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Abstract

Grey matter involvement is a well-known feature in sporadic Creutzfeldt-Jakob dis-
ease (sCJD), yet precise anatomy-based quantification of reduced diffusivity is still
not fully understood. Default Mode Network (DMN) areas have been recently dem-

onstrated as selectively involved in sCJD, and functional connectivity has never been
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quantitatively multi-parametric MRI approach. Specifically, grey matter mean diffusiv-
ity of 37 subjects with sCJD was compared with that of 30 age-matched healthy con-

trols with a group-wise approach. Differences in mean diffusivity were also examined
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between the cortical (MM(V)1, MM(V)2C, and VV1) and subcortical (VV2 and MV2K)
subgroups of sCJD for those with autopsy data available (n = 27, 73%). We also
assessed resting-state functional connectivity of both ventral and dorsal components
of DMN in a subset of subject with a rs-fMRI dataset available (n = 17). Decreased
diffusivity was predominantly present in posterior cortical regions of the DMN, but
also outside of the DMN in temporal areas and in a few limbic and frontal areas, in

addition to extensive deep nuclei involvement. Both subcortical and cortical sCJD
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1 | INTRODUCTION

Sporadic Creutzfeldt-Jakob disease (sCJD) is the most common
human prion disease, a group of rare diseases due to misfolding of the
normal prion protein, which results in neurodegeneration. The disease
is typically characterized by rapidly progressive dementia, ataxia, and
myoclonus progressing to death usually within a year or less from
onset (Brown et al., 1986), but presentations can be quite heteroge-
neous (Collins et al., 2006; Geschwind, 2015; Parchi et al., 1999).
Diffusion-weighted imaging (DWI) brain MRI shows a pattern of
decreased diffusivity with high diagnostic sensitivity and specificity
and has consequently been included in updated sCJD diagnostic
criteria (Bizzi et al., 2020; Geschwind et al, 2007; Staffaroni
etal.,, 2017; Vitali et al., 2011; WHO, 1998; Zerr et al., 2009).

Most imaging studies in sCJD have evaluated signal abnormalities
on fluid-attenuated inversion recovery (FLAIR) and especially DWI by
visual assessment (Eisenmenger et al., 2015; Kallenberg et al., 2006;
Meissner et al., 2009; Shiga et al., 2004; Tschampa et al., 2007; Vitali
et al,, 2011; Young et al., 2005; Zerr et al., 2009). These diffusivity
changes in sCJD have been associated mainly with vacuolation (Figini
et al.,, 2015; Geschwind et al., 2009; Manners et al., 2009).

Qualitative visual assessment of reduced diffusivity on DWI
images is very helpful for sCJD diagnosis (Hermann et al., 2021;
2011Zerr et al., 2009), but has several shortcomings due to the sub-
jectivity of readings and difficulty distinguishing true abnormalities
from artifact, and therefore may increase the risk of under- or over-
estimating the real extent of disease involvement (Caverzasi, Henry,
et al., 2014; Lin et al., 2006). To overcome such limitations, quantita-
tive approaches have been used to more precisely assess diffusivity
metrics, especially mean diffusivity (MD), in prion diseases (Caverzasi,
Henry, et al., 2014; Caverzasi, Mandelli, et al., 2014; Eisenmenger
et al, 2015; Grau-Rivera et al., 2017; Manners et al., 2009; Ukisu
et al., 2005; Wang et al., 2013). A quantitative approach, in fact, may
be more precise at determining involved regions and investigating the
heterogeneity of radiological patterns of abnormalities (Grau-Rivera
et al,, 2017; 2014Sacco et al., 2020).

Visual and quantitative assessments of diffusivity abnormalities in
sCJD, although heterogeneous, generally show prominent involvement
of the anterior cingulate, parieto-angular, retrosplenial, and middle tem-

poral cortices (Caverzasi, Henry, et al., 2014; Vitali et al., 2011) areas that

subgroups showed decreased diffusivity subcortically, whereas only the cortical type
expressed significantly decreased diffusivity cortically, mainly in parietal, occipital, and
medial-inferior temporal cortices bilaterally. Interestingly, we found abnormally increased
connectivity in both dorsal and ventral components of the DMN in sCJD subjects com-
pared with healthy controls. The significance and possible utility of functional imaging as a

biomarker for tracking disease progression in prion disease needs to be explored further.

CJD, DMN, fMRI, MD, mean diffusivity, MRI, resting-state, sporadic Jakob-Creutzfeldt disease

are part of the Default Mode Network (DMN) (Alves et al., 2019;
Buckner et al., 2008; Leech & Sharp, 2014). In a recent voxel-based mor-
phometry study, we found selective atrophy in almost all regions part of
DMN, further suggesting that DMN network could be a preferential site
of involvement in prion disease (Younes et al., 2021).

To our knowledge, functional connectivity has not been investigated
in prion disease, yet analysis of resting-state functional MRI (rs-fMRI)
can have a role in identifying dysfunction before structural and possibly
even diffusivity abnormalities may be identified. In non-prion neurode-
generative diseases, a correlation between the pattern of involvement
(usually by atrophy) and dysfunction of intrinsic connectivity networks is
often seen (Gardner et al., 2013; Seeley et al., 2009; Zhou et al., 2010),
and functional measures have also been shown to be sensitive to disease
involvement even in regions without suspected or measured atrophy
(Dopper et al., 2013; Hacker et al., 2012; Nestor et al., 2018).

In the present work, we aimed (a) to assess quantitatively the dif-
fusivity abnormalities in sCJD grey matter to demonstrate preferential
involvement of the DMN-related areas; (b) to investigate if patterns
of involvement specific for sCJD molecular subtypes might be
detected by quantitative analysis; and (c) to investigate any resting-
state functional abnormality within the DMN in sCJD.

2 | MATERIALS AND METHODS

21 | Subjects

From June 2008 to September 2015, 64 subjects with rapidly pro-
gressive dementia ultimately diagnosed by us with probable and/or
definite sCJD had a research visit at our center at the University of
California San Francisco (UCSF) Memory and Aging Center (MAC). All
met UCSF 2007 probable or definite sporadic CJD criteria
(Geschwind et al., 2007; Kretzschmar et al., 1996; Parchi et al., 1999)
(many also eventually met either WHO 1998 or European probable
sCJD criteria (WHO, 1998; Zerr et al., 2009)). 58 subjects had a 3T
MRI (Siemens Trio Syngo), but only 49 had the same high angular res-
olution diffusion-weighted imaging (HARDI) acquisition for diffusion
tensor imaging (DTI) analysis. Twelve subject‘s scans were excluded
because of poor quality images due to severe motion artifact. Thus,

37 subjects were included in the diffusion dataset of this study (mean
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age 64+7.8, 17 females). The same sCJD cohort has been recently
presented in another paper from our group (Sacco et al., 2020). A rs-
fMRI acquisition was added to the protocol in mid—2011 and
acquired in a subgroup of subjects (n = 19). Of those nineteen, two
were excluded for head motion, based on a threshold of >3 mm trans-
lational movement or >3° relative rotation or number of motion spikes
>10% of the total (relative motion >1 mm), leaving 17 subjects used in
the functional analysis.

Genotyping for pathogenic prion protein gene (PRNP) mutations
and codon 129 polymorphisms were performed through the
U.S. National Prion Disease Pathology Surveillance Center (NPDPSC;
Cleveland, OH). PRNP genotype and codon 129 polymorphism data
were available in all 37 subjects; none had mutations. Twenty-seven
subjects (73%) were pathologically proven, all of whom had prion typ-
ing (Kretzschmar et al., 1996; Parchi et al., 1999).

A detailed standardized neurological examination and testing, includ-
ing Mini-Mental State Examination (MMSE) and modified Barthel index
(Mahoney & Barthel, 1965), were recorded + 3 days from MRI date.

Thirty healthy age and sex-matched subjects who underwent the
same MRI protocol on the same scanner were selected from the MAC
database (mean age 63.4 +10.5 SD, 15 females) as controls. Participants
or their caregivers provided informed consent to the present study,
which was approved by the UCSF Committee on Human Research.

2.2 | MRl acquisition

The HARDI dataset was acquired using a single-shot spin-echo echo-
planar imaging (EPI) sequence including 55 contiguous axial slices
acquired in an interleaved order (TR/TE = 8000/109 ms; flip
angle = 90°; matrix = 100 x 100; in-plane resolution = 2.2 mm?; slice
thickness = 2.2 mm; 64 noncollinear diffusion sensitization directions
at b = 2000s/mm?, 1 at b = O; integrated parallel acquisition tech-
nique acceleration (IPAT) factor = 2).

For functional imaging, 36 interleaved axial slices (slice thick-
ness = 3mm with 0.6 mm gap) were acquired using a T,-weighted
EPI sequence (TR/TE = 2000/27 ms, flip angle = 80°; field of
230 x 230 mm?; 92 x 92;

resolution = 2.5 x 2.5mm; 240 volumes) with an online gradient

view = matrix = in-plane
adjustment for head motion compensation. Participants were
instructed to lie still with their eyes closed, and to remain awake,
thinking of nothing.

A T1-weighted (T1w) sequence was acquired for all subjects for

structural reference and for purpose of registration.

2.3 | Image processing and analysis

2.3.1 | Diffusionimaging

Preprocessing

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. Preprocessing of HARDI datasets
was performed using FSL's diffusion toolbox. Eddy current distortions
and motion artifacts were corrected by registering each diffusion-
sensitized volume to the bO volume with an affine transform. After
tensor diagonalization, whole-brain maps of voxel-wise quantitative
DTI metrics were obtained, most importantly for this paper, MD. For
each subject, the bO volume of the DWI dataset was registered to
T1w image through dedicated boundary-based registration (BBR)
(Greve & Fischl, 2009). The T1w image was registered to the Montreal
Neurological Institute (MNI) standard atlas using FSL's linear and
nonlinear registration tool. MD maps were warped to MNI space
using the transform estimated for the registration of Tlw image to
MNI space.

Group-wise analysis

For both subjects and controls, the average MD was determined for
each brain GM region (cortical, subcortical and cerebellum) and for
each of 41 GM volume-of-interest (VOI) per hemisphere (Desikan
et al., 2006; Fischl et al., 2002). To decrease the potential effect of
partial volume artifact, a threshold intensity (average intensity of CSF
extracted in ventricles—2 SD, [0.0016-0.00023]) 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 pallidus (GP),
and thalami as subcortical VOIs. For all analyses, FDR correction for
multiple comparisons was applied: significance was set at p <.05 FDR
corrected. As post hoc analysis, we also built single-subject MD-based
involvement maps on the MNI space to explore the feasibility of such
an approach and to corroborate the group-wise analysis (see

Supporting Information).

Sub-group analysis by cortical or subcortical major involvement
Given the molecular subdivision of our cohort (see Table 1) we did
not have enough subjects to conduct a MD analysis relative to each
pure subtype (e.g., MM1, VW1 etc.). Following previous publications
by other groups, we subdivided our sCJD cohort of pathology-proven
cases in two different subgroups based on molecular classification: a
cortical-predominant subtype, “cortical subgroup,” (including MM(V)1,
MM(V)2C, and VV1 subtypes) and a subcortical-predominant subtype,
“subcortical subgroup” (including VV2 and MV2K subtypes)(Bizzi
et al., 2021; Pascuzzo et al., 2020). The molecular classification
needed for such a division was available for 27 of the 37 cases. Sub-
jects with the coexistence of multiple molecular subtypes
(e.g., MMV1-2, MMV2K+2C, etc.) which would have a mixture of cor-
tical and subcortical types, however, were excluded from this sub-
group analysis, resulting in 19 cortical sCJD subjects (1 MM1, 1 VW1,
2MM1-2C, 7MM2C, 4 MV1, 4 MV2C) and 5 subcortical sCJD sub-
jects (2 MV2K, 3 VV2).

Statistics

Age-corrected z-scores were used to compare MD between subjects
and controls, and among subgroups (Mann-Whitney). False discovery
rate (FDR) adjustment was used for multiple comparison correction.

For comparison between cortical and subcortical subgroups, a
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TABLE 2  Average grey matter (GM) mean diffusivity (MD) in sporadic Creutzfeldt-Jakob disease cohort by group-wise analysis

Mean diffusivity (MD)
HC sCJD
Cortical MD 779 £ 61 745 + 53 (p <.0001)
Subcortical MD 663 +92 607 £ 93 (p <.0001)
Cerebellum MD 665 +27 685 £36 (p <.05)
Mean diffusivity (MD)
Left Right
GM volumes of interest (VOI) HC sCJD HC sCJD
Frontal
Caudal middle-frontal 753+26 743+33 760+38 745+ 44
Lateral orbito-frontal 739 +38 729 + 64 73325 722+73
Medial orbito-frontal 800+ 20 783 +57 760+ 28 761+79
Paracentral 814 £41 806 + 61 786 £35 759 + 67
Pars opercularis 773+21 773 £ 50 767 £24 749 £ 56
Pars orbitalis 781+24 770+ 66 787 £29 748 +92*
Pars triangularis 789 +22 781 +58 762 +38 741+55
Precentral 760+ 25 746+ 31 768 £30 756 £ 34
Rostral middle-frontal 794 £21 765 +53* 782 +27 751+ 62*
Superior frontal 802+18 783+ 36 788 +22 772+ 46
Frontal pole 634 + 189 546+170 587 +178 582 +197
Parietal
Inferior parietal 771+23 711 +72* 770+ 33 699 +98*
Postcentral 77224 757 £38 76529 757 £ 60
Precuneus 801+21 728 + 86* 783+26 713+ 106*
Superior parietal 756 + 27 722 +55 762+42 735+ 61**
Supramarginal 785+ 20 759 £ 61 787 £28 762+71
Limbic
Caudal anterior cingulate 843+40 814+71 818+ 35 795+70
Isthmus cingulate 780+ 33 749 + 89 752+ 33 715+113
Posterior cingulate 813+42 752 +81* 795+ 37 730 £93**
Rostral anterior cingulate 839+30 835+ 66 827 +£35 816+74
Insula 769 24 763 +62 769 +22 793+54
Amygdala 785+27 762 +50 781+22 763 +36*
Hippocampus 819+35 819+44 816 +33 814+44
Temporal
Entorhinal 832+36 811+51 803+35 785+53
Fusiform 749 £35 717 +76 732+39 687 £ 90*
Inferior temporal 701+30 677+71 713+ 30 665+ 73*
Middle temporal 768 +23 728+73 774 +25 710 + 80**
Temporal pole 852+ 62 839+ 95 856+33 835+ 88
Parahippocampal 759 + 37 734 +70 748 £ 40 717 £ 68
Superior temporal 786+ 18 768 £ 51 791+ 16 749 £ 62**
Transverse temporal 821+42 784 +58 839 +45 829 + 64
Banks superior temporal sulcus 710+ 29 691+91 737 £34 702 £ 105
Occipital

Cuneus 855+31 806 +77* 83433 78599
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TABLE 2 (Continued)
Mean diffusivity (MD)
Left Right
GM volumes of interest (VOI) HC sCJD HC sCJD
Lateral occipital 754 +22 716+ 67 743 +21 687 +80
Lingual 811+28 780 + 88 814 +27 772+ 95
Pericalcarine 784 +40 77072 77529 765+81
Subcortical
Caudate 806 +48 776 +87* 777 £55 728 +94*
Putamen 642 +41 567 + 88*** 651 +41 573 + 88***
Pallidum 549 +43 506 +81* 576 +43 520 + 74***
Thalamus 664 +24 618 + 62*** 644 +23 600 + 58***
Cerebellum 664 +27 683 + 36* 667 +24 687 + 36*

Note: MD values are reported in mm?/s x 1072 as average # standard deviation. HC: Controls. In bold statistically significant average MD reduction in
sCJD compared with controls: (***) = p <.001, (**) = p <.005, and (*) = p < .05 (Mann-Whitney test), all FDR corrected. In italics, trend toward reduced
average MD with p-values > .05 and < .1. Only for cerebellum, bold italics shows significant increase of average MD in sCJD versus controls; (*) = p < .05,
FDR corrected. Cortical areas in bold are those considered part of the Default Mode Network (Alves et al., 2019).

MANOVA test (Pillai's trace) was also performed (Pillai, 1955). A p
<.05 was considered significant. Statistical testing was performed
using Real Statistics Resource Pack software (Release 7.6) and JASP
Team (2022), JASP (Version 0.16.1).

2.3.2 | Functional imaging

We used SPM12 (Statistical Parametric Mapping, Wellcome Trust
Center for Neuroimaging, London, UK) running under Matlab R2014a
(MathWorks) to process and analyze functional data. Five initial func-
tional volumes were discarded to allow magnetic field stabilization.
Pre-processing of functional images included the following steps: slice
time-correction, spatial realignment, coregistration to the subject's
structural Tdw image, normalization to the MNI T1 space using the
SPM segment module, and the default tissue probability map (unified
segmentation) (Ashburner & Friston, 2005; Pereira et al, 2013),
smoothing with a 6-mm gaussian kernel, and bandpass temporal filter-
ing to preserve frequencies between 0.0083 and 0.15 Hz.

Two spherical seed volume of interest (VOI) with a 5mm radius
were used to derive dorsal and ventral DMN (dDMN and vDMN)
(Andrews-Hanna et al., 2010; Damoiseaux, 2012; Jones et al., 2016).
The two seeds were located within the right posterior cingulate gyrus
(PCC), as one of the main hubs of the DMN (Buckner et al., 2008;
Leech & Sharp, 2014), one for each component of the DMN, following
the separation of sub-networks as suggested by Jones et al (Jones
et al,, 2016). The two identified seeds were located at the following MNI
coordinates: +16, —48, +34 for the dDMN and +12, —54, +14 for the
vDMN, with each seed located within the portion of respectively dDMN
and vDMN in the right PCC (based on the singlesubject MD maps as
reported in the Supporting Information for further details).

We extracted the average blood oxygen level-dependent signal

intensity of all voxels within a given seed for each volume throughout

each participant's scan using the MARSBAR toolbox for SPM12 (Brett
et al, 2002). Resulting region of interest time series served as
covariates of interest for whole-brain voxelwise regression analyses,
resulting in a dDMN and vDMN parameter estimate maps for each
participant. Covariates of no interest included the mean deep white
matter and CSF time-series, the three rotational and three transla-
tional motion parameters, the temporal derivative of each of these
terms, and the square of all terms (Satterthwaite et al., 2013).

Dorsal and ventral DMN connectivity were examined at a group
level. To correct for motion, we used the sum displacement measure
during rs-fMRI acquisition as a covariate. Significance was set at a p
< .05 FWE corrected, at clusterwise level.

3 | RESULTS

3.1 | Subjects

Description of the subjects and controls are reported in Table 1. The
entire sCJD cohort on average had moderate dementia and was mild/
moderately functionally impaired, although there was a wide range of
impairment. Codon 129 polymorphism distribution in our cohort was
over-represented for MV and VV and under-represented for MM
(Chi-Square, p < .001) (Collins et al., 2006; Parchi et al., 1999). Regard-
ing sCJD molecular classification, the cohort was underrepresented
for MM1 and overrepresented for MM2, VW1/2, MV1, and MV1/2
(Kolmogorov-Smirnov, p = .001; Table S1A,B) (Collins et al., 2006;
Parchi et al., 1999).

The 17 subjects included in the rs-fMRI analysis had the following
molecular classifications: 1 MM1, 3 MV1, 2 MM2C, 3 MV2C, 2 MV2K,
2 W2, 1 MV1-2, 1MM N/A, 1 MV N/A, and 1 VV N/A. They did not
differ significantly in MMSE, Barthel score, or time ratio from subjects
with only the diffusion dataset (Mann-Whitney, p > .05).
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Grey matter MD analysis

3.2.1 | Regional and VOI analysis of the entire sCJD
cohort versus controls

Compared with controls, MD was reduced in sCJD in cortical and in
subcortical GM (p <.0001), whereas cerebellar MD was increased,
compared with controls (p <.05) (Table 2, Figure 1). The greatest
degree of MD reduction was subcortical, in the thalamus, putamen
and GP. Significant MD reduction also was found in the caudate and
cortically in two frontal (bilateral rostral-middlefrontal and right pars
orbitalis), three parietal (superior and inferior parietal, precuneus), two
limbic (PCC and amygdala), four temporal (fusiform, inferior, middle,
and superior temporal) and one occipital (cuneus) regions. No sup-
ratentorial region showed increased MD compared with controls
(p >.05).

322 |
subcortical

Analysis by subgroup: Cortical versus

In this sub-analysis, we compared each sCJD subgroup (cortical or
subcortical) with healthy controls, with a VOI-based analysis. The sub-
cortical subgroup only showed a significant MD reduction for the thal-
amus, bilaterally (p <.05 FDR corrected; Table 3). By contrast, the
cortical subgroup showed numerous areas of MD reduction both at

FIGURE 1 Average mean
diffusivity (MD) in sporadic
Creutzfeldt-Jakob disease (sCJD)
subjects versus healthy controls
per brain volumes of interest
(VOls), after correction for
multiple comparisons (Mann-
Whitney, FDR correction).
Different p values are reported.
The colored areas are regions
with significantly reduced (or a
trend toward) mean MD in sCJD
compared with controls,
superposed on the Montreal
neurological institute (MNI) atlas.
Orientation of image is radiologic
(right brain (R) is left side of the
image)

cortical and subcortical level. Specifically, the strongest MD reduction
(p <.001, FDR corrected) was shown for the left and right inferior
parietal cortex, right precuneus, and right middle temporal cortex.
Extensive involvement of the parietal cortex was found, bilaterally, in
addition to the cuneus and lateral occipital regions, middle and inferior
temporal regions, and rostral middle-frontal, among others (Table 3).
The cortical subgroup also showed extensive reduction of MD for
subcortical regions (p < .05, FDR corrected), with the exception of the
left thalamus (which showed only a trend toward reduction, p <.1)
(Table 3). No supratentorial VOI showed a significant increase of MD
in sCJD compared with controls. Cerebellar MD was increased in both
subgroups compared to HCs, but only the right cerebellar cortex
reached a statistical significance (p < .05, FDR corrected).

We did not find any statistically significant difference in any sup-
ratentorial or cerebellar VOI mean diffusivity when comparing cortical
and subcortical subgroups in a VOI-based analysis (Mann-Whitney
test, p >.05 FDR corrected). Therefore, we performed an additional
analysis by clustering cortical regions into five lobar VOlIs (frontal,
parietal, limbic, temporal, occipital) and combining deep nuclei (cau-
date, GP, putamen, and thalamus) into a single VOI (VOls are grouped
as in Table 2) to search for any “regional” behavior (data not shown in
tables). The subcortical subgroup showed a significant MD reduction
in the deep nuclei compared with the cortical sCJD subgroup
(MANOVA test, p = .0107). By contrast, the cortical sCJD subgroup
demonstrated lower parietal (p = .044) and limbic GM MD (p <.001)
compared with the subcortical sCJD subgroup. There was no
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TABLE 3  Average grey matter (GM) mean diffusivity (MD) in sporadic Creutzfeldt-Jakob disease pathology-proven cohort by subgroup-wise
analysis (cortical and subcortical sCJD subtypes?)

GM volumes of interest (VOI)

Frontal
Caudal middle-frontal
Lateral orbito-frontal
Medial orbito-frontal®
Paracentral
Pars opercularis
Pars orbitalis
Pars triangularis
Precentral
Rostral middle-frontal
Superior frontal
Frontal pole
Parietal
Inferior parietal
Postcentral
Precuneus
Superior parietal
Supramarginal
Limbic
Caudal anterior cingulate
Isthmus cingulate
Posterior cingulate
Rostral anterior cingulate
Insula
Amygdala
Hippocampus
Temporal
Entorhinal
Fusiform
Inferior temporal
Middle temporal
Temporal pole
Parahippocampal
Superior temporal
Transverse temporal
Banks sup. Temp. Sulcus
Occipital
Cuneus
Lateral occipital
Lingual

Pericalcarine

Mean diffusivity (MD)
Left Right

Cortical subtype Subcortical subtype Cortical subtype Subcortical subtype
HC sCJD (n =19) sCJD (n = 5) HC sCJD (n =19) sCJD (n=5)
753 £26 743 +32* 753 +£29 760 +38 745 +43* 763 31
739 +38 734 +81 760 £ 46 733 +£25 726 +79 774 £57
800 + 20 783 £ 62 798 +44 760 + 28 761 +91 792 +70
814 +41 746 +39 809 +92 786 +35 759 73 740 + 67
773 +21 773 £55 791 +£56 767 £24 749 + 67 763 +49
781 +24 770 £ 67 815+ 63 787 +29 748 +109** 812 +61
789 £22 781 + 68* 796 + 61 762 +38 741 +51 773 £50
760 =25 746 + 39" 754 +13 768 +30 756 + 39 764 +27
794 +21 765 +53** 797 19 782 +27 751 + 64** 815 +42
802 +18 783 +36* 796 +37 788 +22 772 £ 50* 785 +46
634 +189 546 + 175" 485 + 132 587 £178 592 +202 699 £170
771+23 715 + 55*** 782 +27 770+33 699 +88*** 769 +53
772 +£24 757 £41* 772 +33 765 +29 757 70 776 £56
801 +21 739 +89** 788 +59 783 +26 713 £111* 778 £ 63
756 +27 722 + 66** 749 +36 762 +42 735 £ 57** 786 +22
785 +20 759 + 63** 808 +27 787 +28 762 +83** 804 +42
843 +40 814+71 844 +83 818 +35 795 +81 791+86
780 £33 749 +87 779 £ 62 752 +33 715 +119 796 £51
813 +42 757 +98** 797 +62 795 +37 730 £ 106** 756 +74
839 +30 846 £81 873+83 827 +35 816 +89 851 +53
763 +69 762 +56 844 +83 769 22 793 +£57 827 + 65
785 +27 762 +41 767 +93 781 +22 763 £27* 764 +43
819 +35 819 +46 815+23 816 +33 821 +45 816 +41
832+36 811 +55 789 +59 803 +35 785 +59 767 £72
749 35 717 £ 86* 761 +39 732 +39 687 +106* 723 + 60
701 +30 677 £78* 728 +51 713 £ 30 665 +79** 697 +70
768 +23 729 £+ 71* 792 +35 774 +25 710 +83*** 767 £52
852 +62 839 £ 95 803 +234 856 +33 835+110 895 +54
759 £37 734 +87 744 +29 748 +40 717 74 811 +55
786 +18 768 +56* 800 +46 791+16 749 + 62** 738 £70
821+42 784 + 59* 836 +38 839 +45 829 +74 860 56
710 £29 691 +102* 744 + 84 737 34 702 +116 755 +101
855+31 806 +78** 858 +28 834 +33 785+ 119** 842 +20
754 +22 716 + 65 759 +38 743 +21 687 + 82** 733 +38
811 +28 780 +98 831+42 814 +27 772 £ 108 822 +35
784 +40 774 +80 807 +56 775 29 765 95 799 +36

(Continues)
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TABLE 3 (Continued)
Mean diffusivity (MD)
Left Right
Cortical subtype Subcortical subtype Cortical subtype Subcortical subtype
GM volumes of interest (VOI) HC sCJD (h =19) sCJD (n = 5) HC sCJD (h = 19) sCJD (n = 5)
Subcortical
Caudate 806 +48 776 +79* 767 £93 777 £55 728 + 94* 725 +79
Putamen 642 +41 567 +86* 589 +75 651 +41 573 +85* 595 +74
Pallidum 549 +43 506 +92* 537 £35 576 £43 520 +86* 520 +55
Thalamus 664 +24 618 £ 56 579 +37* 644 + 23 600 £ 61* 569 +24*
Cerebellum 664 +27 683 + 38 708 £ 32 667 +24 687 +31* 709 + 32

Note: MD values are reported in mm?/s x 102 as average * standard deviation. HC: Controls. In bold statistically significant average MD difference
(positive or negative) between sCJD and controls: (***) = p <.001, (**) = p <.005, and (*) = p < .05 (Mann Whitney test), all FDR corrected. In italics, trend
toward reduced average MD with p-values > .05 and < .1. Only for cerebellum, bold italics shows significant increase of average MD in sCJD versus
controls; (*) = p < 0.05, FDR corrected. Cortical subregions in bold are those considered part of the Default Mode Network (Alves et al., 2019).

aThe pathology-proven sCJD subjects were divided in two different subgroups based on molecular classification: a cortical-predominant subtype, “cortical
subtype,” including MM(V)1, MM(V)2C, and VV1 subtypes and a subcortical-predominant subtype, “subcortical subtype” including VV2 and MV2K

subtypes (see text).

sCJD > HC

FIGURE 2

a

Left hemisphere dDMN

Intrinsic resting-state connectivity for ventral DMN (vDMN) and dorsal (ADMN) seeds. Clusters with a family-wise error rate

(FWE) corrected p value < .05 are reported. Increased connectivity in sCJD subjects compared with healthy controls is shown. Ventral DMN is
shown in yellow, dorsal DMN in red; overlap areas are shown in orange. HC, healthy controls. Orientation of image is radiologic (right brain (R) is

left side of the image)

statistically significant difference in MD between subgroups in any

other supratentorial lobe (p > .05).

3.3 | Resting-state functional connectivity
Compared with controls, the sCJD cohort showed no region of
decreased vDMN or dDMN connectivity. Rather, increased connectiv-
ity was found in sCJD for dDMN and vDMN seeds, with vDMN hav-
ing more areas with increased connectivity (supramarginal, posterior
cingulate, bilateral cerebellar GM) than the dDMN (precuneus) (p
< .05, FWE corrected). (Figure 2, Table 4).

We did not have sufficient sample sizes to investigate functional

differences between sCJD molecular subtypes.

4 | DISCUSSION

Our diffusion imaging study showed relatively predominant involvement

of the posterior portion of the DMN together with subcortical grey

matter (striatum, pallidum, and thalamus) in sCJD. For the first time, we
identified abnormally increased functional connectivity at rest in sCJD,
both in the dorsal and ventral components of the DMN. Our multimodal
analysis corroborates our atrophy-based hypothesis that DMN areas are
particularly vulnerable in sCJD (Younes et al., 2021).

41 | Grey matter mean diffusivity quantification
insCJD
411 | Subcortical MD

We showed significant MD reduction in our sCJD cohort in the caudate
and putamen, consistent with traditional visual assessment studies of
conventional three-directions DWI/ADC images (Meissner et al., 2009;
Shiga et al., 2004; Vitali et al., 2011) and also with our previous MD
quantification study at 1.5T (Caverzasi, Henry, et al., 2014). We also con-
firmed our prior finding that despite DWI/ADC abnormalities being less
common in the thalamus (than striatum or cortex) and very rare in the
GP by visual assessment (Meissner et al., 2009; Murata et al., 2002; Vitali
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connectivity of sCJD subjects versus Contrast Region containing peak voxel BA MNI X, y, z coordinates Peak T Size
controls (a) for ventral DMN (vDMN) seed
sCJD > HC Cerebellum crus | R - 24,-78, -26 6.13 1198
Cerebellum crus Il L - -2,-82,-30 5.97
Cerebellum crus Il L - -18, -84, -32 5.48
Supramarginal L 40 -42, -54, 40 6.00 1204
Precuneus L 7 -14, -64, 34 5.94
Superior temporal L 41 -32,-44, 18 4.92
Posterior cingulate R 23 4,-26,26 4.99 196
(b) for dorsal DMN (dDMN) seed
sCJD > HC Precuneus L 18 -24,-44,8 4.76 399
Superior temporal L 39 -32,-42, 30 4.07
Angular L 40 -36,-52,26 4.06
Precuneus L 18 -16, -66, 38 4.82 129

Note: Task-free fMRI analysis clusters with a family-wise error rate (FWE) corrected p value < .05.
Coordinates are reported in Montreal Neurological Institute (MNI) template space. T-score for each
cluster is reported as Peak T. Size is reported in voxels (voxel size = 2.0 x 2.0 x 2.0 mm?®). Reported
supratentorial regions follow cortical and subcortical parcellation by Desikan et al. (2006) and Fischl et al.
(2002), infratentorial parcellation follows that of Schmahmann et al. (1999). Significant clusters are shown
in bold font with their significant subclusters (from different but nearby anatomic regions) shown

indented in regular font.

Abbreviations: BA, brodmann area; HC, healthy controls; L, left; R, right.

et al, 2011), these regions showed significant MD reduction at 3T
(Figure 1, Table 2), with even greater significance than in our prior 1.5T
study (Caverzasi, Henry, et al., 2014). In fact, the thalami showed the
most significant MD reduction across all subcortical VOlIs (Table 2). This
was surprising as the most sCJD patients do not have thalamic involve-
ment by visual assessment, and even in molecular subtypes with com-
mon thalamic FLAIR/DWI involvement, less than 50% of cases have
abnormal thalami by visual assessment (Meissner et al., 2009). Grau-
Rivera and colleagues with a ROIl-based analysis found significant deep
nuclei MD reduction, also with a few thalamic nuclei with increased MD,
in a cohort of 13 sCJD and two E200K genetic prion cases (Grau-Rivera
et al,, 2017). Given its high degree of interconnection, the thalamus has
been proposed as a relay center of primary importance in prion diseases
(Grau-Rivera et al, 2017). Clinical and experimental evidence has
suggested early thalamic involvement in prion disease (Jeffrey
et al.,, 2000; Lee et al., 2009; Tschampa et al., 2002); typical sCJD symp-
toms as myoclonus and periodic sharp wave complexes have been asso-
ciated with thalamic involvement in the disease (Tschampa et al., 2002).
The lack of clear signal abnormality by visual assessment in the GP has
been attributed to possible interference from iron deposition (Lin
et al., 2006), but this does not explain why the thalamus is not as fre-
quently involved by visual assessment (Lin et al, 2006; Meissner
et al., 2009; Tschampa et al., 2003; Vitali et al., 2011).

41.2 | CorticalMD

In the cortex, we found the most significant MD reduction in posterior

cingulate, superior parietal, middle and inferior temporal regions,

which are known to be part of DMN, also consistent with our prior
study at 1.5T (Caverzasi, Henry, et al., 2014) (Table 2, Figure 1). The
only other study examining MD at 3T in sCJD did not find any signifi-
cant cortical MD reduction, but found increased MD in subcortical
white matter and a few subcortical regions (Grau-Rivera et al., 2017).
One possible reason for the different findings is that Grau-Rivera
et al. included E200K genetic in their cohort, which generally has
more predominant subcortical than cortical involvement (Lee
et al., 2010). Furthermore, Grau-Rivera et al. did not have an analysis
with all CJD subtypes combined (as we have)—they divided them into
CJD and fatal insomnia (FI) based on clinical characterization. No insu-
lar or precentral cortex involvement was demonstrated by our 3T
quantitative analysis, as per our previous 1.5T analysis (Caverzasi,
Henry, et al., 2014). The lack of insular involvement in the present
study is also consistent with the choice of excluding insula in pro-

posed MRI diagnostic criteria (Bizzi et al., 2020; Vitali et al., 2011).

4.2 | Analysis by cortical and subcortical sCJD
subgroups
421 | Subcortical MD

We demonstrated that, compared with controls, the subcortical sCJD
subgroup (i.e., MV2K and VV2, n = 5) had reduced MD in all subcorti-
cal VOls, yet only thalami reached statistical significance (after correc-
tion for FDR), whereas the cortical sCJD subgroup had a significant
MD reduction in all subcortical VOIs (with the exception of left thala-
mus). The paucity of findings in the subcortical sCJD subgroup is most
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likely due to the very small number of cases available for this analysis
(n = 5). The extensive and bilateral MD reduction within subcortical
GM regions of the cortical sCJD subgroup and the limited involve-
ment (only the thalamus) in the subcortical sCJD subgroup is only par-
tially surprising. Indeed, these findings fit into the model of disease
propagation proposed in literature (Caverzasi, Henry, et al., 2014;
Pascuzzo et al., 2020), once we consider that sCJD subjects enrolled
in the current study had on average a relatively advanced stage of ill-
ness (time ratio = 0.64 +0.25, median = 0.71). At this stage of dis-
ease, subcortical regions of the subcortical sCJD subgroup
(characterized by early subcortical involvement) may have already
pseudo-normalized their mean diffusivity signal (Caverzasi, Henry,
et al., 2014) and, by contrast, they may have been more recently
affected by the disease in the cortical sCJD subgroup (e.g., with more

pronounced MD reduction).

422 | Cortical MD

As expected, the sCJD cortical subgroup had multiple cortical
regions with significant MD reduction, including the entire parietal
lobe (surprisingly including the left postcentral, which is usually
spared by visual assessment of DWI/ADC), cuneus, lateral occipital
regions, and parts of the temporal (middle and inferior temporal
above all) and frontal lobes (Table 2). This pattern of involvement
greatly overlaps with the DMN (Alves et al., 2019), except for spar-
ing of involvement in our cohort of the medial orbito-frontal
regions. This pattern of cortical involvement is consistent with what
was found by Pascuzzo and colleagues using a visual assessment
approach (Pascuzzo et al., 2020). The subcortical sCJD group,
instead, showed no area of cortical MD reduction despite being
slightly more advanced in the disease time course compared with
the cortical subgroup (subcortical group average time ratio = 0.73,
range = 0.47-1; cortical group average time ratio = 0.59, range
0.11-0.91). This may indicate greater variability than expected in
the spreading of diffusion abnormalities from subcortical toward
cortical regions in this sCJD subgroup. One must take into consid-
eration, however, that this finding is based on a limited number of
subjects (n = 5).

When we explored differences between subgroups, we found
that the cortical sCJD subgroup had a significantly lower MD in the
parietal and limbic lobes compared with the subcortical subgroup.
The more extensive involvement of the parietal cortex in the corti-
cal subgroup was expected based on the propagation model by
Pascuzzo and colleagues mentioned above. That we found greater
limbic involvement (hippocampus, amygdala, and cingulate) in the
cortical than the subcortical subgroup was surprising, because
Pascuzzo et al. found in intermediate to late-intermediate stages of
the disease propagation model that these regions seemed to be
affected in both subgroups (Pascuzzo et al., 2020). Further diffusiv-
ity studies based on larger datasets are needed to better investi-
gate these overlapping yet distinct findings between the two

studies.

4.3 | Increased cerebellar mean diffusivity in sCJD
In contrast to most supratentorial regions, the cerebellar cortex of the
sCJD cohort had increased MD compared with controls (Table 2). This
finding corroborates the sparse literature on cerebellar GM diffusivity
in prion diseases, which showed increased ADC (assessed by conven-
tional three-directions DWI) (Cohen et al., 2009) or increased MD
(with a DTl approach)(Grau-Rivera et al., 2017). Such a different pat-
tern of diffusion changes between cerebellar and supratentorial
regions has been previously explained as possibly due to different
underlying pathological substrates (Cohen et al., 2009) or time
sequence of pathology (lwasaki, 2017; Parchi et al., 1999, 2011),
slightly different forms of prions affecting the cerebellum (Puoti
et al., 1999), and/or different neurochemical changes than elsewhere
(Ferrer et al., 2000). At our subgroup-level analysis, only the cortical
sCJD subgroup showed a significant MD increase compared with con-
trols (and only for the right cerebellar cortex). This finding of increased
cerebellar MD can be explained by the quasi-J-shaped curve of MD
changes over time in sCJD (Caverzasi, Henry, et al, 2014) and
Pascuzzo and colleagues' model (Pascuzzo et al., 2020). Indeed, based
on the model by Pascuzzo et al., the subcortical sCJD subgroup pre-
sents with early involvement of the cerebellum, whereas the cortical
subgroup shows later cerebellar involvement. The model by Pascuzzo
et al. also fits with what is known clinically in sCJD, that the subcorti-
cal group subtypes (VV2 and MV2) usually present with early cerebel-
lar features, such as ataxia (Parchi et al., 1999). Although only our
cortical subgroup had statistically significant increased MD, and only
in the right cerebellum, even the left cerebellum was higher than con-
trols (although not statistically significant), and the subcortical group
cerebellum showed the highest MD (also not statistically significant,
likely due to the small sample size).

44 | Increased DMN connectivity in sCJD

In our resting-state fMRI analysis, we found an increased connectivity
in sCJD both for dDMN and vDMN seeds, with more areas involved
for the vDMN (Figure 2, Table 4). A topographic division of DMN into
ventral (vDMN) and dorsal (dDMN) components has been proposed in
the literature (Andrews-Hanna et al., 2010; Damoiseaux, 2012; Jones
et al, 2016), with the vDMN being linked to internally directed
thought at rest, including memory retrieval and planning, and the
dDMN being involved with the control of attentional focus and having
a high degree of interconnections with other cognitive networks
(Fornito et al, 2012; Leech et al, 2012; Leech & Sharp, 2014,
Margulies et al., 2009). As both DMN components support dissociable
cognitive processes, it is possible that the lesser involvement of the
dDMN in sCJD in this study is related to the relatively less involve-
ment of mesial frontal regions in our cohort compared with involve-
ment of other DMN regions in our sCJD cohort (Table 2). Regarding
the cerebellum, as with some bilateral cortical regions, it showed
increased VDMN connectivity (Figure 2, Table 4) (Buckner
et al., 2011; Yeo et al., 2011). Examining our diffusion and functional
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data, the cerebellar response to prion involvement may differ from
that of supratentorial cortical and subcortical regions. Despite the cer-
ebellum having increased MD and cortex having reduced MD, in fact,
both show increased functional connectivity.

Increased connectivity of resting-state functional networks has
been described in a spectrum of neuropsychiatric and neurodegenera-
(Zhou
et al., 2013), subjects at risk of Alzheimer's disease (Filippini
et al., 2009; Hafkemeijer et al., 2013; Kerestes et al., 2015; Petrella
et al., 2011), and schizophrenia (Whitfield-Gabrieli et al., 2009), espe-
cially in the prodromal state. Different explanations have been pro-

tive diseases, including amyotrophic lateral sclerosis

posed including compensatory mechanisms occurring with relatively
low disease burden (Agosta et al., 2013; Farb et al., 2013; Zhou
et al., 2013) in an attempt to recruit relatively preserved areas in order
to maintain function, a maladaptive response of hyperconnectivity to
an underlying pathologic process, and/or to excitatory-inhibitory
imbalance of functional networks (Douaud et al, 2011; Farb
et al, 2013; Lehmann et al., 2015; Pievani et al., 2014; Wu
et al., 2009; Zhou et al., 2010). The functional connectivity abnormal-
ity in sCJD raises questions regarding how neurodegenerative dis-
eases spread in the brain, and whether there are common pathways
of spreading, despite diverse pathologic entities (Brettschneider
et al, 2015; Frost & Diamond, 2009; Raj et al, 2012; Sanders
et al., 2016; Seeley et al., 2009; Stopschinski & Diamond, 2017;
Watts & Prusiner, 2014). Misfolded proteins in neurodegenerative dis-
ease show propagation along neural processes, involving local and
subsequently long-range circuits via trans-synaptic spread (Holmes &
Diamond, 2012; Scott et al., 1992). Disease spreading might be
predicted according to a number of structural, metabolic, physiologic,
and functional networks (Raj et al., 2012; Zhou et al., 2012). Improved
understanding of functional connectivity in neurodegenerative dis-
eases could stimulate development of new network-based diagnostics
and allow improved monitoring of disease progression for treatment
trials. This might be even more true for rapidly progressive dementias,
such as prion diseases, in which there is a great need for better out-
comes than survival (Mead et al., 2011).

4.5 | Study limitations

Several limitations apply to our study, some of which have already
been discussed. Although our cohort included only 37 subjects, it was
very large for a quantitative imaging study in prion disease and has
the advantage of the homogeneity of images obtained at a single site.
As already mentioned, our cohort was overrepresented by some
slower progressing subtypes, with fewer faster progressing molecular
subtypes (e.g.,, MM1 and VV2) and had a different proportion of the
three Codon 129 subtypes than present in large multinational cohorts.
Although all molecular subtypes were represented in our final study
cohort, patients with too much motion artifact (which likely was more
common in faster progressing sCJD subtypes) for volumetric T1
and/or HARDI analyses were not included. Thus, our results might be

more relevant to the slower progressing group of patients or those in

less advanced stages of disease regardless of molecular subtype. Our
patients were on average mild to moderately functionally impaired
based on Barthel median score of 70/100 and they were about 2/3 of
the way through their disease course.

Partial volume effects of CSF adjacent to grey matter would
result in increased MD in the adjacent grey matter regions. Thus, if
we had accounted for partial volume effects in this study, this would
have led to removing this increased MD effect, resulting it making it
more likely to find reduced MD. We therefore conservatively decided
to not account for partial volume effects in our diffusion analysis,
reducing the likelihood of finding reduced MD. Thus, there is probably
even greater reduced MD in the caudate, cortex, and possibly tha-
lamic regions than we have reported here.

Regarding our rs-fMRI dataset, motion could have affected our
results, as clinically advanced subjects are more prone to motion dur-
ing MRI acquisition. We excluded, however, only two subjects out of
19 and motion was used as an additional covariate for network analy-
sis. Thus, we do not think motion artifact affected our results signifi-
cantly. Larger sample sizes, however, would allow us to confirm our
results and better detect abnormal connectivity in each sCJD molecu-
lar subtype.

Lastly, although we acquired serial imaging on most subjects,
because of the difficulty in acquiring serial imaging of sufficient qual-
ity due to the rapidity of disease progression, we were unable to per-
form longitudinal analyses.

5 | CONCLUSIONS

Our quantitative analysis of GM diffusivity in sCJD at 3T confirmed our
prior findings at 1.5T of predominant MD reduction in subcortical, retro-
splenial, parietal-occipital, and temporal regions (Caverzasi, Henry,
et al., 2014), largely part of the Default Mode Network, and we also con-
firmed increased MD in the cerebellum previously reported by others
(Grau-Rivera et al., 2017). We also found, quantitively, MD reduction in
cortical and subcortical subgroups of sCJD based on molecular classifica-
tion. Assessing resting-state functional connectivity in prion disease for
the first time, we identified increased connectivity of the Default Mode
Network in sCJD, in parallel to extensive parietal and temporal reduced
mean diffusivity. In prion disease, rs-fMRI might represent a useful addi-
tional tool to understand underlying disease physiology and perhaps
even predict progression, providing new tools to track of disease

involvement and progression.
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