasi 
J-shape changes over time, but given the rarity of the disease and its 
rapid course, acquiring serial MRIs in sCJD of sufficient quality for 
quantitative MD analysis has been difficult (Caverzasi et al., 2014a; 
Grau-Rivera et al., 2017). We are only aware of two cohort studies, both 
on a limited number of subjects, that have longitudinally assessed 
quantitative MD changes, and they showed conflicting results. Our prior 
study in seven subjects with serial scans found trends toward increasing 
MD in several regions (caudate, thalamus and many cortical regions), 
but decreasing MD in a few cortical regions (Caverzasi et al., 2014a). 
The second study with seven subjects imaged serially, however, found 
decreasing MD only in the left striatum, but no other changes (Eisen-
menger et al., 2016). We believe there are some technical differences 
between Caverzasi et al. 2014a and Eisenmenger et al., 2016 that might 
explain the different findings. In the analysis of these conflicting results, 
however, it has to be noted also that an individual with sCJD can 
simultaneously have some regions with increased MD, some with 
decreased MD, and some with normal MD (Grau-Rivera et al., 2017). 
This is because in affected brain regions, initially there is a phase of 
decreased MD that if the disease progresses for long enough time, it is 
followed by a stage of increasing MD (Caverzasi et al., 2014a). The most 
common molecular sCJD subtypes (MV1 and MM1) show involvement 
of both cortical and subcortical GM, but this involvement does not 
necessarily occur synchronously. Our data in Fig. 2A show that that the 
course of MD changes within the subcortical GM (reduced MD) might, 
indeed, not be in the same phase on the quasi J-shape curve as cerebellar 
and cortical changes. As shown in Fig. 2A, subjects with lower Barthel 
(later in the disease) have lower MD than those with higher Barthel 
scores (earlier in the disease), suggesting that subcortical MD is lagging 
behind cortical and cerebellar MD on the quasi J-shape curve of MD 
change. Thus, a possible explanation for the finding of longitudinal 
decreasing MD within the basal ganglia in Eisenmenger et al., 2016 may 
be due to the different timing of involvement of the subcortical 
compared to the cortical GM in sCJD. This is further supported by a 
recent longitudinal quantitative MRI analysis of a single sCJD subject 
with seven MRI scans, including five DTI acquisitions, from 4th to 17th 
months from disease onset (Vitali et al., 2019). This paper showed a 
pattern of early cortical and later striatum involvement, suggesting 
cortical-subcortical spreading of the disease (which we find commonly 
in our clinical experience). A finding of further interest in Vitali et al., 
2019 was that the early cortical involvement with restricted diffusion 
was associated with early cognitive impairtment, whereas the late 
striatal restricted diffusion was associated with late extrapyramidal 
motor impairment. In the context of a cortical-subcortical spreading, 
with involvement of subcortical gray matter typically occurring in later 
stages of the disease, it is conceivable that whereas within the cortex it is 
possible to detect the full spectrum along the quasi J-shaped curve of MD 
changes, within the basal ganglia and particularly in the striatum, which 
are on the earlier parts of the quasi J-shaped curve with reduced MD, 
one might not be able to detect pseudo-normalization or increased MD at 
the time of the subjects last MRI or prior to their death. 

We will now address why our MRI Disease-Staging scale, combining 
MD and Volume changes, works better for clinical-imaging correlation 
than Volume changes alone. Volume loss by visual assessment is usually 
not noted in sCJD and other prion diseases, and when evident, it is 
usually only in late disease stages, and often in patients with long 

courses (Uchino et al., 1991; Finkenstaedt et al., 1996; De Vita et al., 
2017). Therefore, atrophy might not be expected to correlate with focal 
clinical deficits in early stages, but in later stages could correlate with 
focal deficits and general function. Symptoms present at the onset are 
likely to be associated with the initial histopathological alterations of 
the disease (vacuolation and PrPSc deposition) more than neuronal loss, 
which develop in later stages. In a longitudinal VBM analysis of a sub-
cohort of 21 subjects with prion disease (mostly with slowly progressive 
genetic forms and only 2 sCJD cases) whom had serial imaging with 
interscan intervals of > 3 months, De Vita et al. found Volume loss in 
each of several brain regions correlated with functional decline (De Vita 
et al., 2017). In a different study, the same research group performed 
VBM on 23 cases of various forms of PrDs (mostly gPrD, unclear how 
many sCJD) who had detailed neurocognitive assessment. Using prin-
cipal component analysis, they found a major axis of fronto-parietal 
dysfunction on cognitive testing that correlated with Volume loss in 
frontal and parietal gray matter (Caine et al., 2015). In our current 
study, similar to the previous literature, Volume loss in various ROIs 
correlated significantly with functional decline (e.g., Barthel and 
MMSE). We also found focal motor and pre-motor cortex Volume loss 
correlated with a contralateral pyramidal syndrome. The correlations 
between these clinical scores and Volume in most GM ROIs suggests that 
as disease progresses, functional decline is associated with atrophy. The 
lack of correlation between Time-Ratio and Volume is, however, prob-
ably due to the fact that not all subjects, particularly those with short 
disease duration, develop significant atrophy. 

There are few other interesting aspects emerged from our analysis 
that need to be discussed. One issue is the lack of correlation between 
the amount of brain involved by either Volume loss or MD alterations 
(expressed as percent of VOIs or percent of brain volume with MRI 
disease-stage 1 to 4) and measures of disease severity such as Time-Ratio 
and Barthel. One might have expected the amount of brain volume 
involved to increase along with greater functional impairment (lower 
Barthel) as well as progression through later stages (higher Time-Ratio). 
One reasons for our finding might be that which specific VOIs, rather 
than the number of VOIs, involved are more relevant to clinical 
impairment. In our experience, this is perhaps best exemplified by our 
observation that many sCJD patients with extensive diffuse cortical 
restricted diffusivity by visual assessment are often surprisingly intact 
functionally and motorically, yet patients with limited cortical and but 
significant deep nuclei involvement can be very impaired. 

For both Volume and MD, changes within cerebellar ROIs correlated 
strongly with MMSE and Barthel. Interestingly, in our analysis, there 
was however no relationship between presence of a cerebellar syndrome 
and quantitative metrics values (MD, Volume, MRI Disease-Stage). 
There are a few possible reasons for this. One is that the Freesurfer 
segmentation used for our analysis includes only two cerebellar hemi-
spheric VOIs. The classic anatomical and functional subdivision of the 
cerebellum includes 3 lobes: inferior, superior and anterior lobe. Each 
one of these lobes is connected with specific cerebellar subcortical nuclei 
as well as with specific areas of brain and spinal cord. Each specific lobe 
is therefore associated with specific symptoms and syndromes (Tanabe 
et al., 2018). Furthermore, data suggests that the anterior cerebellum is 
more associated with motor control, whereas the posterior cerebellum is 
more related to cognitive and affective function (Stoodley and 
Schmahmann, 2010; Argyropoulos et al., 2020) The use of a hemispheric 
ROIs does not take in account the lobar subdivision and might therefore 
limit our ability to detect a relationship with the different cerebellar 
syndromes. Improved methodologies for parcellating the cerebellum on 
MRI studies hopefully should facilitate these types of analyses and we 
plan to implement these when they become more widely available. 
Another possible reason for the lack of correlation of MRI findings with 
the presence or absence of a cerebellar syndrome is that the cerebellar 
deficits might be arising outside of the cerebellum, from regions con-
nected with the cerebellum. Changes within hemispheric cerebellar 
ROIs did correlate, however, with clinical scores such as the Barthel and 
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MMSE, which more grossly assess the functional and cognitive status of 
the subjects. This suggests that the cerebellum might have an important 
role in the development of these deficits, which as noted needs to be 
further assessed with a more specific segmentation of cerebellar struc-
tures possibly including cerebellar lobes, as well as subcortical GM 
nuclei. 

MD was the only MRI quantitative metric that correlated with 
neuropsychiatric symptoms. Specifically, the Total NPI correlated 
inversely with subcortical MD (higher the NPI, the lower the MD), 
whereas aberrant motor behavior correlated inversely with anterior 
cingulate MD. As suggested by our experience as well as prior literature 
(Thompson et al., 2015), we think this might be related to the psychi-
atric symptoms being more evident in earlier compared to later sCJD 
phases. This might be because, with disease progression to more 
advanced phases, the psychiatric symptoms actually decline or become 
simply not as noticeable due to other features potentially over-
shadowing them (severe dementia, aphasia, akinetic mutism, etc…). 

Our study has several limitations. Our cohort is small for a typical 
dementia study but large for a quantitative imaging study in prion dis-
ease and has the advantages being clinically very thoroughly charac-
terized with quantitative assessment of diffusion data homogeneously 
acquired at a single site. Furthermore, our cohort has been assessed for 
complete codon 129 polymorphism data, which alone has been shown to 
have a significant effect on the clinical course even without prion typing 
information (Mead et al., 2016). Nonetheless we are aware that our 
method should be ideally validated with a larger representation of sCJD 
subtypes in order to confirm its robustness, particularly when consid-
ering the high phenotypic variability of this disease. Our cohort shows, 
indeed, a different proportion of the three codon 129 subtypes compared 
to other large multinational cohorts, specifically a lower number of MM 
molecular subtypes, which one study has shown to be associated with 
short disease duration (Mead et al., 2016). This is probably because the 
MM1 subtype, which is the most common in large autopsy studies, 
typically progresses very rapidly with severe dementia, ataxia and 
myoclonus, making it difficult to obtain sufficient quality research MRIs 
for such analyses. A large multicenter approach may be useful in the 
future in order to obtain a better representative sample of sCJD sub-
types. Although this study did not include histopathological correla-
tions, our use of very conservative thresholds to score a region or 
Volume (− 2 SD and + 2 SD for MD and − 2 SD for Volume versus con-
trols) in an sCJD case as being involved supports the strength of our 
radiological findings. Future studies in a cohort with short intervals 
between MRI and death, although difficult to obtain, might allow in-
clusion of histopathological correlations with MRI findings. In the cur-
rent study, for Volume computation we used a VBM approach with the 
data of each subject being transferred within the MNI space. We realize 
this is different from the surfaced-based analysis (SBA) with Freesurfer 
used in the previous study of our group (Caverzasi et al 2014a) in which 
we worked on each single subject space and used data on cortical 
thickness computed trough Freesurfer. The only reason why in the 
present study we decided to use a VBM approach, rather than replicate 
the SBA approach used in our previous work is that the standard pipeline 
now in use within our center uses VBM rather than Freesurfer. It is 
important to note that VBM Volume computation and Freesurfer cortical 
thickness assessment are both comparable methods to detect atrophy. 
We are not aware of any convincing data showing significant superiority 
in atrophy detection of one method over the other. 

Longitudinal studies in larger sCJD cohorts are needed to further 
demonstrate the nature of the course of MD changes over-time as well as 
to better time the onset and progression of atrophy. These studies could 
further assess the validity of our MRI Disease-Staging. 

5. Conclusion 

This study showed that the clinical-radiological correlation in sCJD 
can be improved by the use of an MRI Disease-Staging combining MD 

abnormalties and Volume loss. Due to the non-linear course of MD over- 
time, its role alone as a non-invasive biomarker is problematic. An MRI 
Disease-Staging based on reduced MD and normal Volume early in the 
disease, followed by phases of normal/increased MD and reduced Vol-
ume might be a better approach for tracking sCJD progression in clinical 
studies and trials. 
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