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Abstract

Background and purpose: Although sporadic Creutzfeldt-Jakob disease (sCJD) is a rare
cause of dementia, it is critical to understand its functional networks as the prion protein
spread throughout the brain may share similar mechanisms with other more common
neurodegenerative disorders. In this study, the metabolic brain network associated with
sCJD was investigated and its internal network organization was explored.

Methods: We explored 2-[*®F]fluoro-2-deoxy-p-glucose positron emission tomography
(FDG-PET) brain scans of 29 sCJD patients, 56 normal controls (NCs) and 46 other de-
mentia patients from two independent centers. sCJD-related pattern (CJDRP) was identi-
fied in a cohort of 16 pathologically proven sCJD patients and 16 age-matched NCs using
scaled subprofile modeling/principal component analysis and was prospectively validated
in an independent cohort of 13 sCJD patients and 20 NCs. The pattern's specificity was
tested on other dementia patients and its clinical relevance by clinical correlations. The
pattern's internal organization was further studied using graph theory methods.

Results: The CJDRP was characterized by relative hypometabolism in the bilateral cau-
date, thalami, middle and superior frontal gyri, parietal lobe and posterior cingulum in
association with relative hypermetabolism in the hippocampi, parahippocampal gyri and
cerebellum. The pattern's expression significantly discriminated sCJD from NCs and
other dementia patients (p <0.005; receiver operating characteristic analysis CJD vs. NCs
area under the curve [AUC] 0.90-0.96, sCJD vs. Alzheimer's disease AUC 0.78, sCJD
vs. behavioral variant of frontotemporal dementia AUC 0.84). The pattern's expression
significantly correlated with cognitive, functional decline and disease duration. The meta-
bolic connectivity analysis revealed inefficient information transfer with specific network
reorganization.

Conclusions: The CJDRP is a robust metabolic biomarker of sCJD. Due to its excellent
clinical correlations it has the potential to monitor disease in emerging disease-modifying
trials.
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INTRODUCTION In this multicenter study, our aim was to identify and prospec-

Creutzfeldt-Jakob disease (CJD) is a fatal neurodegenerative rapidly
progressing proteinopathy characterized by the deposition of mis-
folded prion protein [1]. Amongst the four etiology-related subtypes
the sporadic form (sCJD) is the most common [2]. Although sCJD
with anincidence of 1.4/million is a rare disease, it offers neuroscien-
tists an in vivo model of neurodegeneration due to its short course,
availability of pathological diagnosis and the relatively well-known
mechanisms of prion protein propagation through the brain [3, 4].
sCJD is a uniformly fatal disease; however, new disease-modifying
therapies are emerging [5] increasing the need for biomarkers to
monitor disease.

The early diagnosis of sCJD may be challenging as its early pre-
sentation is diverse and may mimic other neurological, especially
neurodegenerative, diseases [6]. The most common clinical presen-
tation of sCJD is a rapidly progressing cognitive decline followed by
extrapyramidal and cerebellar dysfunction, behavioral disturbances,
myoclonus and akinetic mutism in the advanced stage [7]. A confir-
mation of prion protein in the brain is needed for a definite diagnosis,
which is only possible at pathohistological examination [8]. Clinical
diagnosis is based on typical presentation and rapid progression and
is supported by the characteristic electroencephalography (EEG)
changes, high levels of cerebrospinal fluid (CSF) protein 14-3-3 and/
or typical magnetic resonance imaging (MRI) changes [9].

In contrast to extensive structural neuroimaging data, limited
information is available about the characteristics and diagnostic util-
ity of metabolic brain imaging. Case reports [10-13] and small case
series [14-16] showed pronounced hypometabolism in various cor-
tical and subcortical areas in CJD patients. The hypometabolic brain
areas were concordant with MRI changes but more pronounced [16,
17]. To date, only three studies used a univariate voxel-vise statisti-
cal parametric mapping analysis of 2-[*8F]fluoro-2-deoxy-p-glucose
(FDG) positron emission tomography (PET) scans to evaluate meta-
bolic changes in sCJD [17-20].

Whilst univariate approaches analyze brain voxels independently
of each other, multivariate analysis such as scaled subprofile model/
principal component analysis (SSM/PCA) allows functionally con-
nected areas in the brain tissue to be studied [21]. That said, mul-
tivariate approaches are particularly suitable in neurodegenerative
disease research, where focal brain dysfunction affects the activity
of various remote areas via neural networks [22]. Several research-
ers have used multivariate methods to identify abnormal metabolic
brain networks in multiple neurodegenerative syndromes [22-25].
Furthermore, recent advances in graph theory methods have al-
lowed us to study the internal organization of these networks (met-

abolic connectivity) in more detail [26, 27].

tively validate a multivariate sCJD-related pattern (CJDRP) by an-
alyzing FDG-PET brain scans. To prove the pattern's specificity, its
expression was tested on other dementia patients in comparison
to sCJD. To explore its clinical relevance, patient's clinical features
were correlated with the CJDRP expression. The CJDRP expression
was also explored along different molecular subtypes of sCJD and

its internal organization was studied using graph theory.

MATERIALS AND METHODS
Subjects
Identification cohort A

The CJDRP was identified in cohort A, which consisted of 16
pathologically confirmed sCJD patients and 16 age-matched nor-
mal control subjects (NCs) recruited from the University Medical
Centre (UMC) Ljubljana, Slovenia. Patients underwent repeated
EEG recordings, brain MRI and CSF analysis including 14-3-3 pro-
tein, tau, p-tau and amyloid-p,_,,. At autopsy, pathohistological,
immunohistochemical and genetic analysis was performed. The
demographic and clinical data of cohort A subjects are presented
in Tables 1 and 2.

Cohort B

The pattern was prospectively validated in an independent cohort,
which consisted of 13 sCJD patients and 20 NCs who underwent
FDG-PET brain scan at the Clinica Universidad de Navarra, Spain.
Nine patients had pathologically proven sCJD and the other four
were diagnosed with probable sCJD [9]. Limited data of 10 patients
had been presented previously [19].

Cohort C

To study the diagnostic specificity of CJDRP, FDG-PET brain scans
of an additional 20 NCs, 26 Alzheimer's disease (AD) patients and 20
behavioral variant of frontotemporal dementia (bvFTD) patients from
the UMC Ljubljana were analyzed. AD patients were clinically diag-
nosed with dementia, had Mini-Mental State Examination (MMSE)
<25 and fulfilled the National Institute on Aging—Alzheimer's
Association 2018 CSF criteria for AD [28]. The bvFTD group fulfilled
diagnostic criteria of probable bvFTD [29].
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FDG-PET image acquisition

Subjects from cohorts A and C underwent FDG-PET brain imag-
ing at the Department of Nuclear Medicine at the UMC Ljubljana.
They fasted a night before the procedure; after intravenous ad-
ministration of FDG with 250 MBq activity, they rested in a quiet
dark room with eyes closed for 30min. Afterwards low dose at-
tenuation correction CT and FDG-PET scan were performed using
Siemens Biograph mCT PET/CT scanner. Images were recon-
structed to 400x400 matrix with voxel size 1.02x1.02x3mm
and 4mm Gaussian filter using the OSEM + PSF + TOF recon-
struction algorithm.

Scanning of validation cohort B participants was conducted on a
local imaging platform reported elsewhere [19]. The details of cohort

B image reconstruction are presented in Supplementary material.

Image processing

FDG-PET scans were spatially normalized into a Montreal
Neurological Institute (MNI) based PET template and smoothed
using a three-dimensional Gaussian kernel using SPM5 software
(Wellcome Trust Centre for Neuroimaging). A smoothing width of
10x 10x 10 mm full width at half maximum for cohorts A and C was
used as described before [23]. Details of cohort B image preprocess-

ing and harmonization are presented in Supplementary material.

Multivariate SSM-PCA for CJDRP identification

To identify and characterize a specific spatial covariance pattern
associated with sCJD, FDG-PET scans of patients and NCs from
cohort A were analyzed using an automatic voxel-based SSM/PCA
procedure described elsewhere [21] (available at https://www.feins
teinneuroscience.org). After gray matter extraction with a custom
mask based on the automated anatomical labeling atlas, automated
principal component analysis was performed on a group of sCJD pa-
tients and NCs. Linearly independent covariance patterns (principal
components, PCs) obtained in this way were linearly combined into
a single spatial covariant CJDRP using the Akaike information crite-
rion [23]. Expression of CJDRP (subject score) was computed in each
subject's scan and was z-transformed with reference to the identifi-
cation NC group (cohort A).

To overcome the impact of individual subjects and to determine
the stability of the pattern, the bootstrapping procedure was per-
formed using an in-house MATLAB script (1000 iterations) [30].

Validation of the CJDRP

The newly identified CJDRP was validated by four different ap-
proaches: (i) by the leave-one-out cross-validation (LOOCV) (detailed
description in the Supplementary material) [31]; (ii) prospectively by

studying the CJDRP expression in the independent cohort B of sCJD
patients and NCs; (iii) by studying the CJDRP expression in cohort C
(NCs, AD and bvFTD); (iv) by re-derivation of the CJDRP from cohort
B and its comparison with the original pattern.

After LOOCV, single-subject CJDRP scores were prospectively
calculated using the topographic profile rating algorithm in cohort
B sCJD patients and NCs. Furthermore, to test the specificity of
CJDRP, the expression scores were calculated also in cohort C in
NCs, AD and bvFTD patients. All the expression scores were z-
transformed according to the cohort A NCs. As the validation scans
were obtained from two centers, the impact of different scanners
and reconstruction algorithms were diminished by adjusting (offset-
ting) z-transformed values according to the average value of NCs
from the corresponding center [32]. CJDRP expression scores were
compared across the studied cohorts using one-way ANOVA and
post hoc Bonferroni multiple comparison test.

The ability of the CJDRP to distinguish between sCJD and NCs
in both cohort A (LOOCV subject scores) and cohort B as well as
between sCJD and AD/bvFTD was studied by receiver operating
characteristic (ROC) analysis by calculating the area under the curve
(AUC).

Finally, to demonstrate CJDRP's repeatability, CJDRP was re-
derived using NCs and CJD patients from cohort B as described
above (called CJDRP-Spain). The similarity between the original
CJDRP and CJDRP-Spain topographies was explored by voxel-
wise Pearson correlational analysis incorporating a correction for
spatial autocorrelation [33]. Thereafter, the CJDRP-Spain z-scores
were calculated for NCs and CJD patients from cohorts A and B
and correlated with the original CJDRP z-scores of the same pa-
tients (Pearson's correlation). To study differences in CJDRP-Spain
z-scores amongst both NC and CJD groups one-way ANOVA was

performed followed by the post hoc Bonferroni test.

Clinical correlations

To evaluate the clinical significance of the newly identified pattern,
the correlations were studied between CJDRP expression and pa-
tients' clinical or laboratory measures: MMSE, Medical Research
Council (MRC) Prion Disease Rating Scale [34], CJD Neurological
Status Scale [35], CSF tau, p-tau and amyloid- B levels, age, sur-
vival (time span between first symptoms and death), disease dura-
tion at FDG-PET (time span between first symptoms and FDG-PET)
and standardized disease duration (percentage of survival at FDG-
PET = disease duration at FDG-PET/survival). Survival time, disease
duration at FDG-PET and CSF tau were analyzed using nonpara-
metric Spearman's correlation as these measures were not normally
distributed. The remaining measures were analyzed by Pearson's
correlation.

To further evaluate the prognostic value of CJDRP a Cox regres-
sion model was built using CJDRP adjusted for age, gender and CJD
molecular subtype as independent variables and time to death as
dependent variable.
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Additionally, differences in CJDRP expressions were evaluated in
different sCJD molecular subtypes (MM1/MV1, VV2, MV2, MM2 and

VV1) using one-way ANOVA and post hoc Bonferroni comparison.

Internal network organization

Metabolic connectivity within the CJDRP vector space was studied
using graph theory [26, 27, 36]. The CJDRP topographic map was
transformed to regions of interest as described in Supplementary text
and Table S1. Metabolic data from CJDRP-specific nodes were used to
construct matrices of node-to-node pairwise correlations separately
for CJD and NC subjects. In-house bootstrap methods were used to
generate 100 samples for each group of subjects. The median value of
100 bootstrap correlation estimates for each correlation pair was used
to create an adjacency matrix of each group graph.

To study the differences in global connectivity between CJD and
NC networks in CJDRP space, the following network parameters were
studied: degree centrality, random graph normalized clustering coef-
ficient, random graph normalized characteristic path length, small-
worldness and assortativity [26]. These measures were calculated for
varying graph thresholds ranging from r = 0.30 to r = 0.60, at 0.05 in-
crements, for all the 100 bootstrap iterations and compared between
NCs and CJD using two-way repeated measures ANOVA.

The community structure of both CJD and NC networks was
studied with Newman's modularity algorithm [37]. To better under-
stand regional differences between CJD and NC networks in CJDRP
space (i.e., connections gained and lost), all the connection pairs be-
tween NC and CJD networks were compared [26]. A detailed de-
scription of graph theory analysis is presented in the Supplementary

material.

Statistical analysis

Logistic regression analysis was performed on JMP 14 software (SAS
Institute Inc.). All other statistical tests were performed in GraphPad
Prism 8 (GraphPad Software). For all comparisons, a p value below
0.05 was considered statistically significant. SPM12 (Institute of
Neurology, UCL), BrainNet Viewer (National Key Laboratory of
Cognitive Neuroscience and Learning, Beijing Normal University,
Beijing, China) and MRIcro software (McCausland Center for
Brain Imaging, University of South Carolina) were used for result

visualization.

RESULTS
Subjects
Demographic and clinical data of the identification cohort A are

presented in Tables 1 and 2. Age, gender and MMSE scores of all
cohorts are presented in Table 3.

TABLE 3 Demographic data of subjects from all cohorts.

Age MMSE

Cohort N Female/male (mean +SD) (mean +SD)
Cohort A

NCs 16 10/6 68.2+4.9 28.6+1.2

sCJD 16 7/9 68.1+10.7 15.0+7.8
Cohort B

NCs 20  8/12 68.1+3.3 -

sCJD 13 4/9 66.0+10.6 20.0+6.9
Cohort C

NCs 20 13/7 64.0+7.7 29.0+1.3

AD 26 14/12 74.3+9.8 19.0+4.9

bvFTD 20 13/7 68.8+10.6 20.3+4.9

Note: Number of patients (N), gender, age and Mini-Mental State
Examination (MMSE) scores.

Abbreviations: AD, Alzheimer's disease; bvFTD, behavioral variant
of frontotemporal dementia; NCs, normal controls; sCJD, sporadic
Creutzfeldt-Jakob's disease; SD, standard deviation.

Sporadic CJD patients, bvFTD patients and NCs from differ-
ent cohorts did not differ in age (p>0.99). However, AD patients
were on average older (significantly only compared to cohort C NCs;
p = 0.002). Patients from different groups differed in MMSE (one-
way ANOVA, F5,1os =22.7, p<0.0001): cohort A sCJD patients had
lower MMSE compared to NCs, bvFTD and cohort B sCJD (p <0.05),
but not compared to the AD patients (p = 0.06).

Sporadic CJD-related pattern identification

The SSM-PCA resulted in a series of PCs amongst which a linear
combination of PC1 and PC4 achieved the lowest Akaike informa-
tion criterion and optimally discriminated between NCs and sCJD
(42 =44.4,p<0.0001). The pattern was characterized by relative hy-
pometabolism in the bilateral caudate, thalamus, frontal lobe (middle
and superior frontal gyrus), parietal lobe (especially the precuneus)
and middle and posterior cingulum. Relative hypermetabolism was
observed in the bilateral hippocampus, parahippocampal gyri and
a limited area of the anterior cerebellar lobe bilaterally and vermis
(Figure 1a, Table S2). All regions were stable in the bootstrapping
test at p<0.05 (z> 1.64, one-tailed) (Figure S1). LOOCV showed sig-
nificantly higher CJDRP z-scores in sCJD patients compared to NC
subjects in the identification cohort A (p = 8.8x1078, t test). The
ROC analysis of the LOOCV CJDRP z-scores (CJD vs. NCs) resulted
in AUC 0.96 (95% confidence interval [CI] 0.89-1.0, p<0.0001).

Validations of CJDRP

In the validation cohort B, CJDRP expression scores prospectively
computed in the sCJD patients were significantly higher than for
the NC subjects (Figure 1b, right; p<0.0001, t test corrected for
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FIGURE 1 (a) Topography of the Creutzfeldt-Jakob disease-related pattern (CJDRP) and (b) CJDRP expression scores of subjects from
the identification cohort A: normal controls (NCs) and Creutzfeldt-Jakob disease (CJD) patients; subjects from validation cohort C, NCs,

Alzheimer's disease (AD) and behavior variant frontotemporal dementia (bvFTD) patients; and subjects from validation cohort B, NCs and
CJD patients. (a) CJDRP was identified using multivariate SSM-PCA of FDG-PET images from 16 pathologically confirmed sCJD patients

and 16 age-matched NCs. Relative metabolic decrease is color-coded blue and relative metabolic increase red. Coordinates in the axial (z),
coronal (y) and sagittal (x) planes are in Montreal Neurological Institute standard space. (b) Mean values and standard errors are presented. A
vertical line separates cohort B, which was adjusted (offset) according to the corresponding NCs. One-way ANOVA amongst all groups was
performed (Féy124 = 31.7,p<0.0001) and the results of a post hoc Bonferroni multiple comparison test between identification CJD group and

other groups are presented. **p <0.01; ****p <0.0001; ns, not significant p>0.05.

multiple comparisons). No significant difference, however, was pre-
sent between the two sCJD groups (p = 0.13) or between the two
NC groups (p = 0.99) in the identification and validation cohorts A
and C. Moreover, CJDRP scores differed significantly across the
identification and validation cohorts of CJD, AD, bvFTD patients
and NC subjects (F6,124 = 31.7, p<0.0001) (Figure 1b, left); post hoc
Bonferroni tests revealed significantly higher scores in CJD patients
compared to AD, bvFTD and NC subjects (p <0.005).

The discrimination ability of CJDRP to distinguish between CJD
and NCs in the validation cohort B achieved AUC 0.90 (95% CI 0.76-
1.0, p<0.0001). ROC analysis of cohort A sCJD versus AD patients
revealed an AUC of 0.78 (95% Cl 0.63-0.94, p = 0.002) and versus
bvFTD an AUC of 0.84 (95% Cl 0.71-0.97, p = 0.0006).

In addition, to study the reproducibility of the pattern, an inde-
pendent CJDRP-Spain was derived from NC and CJD subjects (co-
hort B). Both patterns exhibited remarkable similarity (Figure 2a):
they significantly correlated voxel-wise (r = 0.62, p<0.001) and on a
single-subject basis (r = 0.86, p<0.0001; Figure 2b,c). CJDRP-Spain
z-scores significantly differed between CJD and NCs in both cohorts
(p<0.0001, post hoc Bonferroni test; Figure 2d).

Clinical correlation

An sCJD-related pattern expression correlated significantly with
MMSE, MRC Prion Disease Rating Scale, CJD Neurological Status
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FIGURE 2 CJDRP-Spain derived from cohort B subjects in comparison with the original CJDRP (CJDRP-Slov). (a) Topographic
representation of CJDRP-Spain (left) and the original CJDRP (CJDRP-Slov) (right). Relative hyperactive regions are color-coded red and
relatively hypoactive regions color-coded blue. Coordinates in the axial (z), coronal (y) and sagittal (x) planes are in Montreal Neurological
Institute standard space. (b), (c) Significant correlation was found between CJDRP-Spain and CJDRP-Slov topographies (b) (r = 0.62,
p<0.001, corrected for spatial autocorrelation) and between subject scores derived from both patterns (c) (r = 0.86, p <0.0001). (d) CJDRP-
Spain subject scores differed significantly between NCs and CJD patients from both cohorts, whilst no difference between NC or CJD
groups was found (mean and standard error are presented; ns, not significant; ****p <0.0001).

Scale and standardized disease (Figure 3a-d; p <0.004) on FDG-PET
imaging in cohort A. No correlations were found with subjects' age,
survival time, absolute disease duration, CSF tau, p-tau or amyloid-
(Table 2).

The Cox regression model showed a significant effect of molec-
ular subtype (p = 0.001, hazard ratios [HRs] of individual genotypes
are presented in Table S3), age (HR 1.09 per year, 95% Cl 1.01-1.21,
p = 0.01) and CJDRP expression (HR 1.66 per unit, 95% Cl 1.09-
2.98,p =0.01) on survival. Gender did not affect survival (HR 4.2 for
male gender, Cl 0.77-29.4, p = 0.09).

Sporadic CJD-related pattern z-scores did not differ between
different sCJD molecular subtypes (F3,12 = 0.8, p = 0.53, post hoc
Bonferroni comparison p>0.99 for all the pairs).

Internal network organization
To better understand metabolic connectivity within CJDRP space,

the differences in network organization between CJD patients and
NCs were studied (Figure S2). All the studied parameters differed
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FIGURE 3 Correlations between CJDRP expression and clinical and demographic measures: (a) correlation with Mini-Mental State
Examination (MMSE) score; (b) correlation with MRC Prion Disease Rating Scale;** (c) correlation with CJD Neurological Status Scale;” (d)
correlation with standardized disease duration at FDG-PET (i.e., percentage of survival at FDG-PET).

significantly between CJD and NC networks. Whilst degree cen-
trality was higher in CJD patients indicating an increased number
of connections between nodes (p<0.0001), the clustering coef-
ficient indicating the network's local density was lower (p = 0.04).
Characteristic path length, a measure of inefficiency of information
transfer, was elevated (p <0.0001) and the small-worldness coeffi-
cient, a measure combining the latter two, was lowered (p <0.0001).
Furthermore, assortativity, a graph theoretic measure indicating the
tendency for network connections to link nodes with similar degree
centrality, was highly elevated (p <0.0001).

The NC and CJD graphs (Figure 4a,b) derived from median values
of 100 bootstrap correlation estimates noticeably differed. In both
NC and CJD networks two modules were found; however, they dif-
fered substantially (Table S1). In the CJD network, a significant loss
of connections was found between the two modules (Figure 4c,d),
predominantly between the parieto-occipital areas and the left hip-
pocampus/temporal pole. Connections were predominantly gained
within each module (Figure 4c,e). In addition, a gain of connection

was noted also between modules: middle frontal gyri, left paracen-
tral lobe and inferior parietal gyrus reconnected with temporal poles.

DISCUSSION

In the present study, the metabolic brain pattern specific for sCJD
(CJDRP) was identified using a multivariate voxel-based spatial co-
variance analysis of the FDG-PET images in a homogeneous cohort
of pathologically confirmed sCJD patients and validated with sev-
eral methods. Its expression differed between different dementia
syndromes but not across sCJD molecular subtypes. Its clinical rel-
evance was proven by excellent correlations with several clinical
measures. The graph theory analysis showed reorganization of the
network with reduced efficiency of information transfer, disconnec-
tion between fronto-parieto-occipital and temporo-ventrolimbic
modules, enhanced connectivity within local modules and novel re-

connections between them.
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FIGURE 4 Metabolic connectivity within CJDRP space. Metabolic connectivity is presented for normal controls (NCs) (a) and
Creutzfeldt-Jakob disease (CJD) patients (b). Reorganization of the network is evident. Two modules are indicated in both the NC and CJD
graphs. Edge thickness corresponds to the magnitude of the correlation. All the edges exceeding |r| > 0.6 are presented. (c) Relative gain

and loss of connections within module A (A-A), module B (B-B) and between the two modules (A-B). (Error bars represent median+95%
confidence interval, 100 bootstrap iterations.) CJDRP community structure and connection gained (d) and lost (e) in the CJD network.
Module A consisted of all the relatively hypoactive nodes and both paracentral nodes whilst module B consisted of all the remaining
relatively hyperactive nodes. Significant functional connections gained or lost with respect to NCs are presented. Edge color corresponds to

the magnitude of the correlation gained (yellow to red) or lost (blue).

of nodes corresponds to eigenvector centrality (see Section 2).

The CJDRP topography was largely consistent with previous
smaller univariate studies [17-20]. Relative hypometabolism in the
bilateral caudate, thalami and frontal areas have been described be-
fore by Prieto et al. [19], whilst Renard et al. [17, 20] and Kim et al. [18]
described hypometabolism in frontal and parietal areas extending to
the posterior cingulum. In all these studies, mesial temporal lobe me-
tabolism was relatively preserved. In addition, the areas identified as
metabolically hypoactive were most affected also in some studies
investigating the distribution of characteristic MRI changes [38].

The validity of the newly identified CJDRP was proven by several
independent methods, the stability of the pattern was proved by the
bootstrapping test and the reproducibility by highly concordant pat-
tern re-derivation on an independent group of CJD patients. CJDRP
z-scores in sCJD patients were significantly higher compared to AD
and bvFTD patients, proving a considerable specificity of the pattern
in comparison to common neurodegenerative disorders with clini-

cally overlapping presentation in early stages.

(Nodes are color-coded according to the CJDRP weights; the diameter

Whilst CJDRP expression scores differed amongst different de-
mentia syndromes, this was not the case for molecular subtypes of
sCJD. Namely, sCJD is a clinically and pathologically heterogeneous
disease. The clinical phenotype, pathological findings as well as MRI
changes are associated with six subtypes based on PRNP codon 129
polymorphism and protease resistence [39]. The most prevalent
variant in the western hemisphere (and also in our sample; Table 2)
is MM1/MV1 [40]. It is associated with pathological changes pre-
dominantly in the cerebral cortex, striatum, thalamus and somewhat
less pronounced in the cerebellum with preserved hippocampus
and brainstem nuclei [40]. CJDRP topography corresponds to the
most affected regions observed in pathohistological studies in most
of the subtypes [40]. However, the occipital cortex and cerebellum,
where significant pathological changes are present in most preva-
lent variants, are spared in CJDRP topography. Interestingly, no
difference in sCJD expression was found amongst different sCJD
molecular subtypes. The effect of the genotype was insignificant
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also after correction for standardized and absolute disease duration
(p = 0.52 and p = 0.59, ANCOVA, analysis not shown). However, a
small sample prevents us from drawing more precise conclusions.
Nonetheless, these findings may indicate that advanced sCJD may
not be as metabolically heterogeneous as may be assumed based on
clinical, genetic and pathology case studies.

At this point, it should be stressed that the SSM-PCA method
provides a network of covariate voxels and captures a network that
is common to the whole group of included individuals regardless
of their subtype. Several other neurodegenerative disorders may
be subdivided into subtypes with different topographical metabolic
profiles. Recent studies of multiple system atrophy [41] and pro-
gressive supranuclear palsy [42] have shown that the expression
of a corresponding pattern is elevated in these patients regardless
of disease subtype. As indicated by our results, the same may be
true for sCJD. Alternatively, the CJDRP topography, despite being
unique amongst neurodegenerative disorders, may be associated
with advanced diffuse cerebral dysfunction rather than with the
specific pathological process as more than half of cohort A CJD
patients had advanced disease (Figure 3a,d). Interestingly, a topo-
graphically similar multivariate metabolic pattern was recently
demonstrated in patients with coronavirus disease 19 (COVID-19)
with neurological and cognitive symptoms [43]. Despite a differ-
ent etiology and pathological process, similar networks may be in-
volved in both diseases. Further studies exploring the relationship
between histopathological and metabolic changes in CJD are under
way. CJDRP expressions correlated with clinical scales and stan-
dardized disease duration, which denotes its clinical significance.
The pattern had a very strong correlation with MMSE. Although the
cognitive domains involved differ between different cognitive dis-
orders [44], MMSE was found to be a good screening cognitive test
irrespective of the nosological entity [45]. Notwithstanding, MMSE
explores various cognitive domains that are characteristic for early
prion disease (especially parietal dysfunction with impaired visuo-
spatial performance, calculation and praxis, impairment of language
and comprehension). Nevertheless, MMSE does not include exec-
utive function tests that were also shown to be affected early in
prion diseases [46].

Whilst prior neuropsychological studies in sCJD patients re-
vealed cognitive impairment in all cognitive domains, fronto-parietal
domains were most affected with relative sparing of temporal lobe
domains [46]. These findings are consistent with the pronounced
fronto-parietal hypometabolism and relatively preserved temporal
metabolism seen in CJDRP.

Furthermore, CJDRP expression strongly correlated with pa-
tients' functional measures and neurological status. A positive cor-
relation with standardized disease duration provides an insight into
the temporal progression of the neuropathological process, which
seems to be fairly linear. A new measure of standardized disease du-
ration was introduced due to the heterogeneous disease duration
(41-1040days). The survival in sCJD is known to be largely depen-
dent on sCJD molecular subtype [40]. Indeed, the sCJD subtype was

found to be a predicting variable of disease duration in FDG-PET
and survival (p = 0.008 and p = 0.02; linear regression, analyses
not shown) [47]. In addition to standardized disease duration, the
prognostic value of CJDRP was demonstrated by conventional Cox
regression analysis taking into account molecular subtype, age and
gender.

The internal organization of the CJDRP network was studied
using graph theory. At the global network level, the efficiency of in-
formation transfer, as shown by excessive characteristic path length
and small-worldness coefficient, was reduced despite an increased
number of overall connections as demonstrated by the exaggerated
degree centrality in CJD compared to NCs. Increased degree cen-
trality in severe neurodegenerative disorder may seem counterin-
tuitive. However, further network exploration revealed inefficient
reorganization as shown by exaggerated assortativity [27]. Indeed,
the increase in degree centrality was primarily a result of a gain of
new connections within the two modules whilst the loss of normal
connections between the two modules contributed less. The discon-
nection between parieto-occipito-frontal and temporo-ventrolimbic
areas may explain the severe cognitive decline despite preserved
metabolism and relatively sparse histopathological findings in me-
siotemporal lobes. Aberrant reconnection may represent an adap-
tive response of the network.

There are some noteworthy limitations of this study. First, al-
though the current study is the largest analysis of brain metabolism
in sCJD, the absolute number of subjects is still small due to the
rarity of the disorder. Secondly, identification and validation scans
were obtained from two different centers and, despite careful data
harmonization, the acquisition and preprocessing parameters dif-
fer between centers. Further prospective validation of the pattern
would certainly be welcome. Thirdly, whilst the CJDRP appears to
be a disease-specific pattern amongst other neurodegenerative
disorders, it is not known whether it is associated with the spread
of a specific neuropathological process or a very advanced, less
pathology-specific, brain network dysfunction.

In conclusion, metabolic CJDRP is a robust multivariate bio-
marker of sCJD that differentiates sCJD from NCs and other neu-
rodegenerative dementia patients. It is replicable and appears to be
independent of sCJD subtypes, the latter being a matter of ongoing
research. This study provided an insight into the network-focused
mechanisms of the disease demonstrating network disorganization
and disconnection between vital network hubs. Due to its strong
correlation with disease progression, CJDRP has a vast potential in
emerging disease-modifying clinical trials [5]. This may have further
vast applications as prion diseases are considered a model of neuro-

degeneration [3].
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