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Abstract
Background and Objectives
Abnormal glymphatic system–related proteins have been identified in a small-scale pathologic
study of patients with Creutzfeldt-Jakob disease (CJD). However, it remains unclear whether
glymphatic dysfunction occurs in vivo in patients with CJD and whether this decline begins
during the preclinical stage. This study aimed to investigate the relationship between glym-
phatic dysfunction and clinical characteristics in patients with CJD, as well as potential glym-
phatic impairment in preclinical CJD.

Methods
This prospective cohort study recruited patients with CJD and healthy controls (HCs) from the
Department of Neurology at Xuanwu Hospital, Capital Medical University, Beijing, China,
from 2018 to 2022. In addition, a family with preclinical genetic CJD carrying the G114V
pathogenic variant was followed over 6 years with 3 evaluations. All participants underwent
diffusion tensor imaging along the perivascular space (DTI-ALPS) to measure glymphatic
function in vivo and 18F-fludeoxyglucose-PET to identify CJD-related metabolic patterns.
Associations between theDTI-ALPS index andMedical Research Council Prion Disease Rating
Scale (MRC-PDRS) score were evaluated using multiple linear regression.

Results
We enrolled 35 patients with CJD (mean age 59.6 ± 10.7 years, 40% female, with the time from
onset to glymphatic dysfunction assessment averaging 39% of the total disease course), 28 age-
matched and sex-matched HCs, and a family with preclinical genetic CJD consisting of 7
carriers and 7 noncarriers. Patients with CJD exhibited lower DTI-ALPS values compared with
HCs (p < 0.001). Partial correlation analyses revealed significant correlations between the DTI-
ALPS index and MRC-PDRS score (r = 0.346, p = 0.049) and disease progression (r = −0.468,
p = 0.006), but not with disease duration or cognitive severity after adjusting for age and sex.
Multivariate linear analysis demonstrated that poorerMRC-PDRS scores (β = 0.702, p = 0.014)
were associated with a lower DTI-ALPS index. The DTI-ALPS index of asymptomatic G114V
carriers showed no significant difference compared with noncarriers. However, a preclinical
CJD case exhibited an 8.2% decrease in the DTI-ALPS index 3.3 years before onset. No
significant correlation was found between regional metabolic standardized uptake value ratios
and DTI-ALPS index.

Discussion
Our study indicates that glymphatic dysfunction is associated with CJD severity and disease
progression. Glymphatic dysfunction may occur in the preclinical stage, but these findings
should be interpreted with caution because they are based on individual findings.
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Introduction
Creutzfeldt-Jakob disease (CJD), the most common prion
disease in humans, is a rare and fatal neurodegenerative
condition characterized by the accumulation of scrapie prion
protein (PrPSc) in the brain, resulting in nerve cell damage
and the development of pathology and clinical symptoms.1

The clearance of PrPSc is crucial for slowing down or pre-
venting the neurodegenerative processes and disease-related
clinical disabilities in patients with CJD.

The recently discovered “waste clearance” system in the
brain, known as the glymphatic system, plays a pivotal role
in removing endogenous and exogenous metabolites and
maintaining homeostasis.2-4 CSF enters the brain paren-
chyma through the perivascular space surrounding arter-
ies; undergoes rapid exchange with interstitial fluid
facilitated by aquaporin-4 (AQP4) in astrocytes; and
eventually drains into the venous perivascular space, me-
ninges, and cervical lymphatics.2 Studies on AQP4−/−mice
have shown that the absence of perivascular AQP4 impairs
glymphatic transport and clearance capacity.5,6 Recent
findings have indicated a significant upregulation of AQP4
expression in the brains of individuals with various prion
diseases.7-9 In addition, a previous small-scale (n = 3)
pathologic study identified abnormal expression of glym-
phatic system–related proteins in patients with sporadic
CJD (sCJD).10 However, it remains unclear whether
glymphatic dysfunction occurs in vivo in patients with CJD
and whether this decline begins during the preclinical
stage.

Diffusion tensor imaging along the perivascular space (DTI-
ALPS) has emerged as a noninvasive method for estimating
human glymphatic activity. DTI-ALPS assesses the move-
ment of water molecules in different directions along the
perivascular space by measuring diffusivity, a critical process
within the glymphatic pathway.11 Moreover, the DTI-ALPS
index has been linked to glymphatic clearance as evidenced
by glymphatic MRI after intrathecal gadolinium adminis-
tration.12 Consequently, DTI-ALPS has become a valuable
tool for evaluating glymphatic function, with its clinical
validity demonstrated in various neurologic disorders such
as Alzheimer disease,13 Parkinson disease,14 and fronto-
temporal dementia.15

In this prospective study, we aimed to investigate glymphatic
function in CJD using the DTI-ALPS index. Our objectives
included examining glymphatic dysfunction in patients with
CJD and its correlation with clinical disabilities, investigating
potential glymphatic impairment in a family with preclinical
genetic CJD (gCJD) carrying the G114V pathogenic variant,
and exploring the relationship between glymphatic system
damage and metabolic-related regions in CJD. By addressing
these objectives, we aim to provide insights into the patho-
physiology of CJD and its potential implications for thera-
peutic interventions.

Methods
The study was monitored and approved by the institutional
review boards of Xuanwu Hospital, Capital Medical Univer-
sity. Written informed consent was obtained from all living
participants or their legal guardians. All investigations were
conducted according to the principles of the Declaration of
Helsinki.

Participants
Patients with CJD were prospectively recruited from the De-
partment of Neurology at Xuanwu Hospital, Capital Medical
University, between July 2018 and December 2022. The di-
agnosis of sCJD followed the established diagnostic criteria.16

Genetic prion diseases were identified by the presence of def-
inite PRNP pathogenic variants. Patients were regularly fol-
lowed up every 3 months until death, either in the clinic or by
telephone, to ensure a precise diagnosis andmonitor changes in
their condition. The exclusion criteria for patients with CJD
were as follows: (1) refusal to participate; (2) inability to
complete an MRI scan; (3) diagnosis of potential Hashimoto
encephalopathy, viral or autoimmune encephalitis, paraneo-
plastic syndromes, and others; and (4) patients who clinically
improved, received a clear diagnosis of another disease during
the follow-up period, or were lost to follow-up. Finally, 35
patients with CJDwere included in this study. Among them, 25
were diagnosed with probable sCJD and 10 were diagnosed
with gCJD, with 6 cases of E200K, 2 cases of T188K, 1 case of
7-OPRI, and 1 case of V180I. 7 carriers of the asymptomatic
prion protein gene (PRNP) G114V pathogenic variant and 7
noncarriers from the same family with gCJD were included in
the study. The clinical manifestations and genetic analysis of

Glossary
AQP4 = aquaporin-4; CJD = Creutzfeldt-Jakob disease; CJDRP = CJD-related pattern; DTI-ALPS = diffusion tensor imaging
along the perivascular space; DWI = diffusion-weighted imaging; FA = fractional anisotropy; FDG = fludeoxyglucose; FOV =
field of view; gCJD = genetic CJD; HC = healthy control; ISF = interstitial fluid; JHU = Johns Hopkins University;MMSE =
Mini-Mental State Examination; MNI = Montreal Neurological Institute; MoCA = Montreal Cognitive Assessment; MRC-
PDRS = Medical Research Council Prion Disease Rating Scale; NC = normal control; PrPSc = scrapie prion protein; ROI =
region of interest;RT-QuIC = real-time quaking-induced conversion; sCJD = sporadic CJD; SUVR = standardized uptake value
ratio; TE = echo time; TR = repetition time.
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this family have been previously reported.17,18 In addition, 28
healthy controls (HCs) were age-matched and sex-matched to
the cases and recruited from adjacent communities. These
controls had no neurologic concerns and performed within the
normal range on neuropsychological tests (Mini-Mental State
Examination [MMSE] score: ≥24).

Clinical Screening
All patients underwent a comprehensive clinical assessment,
including cognitive evaluations such as the MMSE and the
Montreal Cognitive Assessment (MoCA). Disease severity was
determined using the Medical Research Council Prion Disease
Rating Scale (MRC-PDRS), a composite scale ranging from
0 (indicating a comatose state) to 20 (representing in-
dependence in activities of daily living).19 Disease duration was
defined as the time from onset of symptoms to death. The
degree of disease progression was defined as the interval be-
tween onset and DTI examination divided by the disease du-
ration. To quantify the extent of high diffusion-weighted
imaging (DWI) signal, each brain region exhibiting high DWI
signal was assigned 1 point: frontal lobe, temporal lobe, parietal
lobe, occipital lobe, caudate nucleus, putamen, and thalamus. If
these regions appeared bilaterally, 2 points were assigned.20 In
addition, evaluations included EEG, CSF analysis (including
14-3-3 protein concentration), real-time quaking-induced
conversion (RT-QuIC), and PRNP variation analysis. For
G114V pathogenic variant carriers and noncarriers in the same
family, a 4-year longitudinal follow-up was conducted, during
which they underwent neuropsychological examinations and
fludeoxyglucose (FDG)-PET scans every 2 years.

MRI Protocols
All participants underwent a comprehensive brain imaging
session using a hybrid 3.0T time-of-flight PET/MRI scanner
(SIGNA PET/MR; GE Healthcare, Milwaukee, WI). Each
participant fasted for at least 6 hours to ensure that serum
glucose levels were less than 9 mmol/L, followed by in-
travenous injection of 3.7 MBq/kg of 18F-FDG. Participants
were instructed to wait for at least 30 minutes before FDG
administration and during the brain uptake phase. PET and
MRI data were acquired simultaneously with the aid of
a vendor-supplied 19-channel head and neck union coil. The
MRI protocol included the following sequences: A 3-
dimensional T1-weighted sagittal scan was conducted with
the following parameters: repetition time (TR) = 6.9 milli-
seconds, echo time (TE) = 2.98 milliseconds, flip angle = 12°,
inversion time = 450 milliseconds, matrix size = 256 × 256,
field of view (FOV) = 256 × 256 mm2, slice thickness = 1 mm,
192 sagittal slices with no gap, and voxel size = 1 × 1 × 1 mm3.
A DTI scan was performed using a spin-echo echo-planar
imaging sequence with 5 b-values of 0 s/mm2 and 30 b-values
of 1,000 s/mm2 along noncollinear directions. The parame-
ters were as follows: TR = 16,500 milliseconds, TE = 74.6
milliseconds, matrix size = 112 × 112, FOV = 256 × 256 mm2,
slice thickness = 2 mm, 70 axial slices with no slice gap, and
number of excitations = 1. A static 18F-FDG PET scan was
conducted with a matrix size of 192 × 192, FOV of 350 ×

350 mm2, and pixel size of 1.82 × 1.82 × 2.78 mm3. Correc-
tions for random coincidences, dead time, scatter, and photon
attenuation were applied to the PET data. Foam pads were
placed inside the head coil during theMRI scanning session to
minimize potential head motion.

Quantification of Cortical Thickness and
Cortical Volume
We used the T1-FreeSurfer pipeline of Clinica 0.7.1 to extract
whole-brain cortical thickness and cortical volume. This pro-
cess involves segmenting subcortical structures, extracting
cortical surfaces, estimating cortical thickness, and spatially
normalizing onto the FreeSurfer surface template (FsAverage).

Quantification of DTI-ALPS Index
The DTI-ALPS index was calculated following a previous
study.21 In brief, the preprocessing of DWI was conducted in
the Clinica (version: 0.7.1) platform based on the DWI-
preprocessing-using-T1 pipeline and DWI-DTI pipeline.22

Subsequently, each participant’s fractional anisotropy (FA)
map was aligned to the FA map of the Johns Hopkins Uni-
versity (JHU) atlas template using the ANTs SyN algorithm as
a reference to obtain the estimated nonlinear deformation that
then was applied to other diffusionmetric maps. Based on JHU
atlas labeling, regions of interest (ROIs) with a thickness of
3 mmwere extracted bilaterally within the projection (anterior,
superior, and posterior corona radiata) and association fibers
(superior longitudinal fasciculus) at the level of the lateral
ventricle (Montreal Neurological Institute [MNI] coordinates
z = 26). The DTI-ALPS index was then calculated as the av-
erage of both sides (eFigure 1). The DTI-ALPS index was
computed by taking the ratio of the mean diffusivity values
across voxels in the projection and association ROIs on the Dxx
map (Dxxproj, Dxxassoc) and themean diffusivity values across
voxels in the projection ROI on the Dyy map (Dyyproj) and
the association ROI on the Dzz map (Dzzassoc), as follows11:

DTI‐ALPS =
meanðDxxproj;DxxassocÞ
meanðDyyproj;DzzassocÞ (1)

PET Image Preprocessing
PET images were preprocessed using SPM12, implemented
in MATLAB (MathWorks, Natick, MA). After spatial nor-
malization of the structural MR images to standard MNI
space using diffeomorphic anatomical registration through
exponentiated lie algebra normalization, the transformation
parameters determined by the T1-weighted image spatial
normalization were applied to the coregistered PET images
for PET spatial normalization. The images were then
smoothed using an 8-mm full-width half-maximum isotropic
Gaussian kernel. To identify and characterize specific spatial
covariance patterns related to CJD, an automated SSM/PCA
procedure23 was used to analyze FDG-PET scans of patients
and normal controls (NCs).24 Gray matter was automatically
extracted using a customized mask based on an automated
anatomical labeling atlas, followed by automatic principal
component analysis on a group of patients with CJD andNCs.
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The linearly independent covariance patterns (principal
components) obtained were linearly combined into a single
spatial covariance CJD-related pattern (CJDRP) using the
Akaike information criterion.25,26 The expression of CJDRP
(patient scores) was calculated for each patient’s scan and
z-transformed with respect to the identified NC group. Fi-
nally, PET scan intensity was normalized using a whole-
cerebellum reference region to create standardized uptake
value ratio (SUVR) images. The SUVR was then extracted
from these brain regions for each patient.

Statistical Analysis
All statistical analyses were conducted using SPSS version
20.0 (IBM Corp., Armonk, NY). 2-sample t tests or

Mann–Whitney U tests for continuous variables and χ2

tests for categorical variables were used for between-group
comparisons. For the DTI-ALPS index, a general linear
model was used to compare the metrics between patients
with CJD and HCs, with age and sex included as covariates.
Partial Pearson correlation analysis was performed to assess
the relationship between glymphatic measures and clinical
parameters, regional SUVR values adjusted for age and sex.
Univariate linear regression analysis was conducted to ex-
amine the correlation between the DTI-ALPS index of
patients with CJD and clinical data. Subsequently, a multi-
variate linear analysis was used to explore the independent
predictors of the DTI-ALPS index in patients with CJD.
Variables with p < 0.1 in the univariate regression analysis

Table 1 Demographic and Clinical Features of Patients With CJD and HCs

Characteristic CJD (n = 35) HCs (n = 28) p Value

Patient information

Age at onset, y, mean ± SD 59.6 ± 10.7 60.2 ± 8.4 0.824

Sex, male, n (%) 21 (60.0) 11 (34.3) 0.102

Onset to DTI, d, median (IQR) 71.0 (50.0–278.0) — —

Duration, d, median (IQR) 365.0 (198.0–558.0) — —

Degree of disease progression, mean ± SD 0.39 ± 0.24 — —

Clinical features at presentation, n (%)

Cognitive 33 (94.2) — —

Psychiatric 14 (40.0) — —

Visual 11 (31.4) — —

Extrapyramidal 12 (34.3) — —

Pyramidal 19 (54.2) — —

Cerebellar 17 (48.6) — —

Myoclonus 15 (42.9) — —

Mutism 4 (11.4) — —

Scale evaluation

MMSE score, median (IQR) 8.0 (0–16.0) 29.0 (28.0–30.0) <0.001

MoCA score, median (IQR) 3.0 (0–6.0) 25.0 (24.0–27.0) <0.001

MRC-PDRS score, median (IQR) 10.0 (3.0–18.0) — —

CSF 14-3-3 positive (n = 34), n (%) 20 (58.8) — —

Periodic discharges on EEG, n (%) 19 (54.2) — —

Hyperintensity on DWI, n (%) 34 (97.1) — —

Number of involved lobes 8 (5.8–9.0) — —

Positive RT-QuIC (n = 9), n (%) 9 (100.0) — —

Codon 129M/M genotype, n (%) 35 (100.0) — —

Abbreviations: CJD, Creutzfeldt-Jakob disease; DTI, diffusion tensor imaging; DWI, diffusion-weighted imaging; HCs, healthy controls; IQR, interquartile range;
M/M, methionine homozygosity; MMSE, Mini-Mental State Examination; MoCA, Montreal Cognitive Assessment; MRC-PDRS, Medical Research Council Prion
Disease Rating Scale; RT-QuIC, real-time quaking-induced conversion.
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were included in the multivariate regression analysis using
a backward elimination approach. Within the family with
the G114V pathogenic variant, participants whose DTI-
ALPS index decline rate was 2 SDs greater than the mean
(calculated based on the remaining participants) were
considered fast decliners.17 Statistical significance was set
at p < 0.05.

Data Availability
Data are available on reasonable request. The data in this
research can be obtained by emailing the corresponding
author.

Results
Demographic and Clinical Features
Table 1 summarizes the demographic and clinical information
of the patients with CJD and HCs. Among the 35 patients,
there were 21 men (60%) and 14 women (40%), with a mean
age of 59.6 years and a median survival time of 1.0 year. Most
of the included patients with CJD were in the early or middle
stages of the disease, with the time from onset to DTI ex-
amination accounting for 39% of the total course of the dis-
ease. The proportions of CSF 14-3-3 protein positivity,
periodic discharges on EEG, hyperintensity on DWI, and

positive CSF/skin RT-QuIC were 58.8%, 54.2%, 97.1%, and
100%, respectively. All patients were homozygous for me-
thionine at codon 129 (129M/M). HCs were age-matched
and sex-matched with the patients with CJD (p > 0.05).
Patients with CJD had lower MMSE and MoCA scores
compared with HCs (p < 0.01).

Comparison of Glymphatic Function Between
Patients With CJD and HCs
A negative correlation was observed between age and the
DTI-ALPS index (r = −0.604, p < 0.001) in CJD (eFigure 2).
Men had a significantly higher DTI-ALPS index than women
(p = 0.024; eFigure 2). Patients with CJD showed a signifi-
cantly lower DTI-ALPS index compared withHCs (p < 0.001;
Figure 1), with statistical significance persisting after adjusting
for age and sex (p < 0.001). No differences were found in the
DTI-ALPS index between patients with sCJD and gCJD
(1.15 ± 0.12 vs 1.20 ± 0.11, p = 0.268).

Correlation Between Glymphatic Function and
Clinical Parameters
In patients with CJD, the DTI-ALPS index was significantly
correlated with MMSE score (r = 0.335, p = 0.049), MRC-
PDRS score (r = 0.432, p = 0.009), degree of disease pro-
gression (r = −0.372, p = 0.028), and disease duration (r =
0.339, p = 0.046) (Figure 2). After adjusting for age and sex,
the DTI-ALPS index was only significantly correlated with the
MRC-PDRS score (r = 0.346, p = 0.049) and degree of disease
progression (r = −0.468, p = 0.006). There were no correla-
tions observed between the DTI-ALPS index and MoCA
score, time from onset to DTI examination, quantification of
hyperintensity on DWI, cortical thickness, and cortical vol-
ume (Figure 2).

Univariate analysis revealed that MMSE (β = 0.360, p =
0.033) and MRC-PDRS (β = 0.510, p = 0.002) scores were
associated with the DTI-ALPS index while the MoCA score
(β = 0.301, p = 0.079) tended to be associated with the DTI-
ALPS index in patients with CJD. Subsequently, multivariate
analysis including age, sex, MMSE score, MoCA score, and
MRC-PDRS score as predictive factors showed that a poorer
MRC-PDRS score (β = 0.702, p = 0.014) was associated with
a lower DTI-ALPS index in patients with CJD.

Trajectory of Glymphatic Function Changes of
Asymptomatic gCJD
Demographic data and cognitive status of carriers and
noncarriers from a G114V pathogenic variant family were
assessed at both baseline and follow-up visits, as summarized
in eTable 1. The expected age at onset for this family was
43.9 years (calculated by the mean onset age of 9 deceased
CJD family members), with 3 individuals (carriers 1, 2, and
3) nearing or exceeding this age. Among them, carrier 1
completed only 2 DTI assessments. Among all carriers, only
carrier 1 exhibited a significant glymphatic function change
(Figure 3), with the DTI-ALPS index decreasing by 8.2%
compared with the previous assessment—exceeding 2 SDs

Figure 1 DTI-ALPS Index of Patients With CJD and HCs

Compared with HCs, patients with CJD had a significantly lower DTI-ALPS
index. CJD, Creutzfeldt-Jakob disease; DTI-ALPS, diffusion tensor imaging
along the perivascular space; HC, healthy control.
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greater the mean calculated based on carriers 2–6—and
significantly lower than that of the noncarrier’s group (p <
0.001). This patient developed clinical symptoms in
3.3 years after the first follow-up. Although carrier 2 was
identified in an earlier study with varying degrees of meta-
bolic decline in brain regions, greater than 2 SDs above the
mean compared with other carriers,17 as of March 2024
(3 years after the second follow-up), this patient has not
developed symptoms. This may suggest that rapid changes
in glymphatic function could be more predictive of disease
onset than PET metabolic values. However, these results
should be interpreted with caution because they are based on
individual findings.

Correlation Between Regional Glymphatic
Function and Metabolic Pattern
Compared with the HCs, the patients with CJD exhibited
decreased cortical and subcortical metabolism across a wide

range of regions, particularly in the precuneus, angular gyrus,
posterior cingulate gyrus, middle frontal gyrus, striatum, and
thalamus (Figure 4A). These findings are consistent with
those of previous studies. The expression pattern of this
metabolic alteration significantly distinguished patients with
CJD from HCs (p < 0.001, Figure 4B). However, no signifi-
cant correlation was found between CJDRP expression value
and regional metabolic SUVRs and the DTI-ALPS index in
our data set (Figure 4C).

Discussion
In this study, we used the DTI-ALPS index to demonstrate
in vivo glymphatic dysfunction in patients with clinical and
asymptomatic CJD. We identified a correlation between
glymphatic dysfunction and disease severity, as well as the
stage of disease progression, in patients with symptomatic

Figure 2 Correlations of the DTI-ALPS Index With Clinical Characteristics in CJD

The DTI-ALPS index was significantly correlated with MMSE score (A), MRC-PDRS score (C), disease duration (E), and degree of disease progression (F).
However, it was not correlated withMoCA score (B), time fromonset to DTI examination (D), quantification of hyperintensity on DWI (G), cortical thickness (H),
or cortical volume (I). CJD, Creutzfeldt-Jakob disease; DTI-ALPS, diffusion tensor imaging along the perivascular space; DWI, diffusion-weighted imaging;
MMSE, Mini-Mental State Examination; MoCA, Montreal Cognitive Assessment; MRC-PDRS, Medical Research Council Prion Disease Rating Scale.
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CJD. Furthermore, our results suggest that glymphatic dys-
function may precede the onset of symptoms in a carrier of an
asymptomatic PRNP pathogenic variant. These findings un-
derscore the potential association between glymphatic dys-
function and CJD pathology.

The glymphatic system clears waste from the interstitial fluid
(ISF) of the brain through exchange with CSF, a process in
which AQP4 plays a key role, and is crucial for maintaining
brain homeostasis. Changes in AQP4 expression are associ-
ated with aging or pathology and are linked to a decline in this
system’s function in both animal models and patient
brains.27,28 In disease states, AQP4 expression in the brain
increases, but glymphatic clearance is compromised, often
due to the loss of polarity of AQP4 endfeet.29 Abnormal
AQP4 polarity distribution in AD animal models and patients
aggregates around Aβ deposition sites, potentially slowing
fluid flow and accelerating disease progression.30,31 Similar
observations were made in patients with CJD, with AQP4
aggregation found within or around prion plaques.8 Studies
have indicated that overexpression and mislocalization of
AQP4 in prion-infected mice and sCJD can be detected, with
activation of the glymphatic system increasing the PrPSc

clearance rate, thereby delaying disease onset. These findings
suggest that not only early detection of glymphatic dysfunc-
tion aids in early diagnosis but also improving glymphatic
function may serve as a therapeutic target to slow the neu-
rodegenerative process in patients with CJD.

Similar to other neurodegenerative diseases, patients with
CJD may experience a prolonged prodromal phase, sug-
gesting a multi-step process for disease onset.32 Our findings
demonstrate a significant decrease in the DTI-ALPS index
several years before symptom onset in a preclinical CJD case.
This observation is in line with studies in animal models of
prion diseases, suggesting the presence of glymphatic dys-
function during the preclinical stage.10 Previous research has

indicated that astrocytes respond to prion infection before
neurons and even microglia.33 Elevated levels of glial fibril-
lary acidic protein, an astrocyte marker, have been detected
several years before the clinical onset of inherited prion
diseases.32 Astrocytes play a crucial role in the periarterial
CSF in-flow and perivenous ISF out-flow pathways of the
glymphatic system.2 In a mouse model of prion disease,
a significant reduction in the localization of AQP4 in astro-
cytic endfeet was observed during the presymptomatic
phase, indicating early loss of astrocyte polarity in the disease
process.9 Therefore, these studies support the notion that
glymphatic dysfunction may manifest before disease onset in
patients with CJD. A recent study on AD found that glym-
phatic dysfunction might precede amyloid pathology, in-
directly supporting our conclusion.13

We assessed the correlation between glymphatic function
and clinical characteristics of CJD and found that the DTI-
ALPS index is correlated with MRC-PDRS scores and dis-
ease progression, but not with cognitive impairment or
survival time. The lack of correlation with cognitive im-
pairment could be due to the fact that approximately a third
of the MRC-PDRS score maps to cognitive functioning, and
with 42.9% of patients having a cognitive assessment score
of 0, the sample may not accurately reflect this relationship.
The lack of correlation with survival time may be due to
several factors: MRC-PDRS scores and survival time are only
moderately correlated (r = 0.432) in our study, and survival
time can be influenced by pathologic subtypes and intensive
life-sustaining treatments. For example, the clinically di-
agnosed MM2 subtype sCJD, which might exceed one-
fourth of cases in our center, typically progresses more
slowly with longer disease duration,34 and patients receiving
intensive life-sustaining treatments also have longer survival
time.35 In addition, the relatively small sample size in this
study might lead to statistical results being affected by in-
dividual outliers.

Figure 3 Trajectory of Glymphatic Function Changes in G114V Pathogenic Variant Carriers andNoncarriers From the Same
Family

Although there were varying degrees of fluctuations in
glymphatic function over the 3 assessments for both groups,
there was no significant overall difference in the DTI-ALPS
index between the 2 groups. In the figure, we listed the
percentage change rate of DTI-ALPS index in asymptomatic
PRNP carriers between the 2 adjacent assessments. Carrier 1
underwent only 2 DTI assessments, and the significant de-
cline (*) in the DTI-ALPS index was observed at the second
assessment. DTI-ALPS, diffusion tensor imaging along the
perivascular space.
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Our study also explored the relationship between glymphatic
function and regional metabolism in CJD. Regrettably, we
found no correlation between the DTI-ALPS index and
CJDRP expression or regional metabolism. While our find-
ings suggest that glymphatic dysfunction may not be sig-
nificantly associated with PrPSc deposition, given the
assumption that the metabolic decline observed on FDG-
PET is related to the neuropathology of prion diseases,36,37 it
is worth noting that there are studies indicating that FDG-
PET may not accurately reflect the pathologic changes in
prion diseases.38 In addition, the DTI-ALPS index mainly
represents the interstitial fluid efflux function along the
perivenous space in the white matter. Glymphatic dysfunc-
tion in the cortex may differ from that in the white matter

because most patients with CJD in this study had diffusion
restriction gray matter lesions. FDG-PET represents neu-
ronal activities in the cerebral cortex. Furthermore, our
previous research indicated that regional rather than global
glymphatic dysfunction in patients with FTD may correlate
with regional protein deposition and spread.15 Considering
the significant reduction in metabolism in the parieto-
occipital lobe of patients with CJD, future studies should
expand the sample size and focus on regional glymphatic
dysfunction.

Despite these significant findings, our study had limi-
tations. The relatively small sample size and the lack of
pathologic confirmation of sCJD, a challenge in China, are

Figure 4 CJDRP and Its Spatial Correlation With Glymphatic Function

(A) The CJDRP was identified from 18F-FDG PET data of 35 patients with CJD and 28 age-matched and sex-matched healthy controls using spatial covariance
analysis (SSM/PCA). Voxel weights on metabolic network regions were determined based on bootstrap estimation. Metabolic reductions were observed
bilaterally in the precuneus, angular gyrus, posterior cingulate gyrus, middle frontal gyrus, striatum, and thalamus. (B) Individual expression of CJDRP
significantly (p < 0.001, the Student t test between groups) distinguished patients with CJD from healthy controls. (C) Heatmap shows no correlation between
DTI-ALPS and the expression of CJDRP, and the regional SUVR values of 6 ROIs in patients with CJD. CJD, Creutzfeldt-Jakob disease; CJDRP, CJD-related pattern;
DTI-ALPS, diffusion tensor imaging along the perivascular space; FDG, fludeoxyglucose; ROI, region of interest; SUVR, standardized uptake value ratio.
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notable limitations. However, approximately one-third of
patients with sCJD underwent RT-QuIC testing, all yield-
ing positive results. In addition, all patients were followed
up until death and met clinically probable sCJD diagnostic
criteria at death, enhancing the validity of our results. Our
study was conducted at a single center, suggesting the need
for further population-based or multicenter studies to val-
idate our findings. Furthermore, we did not assess the re-
lationship between sleep disturbances and glymphatic
dysfunction, which has been associated with other neuro-
degenerative diseases.39,40 Although sleep disturbances are
a major clinical feature of E200K, we did not find differ-
ences in the DTI-ALPS index between this type of gCJD
and other types of CJD in the limited data available. Future
studies should consider evaluating sleep disturbances in the
context of glymphatic dysfunction in CJD. Although our
study suggests preclinical glymphatic dysfunction in CJD,
this observation is based on a single case and continued
follow-up is necessary. Finally, the DTI-ALPS index is
primarily limited to white matter regions, making it difficult
to fully capture the overall function of the glymphatic
system, and is susceptible to confounding factors such as
patient movement and blood flow changes. Although it
shows associations with certain neurologic diseases, its
validity and accuracy as a marker of glymphatic function
remain questionable.41 Further studies combining other
noninvasive choroid plexus volume and blood oxygen lev-
el–dependent (BOLD)-CSF coupling indices, or using
dynamic contrast-enhanced (DCE) MRI42 or T1 mapping
MRI techniques,43 could provide deeper insights into CJD
lymphatic function.

In conclusion, our study suggests that glymphatic dysfunction
may be associated with the progression of CJD and could
occur in the preclinical stage. These insights into glymphatic
dysfunction in patients with CJD highlight its potential cor-
relation with disease pathology. Further research in this area
could lead to the development of new therapeutic strategies
for CJD.
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