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Abstract

Objectives: The glymphatic function has not yet been explored in behavioral variant
frontotemporal dementia (bvFTD). The spatial correlation between regional glymphatic function
and bvFTD remain unknown.

Method: A total of 74 patients with bvFTD and 67 age- and sex-matched healthy controls
(HCs) were selected from discovery dataset and replication dataset. All participant underwent
neuropsychological assessment. Glymphatic measures including choroid plexus (CP) volume,
diffusion tensor imaging along the perivascular (DTI-ALPS) index, and coupling between blood-
oxygen-level-dependent signals and cerebrospinal fluid signals (BOLD-CSF coupling), were
compared between the two groups. Regional glymphatic function was evaluated by dividing
DTI-ALPS and BOLD-CSF coupling into anterior, middle, and posterior regions. BvFTD-related
metabolic pattern was identified using spatial covariance analysis based on 18F-FDG-PET.

Results: Patients with bvFTD showed higher CP volume (£ < 0.001); anterior and middle DTI-
ALPS (P< 0.001); and weaker anterior BOLD-CSF coupling (P < 0.05) than HCs after controlling
for cortical gray matter volume in both datasets. In bvFTD from the discovery dataset, the anterior
DTI-ALPS was negatively associated with the expression of the bvFTD-related metabolic pattern
(r=-0.52, P=0.034) and positively related with regional standardized uptake value ratios of
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18F_FDG-PET in bvFTD-related brain regions (r= 0.49-0.62, Prange: 0.017-0.047). Anterior and
middle glymphatic function were related to global cognition and disease severity.

Interpretation: Our findings reveal abnormal glymphatic function, especially in the anterior
and middle regions of brain in bvFTD. Regional glymphatic dysfunction may contribute to the
pathogenesis of bvFTD.

Keywords
Behavioral variant frontotemporal dementia; glymphatic system; metabolic pattern

Introduction

Frontotemporal dementia (FTD) is the third most common neurodegenerative dementia
characterized by predominant involvement in the frontal and/or temporal lobes. The
behavioral variant of FTD (bvFTD) is the most prevalent clinical phenotype of FTD,
presenting with progressive deficits in personal and social behavior, such as apathy and
disinhibition.1 The pathogenetic mechanism of FTD is believed to be driven by the cortical
and subcortical accumulation of aberrant proteins, including mainly microtubule-associated
protein tau, TAR DNA-binding protein 43 (TDP-43), and fused-in-sarcoma.1# Insufficient
glymphatic clearance may play a significant role in the accumulation and spread of
neurotoxic proteins.® The glymphatic system is a recently discovered brain extracellular
clearance system that involves multiple complex steps, including CSF and interstitial

fluid (ISF) production and movement of glymphatic fluid.®-” Figure 1A summarizes the
structure of glymphatic systems. Notably, animal studies have uncovered that the glymphatic
pathway may have different clearance rates in different brain regions and drive CSF-

ISF bidirectionally from the “watershed area” into either the ventricles or subarachnoid
spaces.’~10

Indirect evidence supports the close link between the glymphatic system and bvFTD.

First, TDP-43 and tau are the common pathological proteins in bvFTD.11 Glymphatic
dysfunction has been observed in TDP-43 mice.12 Both animal studies®1? and in vivo
human neuroimaging studies!3 have reported a close association between tau deposition and
glymphatic failure. More importantly, the topographic pattern of bvFTD14.15 and the apathy-
and disinhibition-related regions® mainly involve the anterior cingulate, frontal lobe,

insula, and striatum. Invasive studies to evaluate the glymphatic system have reported that
intrathecally-delivered contrast agents initially inflow into the cingulate cortex, mediobasal
frontal lobe, insula, and limbic structures, and remain trapped in the same regions.1”18 The
pattern of glymphatic inflow overlap with the topographic pattern of bvFTD (Fig. 1B). This
spatial correlation suggests that glymphatic impairment, especially in local brain regions,
may be responsible for the pathogenesis of bvFTD. Therefore, we hypothesized that the
glymphatic function is impaired in bvFTD and regional glymphatic failure may contribute to
the topographic pattern and clinical symptom of bvFTD.

Several noninvasive neuroimaging proxies have been used singly but not in combination to
evaluate glymphatic function in some neurodegenerative diseases (e.g. Alzheimer’s disease
and Parkinson’s disease) but not yet in bvFTD, including choroid plexus (CP) volume as
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a surrogate marker for CSF production (Fig. 2A),19-20 diffusion tensor imaging along the
perivascular space (DTI-ALPS) index near the lateral ventricles for subcortical glymphatic
movement (Fig. 2B),13:21-24 and the coupling between blood-oxygen-level-dependent
(BOLD) signals from cortical gray matter and CSF signals (BOLD-CSF coupling) for
cortical glymphatic movement (Fig. 2C).2526

To comprehensively investigate the function of the glymphatic system in patients with
bvFTD, the above three noninvasive neuroimaging proxies were used in this study. To
evaluate regional glymphatic function, DTI-ALPS and BOLD-CSF coupling were further
divided into anterior, middle, and posterior regions (Fig. 2B, C). The topographic pattern of
bvFTD was identified by SSM/PCA analysis of 18F-FDG-PET scans. Then, we correlated
these measures to neuropsychological assessments, disease-related metabolic pattern, and
the metabolic activity in bvFTD-related brain regions.

Materials and methods

Participants

The research was conducted in accordance with the principles of the Declaration of
Helsinki and was approved by the Ethics Committees of Xuanwu Hospital, Capital Medical
University. Written informed consent was obtained from all participants or their legal
guardians. To validate the reproducibility of the results, data used in this study were
obtained from two independent cohorts (discovery and replication datasets) consisting of
patients with bvFTD and healthy controls (HCs), who were matched for age and sex

within each dataset. The discovery dataset consisted of 26 bvFTD and 29 HCs who

enrolled from July 1, 2017, to August 31, 2021, at the Department of Neurology, Xuanwu
Hospital. All participants underwent neuropsychological assessments, and brain 18F-FDG
PET/MRI scans. The replication dataset included 48 patients with bvFTD, and 38 HCs from
the frontotemporal lobar degeneration neuroimaging initiative (FTLDNI) project initiated

in 2010 and funded by the National Institute of Aging. The included patients received
comprehensive neuropsychological assessments and multimodal MRI scans (including 3D
T1-weighted sagittal scan, DTI scans with b = 1000 s/mm?, and resting-state fMRI (rsftMRI)
scans) on the same day. Data was accessed and downloaded through the Laboratory of
Neuroimaging Image Data Archive (LONI) on March 7t 2023. Updated information on
participation and protocol can be obtained from http://memory.ucsf.edu/research/studies/
nifd. The inclusion criteria for patients with bvFTD patients from these datasets fulfilled the
2011 consensus possible or probable bvFTD consortium criteria.2’

Neuropsychological assessments

For neuropsychological assessments, memory, language, and behavioral abnormalities
were evaluated. The Mini-mental State Examination (MMSE) and the Montreal Cognitive
Assessment (MoCA) were used to assess global cognitive level.28:29 The Clinical Dementia
Rating (CDR) scale was used to describe disease severity.39 Word-list memory was
evaluated using Rey’s Auditory Verbal Learning Test (AVLT) in the discovery dataset

and California Verbal Learning Test (CVLT) in the replication dataset.31:32 Language was
evaluated using the Boston Naming Test (BNT).33 The severity of behavioral abnormalities
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was assessed using the Neuropsychiatry Inventory Questionnaire (NPI-Q; including the total
score, apathy severity score, and disinhibition severity score),34 and the Frontal Behavior
Inventory (FBI) which was divided into the negative apathy symptom subscale (first 12
items) and the positive disinhibition symptom subscale (last 12 items).3°

MRI acquisition

In the discovery dataset, all participants underwent a multimodal brain MRI session using a
hybrid 3.0 T time-of-flight PET/MRI scanner (SIGNA PET/MR, GE Healthcare, WI, USA).
PET and MRI data were acquired simultaneously using a vendor-supplied 19-channel head
and neck union coil. The MRI protocol included a 3D T1-weighted sagittal scan, DTI scans,
rsfMRI scans, and a 18F-FDG-PET scan obtained after administering 3.7 MBa/kg 18F-FDG.
The acquisition parameters were as follows: i) 3D T1-weighted fast field echo sequence,
repetition time (TR) = 6.9 ms, echo time (TE) = 2.98 ms, flip angle = 12°, inversion time =
450 ms, matrix size = 256 x 256, field-of-view (FOV) = 256 x 256 mm?, slice thickness = 1
mm, 192 sagittal slices with no gap, and voxel size = 1 x 1 x 1 mm3; ii) diffusion-weighted
spin-echo echo-planar imaging sequence with 5 b-value of 0 s/mm?2 and 30 b-value of 1000
s/mm? along noncollinear directions, TR = 16500 ms, TE = 74.6 ms, matrix size= 112 x
112, FOV = 256 x 256 mm?, slice thickness = 2 mm, 70 axial slices with no slice gap,

and number of excitations = 1; iii) rsfMRI with an echo-planar image sequence, TR = 2000
ms, TE = 30 ms, flip angle = 90°, partial resolution =3.6 x 3.6 x 4.4 mm, slice thickness

= 3.6 mm, and 240-time slices. iv) static 18F-FDG-PET, matrix size = 192 x 192, FOV =
350 x 350 mm?, and pixel size = 1.82 x 1.82 x 2.78 mm3, with corrections for random
coincidences, dead time, scatter, and photon attenuation. During the MRI scanning session,
foam pads were used inside the head coil to reduce potential head motion.

In the replication dataset, multimodal MRI images were acquired on a 3T Siemens [Munich,
Germany] Tim Trio at the University of California San Francisco or a 3T General Electric
(Boston, MA) MRI at Mayo Clinic. The MRI protocol included a 3D T1-weighted sagittal
scan, DTI scans with b = 1000 s/mm?, and rsfMRI scans. Participants from Mayo Clinic site
also had an 18FDG-PET scan on a GE Discovery RX PET/CT. The acquisition parameters
were obtained in the LONI at ida.loni.usc.edu.

CP segmentation

The volume of the CP, the primary site of CSF secretion, has been speculated to be an
indirect imaging marker for evaluating CSF production and toxic clearance.19:20 Automated
segmentation of the CP within the lateral ventricles was obtained from the T1-weighted MRI
sequence using the t1-freesurfer pipeline of Clinica 0.7.1 (https://www.clinica.run/; Fig.
2A).38 The CP segmentation was thoroughly examined and corrected manually when needed
by one neurologist, these manually corrected CP maps were quality-checked independently
and finalized by a second neurologist. Total intracranial volume (ICV), cortical gray matter
volume and CP volume were extracted. To reduce inter-participant variability, CP volume
was expressed as the ratio of CP volume to ICV, as described previously.20
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Quantification of DTI-ALPS

DTI-ALPS index is used to evaluate water diffusivity along the perivascular spaces (PVS) of
the medullary veins at the level of the lateral ventricle, which primarily reflects the brain’s
ability to drive fluids from subcortical region into the lateral ventricles.13:21-24 To obtain
water diffusivity values along the PVS, diffusivity values along the x-, y-, and z-axes would
extract from both projection fibers (DxP0J, DyProl, DzPr0)) and association fibers (Dx3ss0¢,
Dy3SS0C and Dz3550C) at the same level of the lateral ventricle. The projection fibers that run
in the direction of the z-axis pass along the wall of the lateral ventricle and are adjacent

to the association fibers that run in the direction of the y~axis. The diffusivity of PVS can
be reflected by the major difference in water molecule behavior between x-axis diffusivity
in both fibers (DxPo) and Dx?5°¢) and diffusivity which runs perpendicular to them (DyP™
and Dz350C), Specifically, the DTI-ALPS index presents this relationship and is defined as
follows:2!

DTI-ALPSindex = mean(Dxproj, Dxassoc)/mean(Dyproj, Dzassoc)

The pre-processing of diffusion-weighted images was performed using the dwi-
preprocessing-using-t1 pipeline and dwi-dti pipeline of Clinica 0.7.1.36 Specifically, the
DWIs were processed including correction for eddy current-induced distortions, participant
movements, susceptibility induced distortions, and bias field.3” The fractional anisotropy
(FA) map of each subject was registered to the FA map of the JHU atlas template with

the ANTs SyN algorithm,38 and the estimated nonlinear deformation was applied to other
diffusion metric maps to obtain all DTI-based maps in the space of the JHU atlas (spatial
resolution, 1 x 1 x 1 mm3).3%-41 The accuracy of coregistration was confirmed visually and
found no need to do any manual correction. The regions of interest (ROIs) with a thickness
of 3mm were extracted within the left projection (anterior, superior, and posterior corona
radiata) and association fiber (superior longitudinal fasciculus) at the level of the lateral
ventricle (MNI coordinates z = 26) based on the atlas labels, and then the global DTI-ALPS
(gDTI-ALPS) was computed. These ROIs were further segmented into anterior, middle,
and posterior parts to calculate the anterior DTI-ALPS (aDTI-ALPS), middle DTI-ALPS
(mDTI-ALPS), and posterior DTI-ALPS (pDTI-ALPS), respectively. To further explore

the glymphatic gradient, 3 x 3 x 3 mm?3 cubic ROIs were placed at Imm intervals from
anterior to posterior at the same level. A total of 46 pairs of cubic ROIs were generated

and relevant DTI-ALPS were calculated (Fig. 2B). Due to the potential impact of white
matter pathology on DTI-ALPS,22 we further evaluated the white matter lesion. The volume
of white matter lesion (WML) was extracted from the original FLAIR sequence using the
Lesion Segmentation Toolbox in Statistical Parametric Mapping 12 (https://wwwv.statistical-
modelling.de/Ist.html).

Coupling between BOLD Signal and CSF Flow

The large cortical BOLD signal has been reported to be accompanied by strong CSF
movement, which possibly indicates cortical glymphatic function.22:26 To obtain BOLD-
CSF coupling, the pre-processing of rsfMRI images was performed using the 1000
Functional Connectomes Project script (version 1.1-beta) with a minor modification.42
Each raw rsfMRI data sequentially underwent dropping of the first five volumes, skull
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stripping, and slice-timing correction. For the extraction of the CSF signal, rsfMRI data
underwent high-pass filtering (0.01-0.1 Hz) and linear and quadratic detrending, but without
motion correction. Due to the movement of tissue in and out of the imaging volume,
accurate motion correction cannot be achieved for edge slices.*3 For analyzing global BOLD
(gBOLD) effects, rsfMRI data underwent motion correction, high-pass filtering (0.01-0.1
Hz), linear and quadratic detrending, and spatial Gaussian kernel smoothing (full-width at
maximum, 4 mm). To avoid spatial blurring, all fMRI signal analyses were performed in the
original spatial frame without transforming to a standard space.43 The gBOLD signal was
extracted from the cortical gray matter region of the cerebrum which was defined based on
the automated anatomical labelling 2 (AAL2) atlases.** To assess the regional distribution
of glymphatic function, the AAL2 atlas was divided into the anterior, middle, and posterior
parts based on the labels of the frontal, temporoparietal, and occipital regions (Fig. 2C;
yellow, blue, and red mask, respectively). The CSF signals were identified from the edge
slice of fMRI acquisition located between the upper spinal cord/medulla oblongata and
lower cerebellum, which was expected to have maximal sensitivity to inflow effects.43:4
Then, the mean timeseries of CSF were extracted based on the signal intensity for each
participant (Fig. 2D).

To quantify the gBOLD-CSF coupling, the cross-correlation function was calculated
between the gBOLD and CSF signals at various time lags (from —20 to 20s). The correlation
coefficients from the negative peaks at lags of +2 and +3 s for the discovery and replication
datasets, respectively, were used to quantify the strength of gBOLD-CSF coupling for each
participant (Fig. 3).25:26 Moreover, the cross-correlation function between the negative first-
order derivative of the gBOLD signal and the CSF signal was calculated, as described.2543
To check the significance of the correlation value at 95% confidence interval, gBOLD

and CSF signals from different participants were randomly matched and correlation was
calculated across random pairs 1000 times repeatedly.25 In addition, the cross-correlation
function between CSF signals and the anterior, middle, and posterior BOLD signals was
calculated to obtain coupling correlation coefficients, named aBOLD-CSF, mBOLD-CSF,
and pBOLD-CSF couplings, respectively.

FDG-PET preprocessing and metabolic covariance pattern of bvFTD

The pre-processing of PET images was performed using the pet-volume pipeline of Clinica
0.7.1.3646 The PET image is spatially normalized into Montreal Neurological Institute space
using the DARTEL deformation model, and intensity normalized using the average PET
uptake in pons reference region. As in previous studies,1> SSM/PCA was applied to the
18F-FDG PET data of 26 patients with bvFTD and 29 age- and sex-matched HCs from

the discovery dataset to identify the metabolic covariance pattern of bvFTD, also called

the bvFTD-related pattern (bvFTD-RP), and quantify the expression values for bvFTD-RP.
This pattern was validated by computing its expression in 14 patients and 5 age- and
sex-matched HCs from the replication dataset. Finally, standardized uptake value ratios
(SUVRs) from18F-FDG PET images were computed for a set of regions obtained from
Hammers’ brain atlas.*” Based on this atlas and the bvFTD-RP, nine ROIs were selected,
including bilateral thalamus, caudate, insular, anterior and posterior cingulate gyri (ACC and
PCC), orbitofrontal cortex (OFC), rectus gyrus, frontal lobe, and temporal lobe.
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Statistical analysis

Results

All statistical analyses were performed with the R Statistics software (version 4.1.3).
Two-sample #-testor Mann-Whitney U'test for continuous variables and XZ test for
categorical variables were performed whenever appropriate for between-group comparisons.
We repeated between-group comparisons of glymphatic measures after controlling for
cortical gray matter volume of the whole cerebrum. We further controlled for WML and
ICV in the DTI-ALPS inter-group comparison. Partial correlation analysis was conducted
to evaluate the relationship between glymphatic measures and bvFTD-RP expression and
mean regional SUVRs value in nine ROIs from the 18F-FDG-PET images, with age, sex
and frontotemporal volume as control variables and correction for multiple comparisons
using the false discovery rate (FDR) approach. Regression analyses were performed in
bvFTD to assess the associations between glymphatic measures and neuropsychological test
scores adjusted for age, sex, years of education, frontotemporal volume in the discovery
dataset, and further adjusted for the scanning sites in the replication dataset and the pooled
data. Finally, relationship between glymphatic measures was evaluated in the whole cohort
and in the groups separately. Specifically, the paired-sample ¢-festwas performed between
aDTI-ALPS and pDTI-ALPS, and aBOLD-CSF coupling and pBOLD-CSF coupling; partial
correlation analyses were performed to examine the relationship between CP, DTI-ALPS,
and BOLD-CSF coupling, with age, sex and scanning sites as control variables. P-value <
0.05 was considered statistically significant.

Demographic and clinical features

Table 1 summarizes the demographic and clinical information of the patients with bvFTD
and HCs. HCs were age- and sex-matched with the patients with bvFTD (£ > 0.104) and no
significant group differences were found in education years and ICV in both datasets (P>
0.051). Patients with bvFTD had lower cortical gray matter volume, WML, MMSE, MoCA,
BNT, and AVLT/CVLT scores (all < 0.001) than HCs. Patients from the replication dataset
had higher education years, ICV, and MMSE, NPI-Q scores than those from the discovery
dataset (P < 0.009).

Between-group comparisons of CP volume, DTI-ALPS, and BOLD-CSF coupling

Table 2 shows the result of between-group comparisons of CP volume, DTI-ALPS, and
BOLD-CSF coupling. Patients with bvFTD had higher CP volume (ratio of ICVx 103)
than HCs in both datasets (all < 0.001). In the discovery dataset, patients with bvFTD
showed lower aDTI-ALPS (P = 0.015) and mDTI-ALPS (P < 0.001) than HCs; however,
after controlling for the WML and ICV, there was no difference between the groups in
DTI-ALPS. In the replication dataset, patients with bvFTD showed lower DTI-ALPS than
HCs (all P<0.004). Similar results were also observed based on DTI-ALPS calculating
from cubic ROIs (Fig. 6A, B).

A strong coupling between global cerebral cortex activity and CSF flow was observed in
both dataset despite a small difference and the pattern is similar to the results of previous
studies (Fig. 3).2543 The mean gBOLD-CSF cross-correlation function displayed a positive
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peak (rrange: 0.21-0.24, all < 0.001) at time lags from -2 to —3 s and a negative

peak (rrange: —0.19—0.24, all < 0.001) at time lags of 2-3 s in both datasets. The
cross-correlation function between the negative first-order derivative of the gBOLD signal
and the CSF signal had a large positive peak at time lags of 0 s (rrange: 0.22-0.35,
P<0.001). Patients with bvFTD had significantly weaker gBOLD-CSF, aBOLD-CSF,
mBOLD-CSF, and pBOLD-CSF coupling than HCs in both datasets (P range: 0.029-0.001).
After controlling for cortical gray matter volume, only aBOLD-CSF remained statistically
different in both datasets (P range: 0.045-0.016; Table 2).

Correlation between regional glymphatic function and metabolic pattern

Spatial covariance analysis of 18F-FDG PET images from the discovery dataset revealed
significant bvFTD-RP (principal component 1, accounting for 36.2% of the participant

x voxel variance). The topography of bvFTD-RP was mainly characterized by bilateral
metabolic reductions in the thalamus, caudate, insular, ACC, OFC, rectus gyrus, inferior and
middle frontal gyrus, and temporopolar (Fig. 4A). These findings are similar to those from
another study.® The expression value of this pattern significantly separated the patients with
bvFTD from HCs in the discovery dataset (P < 0.001; Student’s #tests; Fig. 4B) and was
validated in the replication dataset (P < 0.001; Fig. 4D). A significant negative correlation
was observed between the aDTI-ALPS score and a higher bvFTD-RP expression value

in patients with bvFTD (r= -0.52, FDR-corrected = 0.035) in the discovery dataset.

No significant correlation was found between the bvFTD-RP expression value and other
glymphatic measures (all 2> 0.069; Fig. 4C, E).

CP volume had a significant correlation with regional metabolic SUVRs of the caudate (r
=-0.56--0.71, FDR-adjusted Pvalue = 0.046—0.048) in both datasets. Furthermore, in the
discovery dataset, significant positive associations were observed between aDTI-ALPS and
regional metabolic SUVRs of the frontal lobe (= 0.49, FDR-adjusted Pvalue = 0.047),
rectus gyrus (r= 0.55, FDR-corrected Pvalue = 0.034), and OFC (r=0.62, FDR-corrected P
=0.017; Fig. 4C) However, no significant correlation was found between regional metabolic
SUVRs and BOLD-CSF in both datasets nor DTI-ALPS in the replication dataset (Fig. 4E).

Correlation between glymphatic function and neuropsychological scores

In patients with bvFTD from the pooled data, CP volume had a significant correlation with
MMSE (unstandardized g =-0.024, < 0.001), CDR-SOB (unstandardized = 0.043,
P<0.001), and NPI apathy (unstandardized 8= 0.061, = 0.003) scores. In addition,
aDTI-ALPS and mDTI-ALPS was associated with MMSE score (all unstandardized g =
0.008, all #=0.003) and CDR-SOB score (unstandardized g = —0.008 and —0.009, P

= 0.040 and 0.014, respectively). A positive correlation was found between the value of
aBOLD-CSF coupling and CDR-SOB score (unstandardized g = 0.013, = 0.019). Details
for other results are provided in Figure 5.

Relationship between glymphatic measures

In both groups, aDTI-ALPS was higher than pDTI-ALPS (all < 0.001), whereas aBOLD-
CSF coupling was lower than pBOLD-CSF coupling (all < 0.001; Fig. 6C, D). In addition,

Ann Neurol. Author manuscript; available in PMC 2024 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Jiang et al. Page 9
gDTI-ALPS showed a negative correlation with CP volume (r=-0.28, < 0.001) and
gBOLD-CSF coupling (r=-0.19, P=0.025; Fig. 6E) in all subjects.

Discussion

In this study, we used a multi-parametric segmentation approach to comprehensively
evaluate glymphatic function and its regional distribution in patients with bvFTD from

two independent cohorts. Three noninvasive neuroimaging proxies, including CP volume,
DTI-ALPS, and BOLD-CSF coupling, were used as surrogate markers for CSF production,
subcortical glymphatic movement and cortical glymphatic movement, respectively. The
relationship between glymphatic function and bvFTD-related metabolic pattern and clinical
symptoms was investigated. The findings of this study suggest that glymphatic function,
especially in forebrain and midbrain are impaired in patients with bvFTD. Moreover,
glymphatic function has a spatial correlation with the bvFTD-related metabolic pattern and
clinical symptoms.

This study suggests that the glymphatic system, including the CSF production and the
glymphatic movement, is impaired in patients with bvFTD. First, patients with bvFTD
showed higher CP volume than HCs. A larger CP volume is speculated to potentially
boost CSF production by increasing functional units, which in turn may offset glymphatic
dysfunction and enhance waste clearance.948 Notably, this study reveals that enlarged CP
volume is associated with lower DTI-ALPS (Fig. 6E). This result suggests that glymphatic
movement in the subcortical areas may be susceptible to changes in CSF production.
Consistently, Johnson reported that improved paravascular flow is associated with decreased
CP perfusion.#® Second, patients with bvFTD showed lower aDTI-ALPS, mDTI-ALPS
and weak aBOLD-CSF coupling than HCs. On the one hand, this result suggests that
bidirectional glymphatic movement impairment in brain parenchyma may occur in patients
with bvFTD. Although FTD presents with predominant atrophy in the frontal and temporal
lobe cortex, toxic proteins deposition also occurs in multiple subcortical brain regions.449
Bidirectional glymphatic flow may drain abnormal proteins from ISF into the ventricles

or subarachnoid space.5%-52 Therefore, slowed glymphatic movement could lead to waste
accumulation in both cortical and subcortical regions. On the other hand, this result may
imply more severe forebrain and midbrain glymphatic impairment in patients with bvFTD.
FTD pathology is mainly found in the forebrain and midbrain, matching the distribution of
glymphatic failure in bvFTD patients.® Notably, in the discovery dataset, WML pathology
was observed to potentially affect DTI-ALPS, which is consistent with previous research
findings.22

In this study, a spatial correlation between regional glymphatic function and bvFTD-
specific metabolic network was observed. Given that bvFTD presents with a predominant
involvement in the prefrontal regions, ACC, and striatum, which seem to mostly overlap
with the distribution of glymphatic influx, bvFTD may be more closely associated with
glymphatic function than other neurodegenerative diseases. The findings revealed that
aDTI-ALPS, but not other measures, was negatively linked with the bvFTD-RP expression
value. This result indicates that regional rather than global glymphatic dysfunction may
play a major role in regional protein deposition and spread and thus account for the
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topographic pattern of brain metabolic reduction in neurodegenerative diseases. This study
also shown that aDTI-ALPS was associated with metabolic activity in the anterior brain
regions, including the frontal lobe, OFC, and rectus gyrus. Metabolic insufficiency in
disease-related regions may be explained by neuronal loss due to the regional accumulation
of metabolic waste and toxic proteins.>* Cortical hypometabolism was reported to reflect
tau pathology and predict TDP-43 status.5°°6 Thus, taken together, these findings suggests
that regional glymphatic dysfunction may account more for the pathophysiology of bvFTD.
Insufficient regional glymphatic clearance, especially in anterior brain regions may lead

to the accumulation and spread of neurotoxic proteins in the prefrontal lobe, and thus
contribute to bvFTD. Notably, the spatial relationship between bvFTD-RP and glymphatic
function was not confirmed in the replication dataset, potentially due to the small sample
size, so these findings need to be interpreted with caution.

In addition, the findings of this study confirmed that CP volume and anterior and middle
glymphatic movement are related to global cognition and disease severity in patients

with bvFTD. Consistent with our findings, a study found that global cognition and

disease severity were associated with PVS burden, a biomarker that may indirectly reflect
glymphatic function, in patients with bvFTD.23Additionnaly, higher CP volume was linked
with higher NP1 and FBI apathy scores. Apathy, the most prevalent core symptom in
bvFTD,%" is defined as a quantitative reduction of goal-directed activity.1® Apathy-related
brain regions, mainly including the prefrontal cortex, OFC, ACC, and caudate, 8 also seem
to resemble the pattern of glymphatic influx (Fig. 1B). The reduced metabolic activity in
these regions was observed in our study. The elevation of CSF production may induce
apathy by modulating the metabolism of the corresponding brain regions, particularly the
caudate (Fig. 4C, E). Our findings may indicate a clinicopathological correlation between
glymphatic function and bvFTD. Caution is needed in interpreting these results as they
only demonstrate a correlation. Further animal experiments are necessary to establish a
causal relationship. It is worth exploring whether improving brain clearance improves key
symptoms of bvFTD.

The segmentation approach of this study may reveal a physiological phenomenon that
posterior cortical clearance may be stronger than anterior cortical clearance, whereas
posterior subcortical clearance may be weaker than anterior subcortical clearance (Fig. 6C,
D). The subcortical glymphatic gradient (Fig. 6A, B) is similar to the anterior-posterior
gradient of white matter microstructural diffusivity.?8 In line with our findings, Harrison et
al.10 reported a higher clearance rate of tau in the caudal cortex compared to the rostral
cortex in mice, which may be attributed to the caudal cortex receiving greater arterial
input.® This distribution gradient difference in glymphatic function between the cortical
and subcortical regions may be explained by a bidirectional complementation model (Fig.
1A, blue arrows of different sizes). Regional glymphatic movements may be interactive with
each other to enhance the efficiency of waste clearance (Fig. 6E).

This study has a few limitations. First, although DTI-ALPS is closely associated with the
gadolinium-enhanced glymphatic MRI method that is considered as a current gold standard
for assessing glymphatic function,59 validation studies for CP volume and BOLD-CSF
coupling are lacking. Therefore, the relationship between glymphatic function and CP
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volume and BOLD-CSF coupling should be explained cautiously. Second, pathological
biomarkers, such as tau burden evaluated using tau-PET images, were not used to evaluate
the relationship between focal proteins deposition and regional glymphatic function. Studies
to establish their spatial relationship are warranted. Finally, the cross-sectional design of the
study prevented exploration of temporal alteration in the spatial distribution of the clearance
network. The spatiotemporal interaction in the glymphatic system is expected to be the topic
of future research.

In summary, this study provided a multi-parametric approach to comprehensively evaluate
the glymphatic function and regional distribution in patients with bvFTD using multimodal
noninvasive imaging proxies. This study revealed glymphatic dysfunction, especially in the
anterior and middle regions of brain, may be closely associated with the pathophysiology of
bvFTD.
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Summary for Social Media If Published

If you and/or a co-author has a Twitter handle that you would like to be tagged,
please enter it here.

We have no Twitter handle.
What isthe current knowledge on thetopic?

The glymphatic system is reportedly impaired in several neurodegenerative diseases, but
has not yet been explored in behavioral variant frontotemporal dementia. The spatial
correlation between regional glymphatic function and bvFTD remain unknown.

What question did this study address?

We aim to evaluate glymphatic function and its regional distribution in behavioral variant
frontotemporal dementia and explore its association with the disease-related metabolic
pattern and clinical symptoms.

What does this study add to our knowledge?

We found that glymphatic function, especially in the anterior and middle regions of brain,
are impaired in behavioral variant frontotemporal dementia (bvFTD). Moreover, regional
glymphatic function shows a spatial correlation with the bvFTD-related metabolic pattern
and clinical symptoms.

How might this potentially impact on the practice of neurology?

Our findings support that regional glymphatic dysfunction may contribute to the
pathogenesis of behavioral variant frontotemporal dementia.
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Figure 1: Glymphatic system and the spatial correlation with bvFTD.
(A) Choroid plexuses secret CSF. CSF inflows from periariterial spaces to the brain

parenchyma, mixes with ISF by the diffusion and convection movement, and then outflows
through perivenous spaces, which is facilitated by AQP-4 water channels on astroctytic end-
feet. The glymphatic pathway may have different clearance rates in different brain regions
and may drive CSF-ISF bidirectionally into either the ventricles or subarachnoid space

(blue arrow). (B) Spatial correlation between the glymphatic CSF influx and bvFTD related
pattern, and apathy- and disinhibition-related brain regions. The bvFTD-related pattern is
identified from the discovery dataset by the multivariate spatial covariance analysis based on
18F_FDG-PET imaging data. bvFTD = behavioral variant frontotemporal dementia; CSF =
cerebrospinal fluid; ISF = interstitial fluid.
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Figure 2: Schematic of the multi-parametric assessment approaches for the glymphatic function.
(A) Automated segmentation and manual correction of choroid plexus within the lateral

ventricles. (B) MRI processing approach for DTI-ALPS calculation and segmentation. Initial
DWI image is coregistered to the corresponding T1-weighted image, and then calculated

the DTI image. The FA map is registered to the FA map of the JHU atlas template. The
ROIs were extracted and segmented into three parts based on the atlas labels (anterior,
superior, and posterior corona radiata, and superior longitudinal fasciculus). Additionally,

46 parts of 3 x 3 x 3 mm3 cubic ROIs are drawn in the left projection and association

fibers. (C) To calculate the BOLD-CSF coupling, the global BOLD signal is extracted

from the cortical gray matter region of cerebrum, then is divide into three parts: anterior
BOLD, middle BOLD, and posterior BOLD. The CSF signals are extracted from the edge
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slice of fMRI acquisition located between the upper spinal cord/medulla oblongata and
lower cerebellum. (D) A strong coupling between the global cortical BOLD signals and
CSF signals was observed in a representative healthy control. a/m/pDTI-ALPS = anterior/
middle/posterior diffusion along perivascular space index; g/a/m/pBOLD-CSF coupling =
the coupling between blood-oxygen-level-dependent signals from global/anterior/middle/
posterior cortical gray matter and cerebrospinal fluid signals; FA = fractional anisotropy;
ROIs = regions of interests; JHU atlas = Johns Hopkins University atlas.
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Figure 3: The cross-correlation analysis between the BOLD signal and the CSF signal.

(A-B) The mean gBOLD-CSF cross-correlation function (-20~+20s) displays positive peaks
at time lags —2~-3 s (r = 0.21-0.24, £< 0.001, permutation test) and a negative peak at time
lags 2~3 s (r = -0.19—0.24, £< 0.001, permutation test; blue dotted line). (C-D) The mean
negative first-order derivative gBOLD signals couple with CSF signals. Large positive peaks
are seen at time lags 0s (r = 0.22-0.35, < 0.001, permutation test). (E-F) Anterior, middle,
and posterior BOLD-CSF coupling show different coupling strength at negative peaks.
Shaded red is 95% interval of the mean correlation coefficient across subjects. Shaded grey
is 95% interval of mean correlation coefficient across random pairs 1000 times repeatedly.
g/a/m/pBOLD-CSF coupling = the coupling between blood-oxygen-level-dependent signals
from global/anterior/middle/posterior cortical gray matter and cerebrospinal fluid signals.
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Figure 4: Behavioral variant frontotemporal dementia-related pattern (bvFTD-RP) and the
spatial correlation with the glymphatic function.

(A) The bvFTD-RP was identified from the 18F-FDG PET data of 26 patients with bvFTD
and 29 age- and sex-matched healthy controls from the discovery dataset using the spatial
covariance analysis (SSM/PCA). Voxel weights on metabolic network regions reliable

based on bootstrap estimation. Metabolic reductions were observed in bilateral metabolic
reductions in the thalamus, caudate, insular, ACC, OFC, rectus gyrus, inferior and middle
frontal gyrus, and temporopolar. (B) Individual bvFTD-RP expression significantly (P<
0.001, Student’s t test between groups) separated the bvFTD patients from the healthy
controls from the discovery dataset, and this finding was validated in the replication dataset
(D). (C-E) Heatmap shows the partial correlation analysis between glymphatic measures and
the bvFTD-RP expression and the regional SUVRs value of nine ROIs in bvFTD patients
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from the discovery dataset (C) and replication dataset (E). Pvalues were adjusted for age,
sex and frontotemporal volume, and corrected for multiple comparisons using the false
discovery rate approach. g/a/m/pDTI-ALPS = global/anterior/middle/posterior diffusion
along perivascular space index; g/a/m/pBOLD-CSF coupling = the coupling between blood-
oxygen-level-dependent signals from global/anterior/middle/posterior cortical gray matter
and cerebrospinal fluid signals; SUVRs= standardized uptake value ratios; ACC = anterior
cingulate gyri; PCC = posterior cingulate gyri; OFC = orbitofrontal cortex; bvFTD =
behavioral variant frontotemporal dementia; HCs = healthy controls. *£< 0.05, **P< 0.01.
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Figure 5: Regression analysis between glymphatic measures and neuropsychological test scores.
Forest plots show the results in the discovery dataset (A), the replication dataset (B), and

the pooled data (C). The X axis shows the unstandardized . Pvalues were adjusted for

age, sex, years of education, frontotemporal volume (discovery dataset), and scanning sites
(replication dataset and pooled data). MMSE = Mini-Mental State Examination; MoCA =
Montreal Cognitive Assessment; BNT = Boston Naming Test; AVLT = Auditory verbal
learning test; CVLT = California Verbal Learning Test; CDR = Clinical Dementia Rating
score; SOB = sum of boxes; NPI-Q = Neuropsychiatry Inventory Questionnaire; FBI =
Frontal Behavioral Inventory; CP = choroid plexus; ICV = intracranial volume; g/a/m/pDTI-
ALPS = global/anterior/middle/posterior diffusion along perivascular space index; g/a/m/
pBOLD-CSF coupling = the coupling between blood-oxygen-level-dependent signals from
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global/anterior/middle/posterior cortical gray matter and cerebrospinal fluid signals. *P <
0.05, **P<0.01, ***P < 0.001.
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Figure 6: Glymphatic gradient and the relationship between different regional glymphatic

functions.

(A-B) show the DTI-ALPS gradient and inter-group differences. (C-D) show the
paired-sample t-test between aDTI-ALPS and pDTI-ALPS, and aBOLD-CSF coupling

and pBOLD-CSF coupling, respectively. (E) Heatmaps show the relationship between
glymphatic measures in the whole cohort and in the groups separately. P values in

heatmaps were adjusted for age, sex, scanning sites (right), and groups (left). bvFTD =
behavioral variant frontotemporal dementia; HCs = healthy controls. CP = choroid plexus;
ICV = intracranial volume; g/a/m/pDTI-ALPS = global/anterior/middle/posterior diffusion
along perivascular space index; g/a/m/pBOLD-CSF coupling = the coupling between blood-
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oxygen-level-dependent signals from global/anterior/middle/posterior cortical gray matter
and cerebrospinal fluid signals. *P< 0.05, **P< 0.01, ***P< 0.001.
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Demographic and neuropsychiatric assessment of patients with bvFTD and health controls (HCs).

Page 26

Discovery dataset Replication dataset® bvFTDd  Hcd
bvFTD (N=26) HCs (N=29) Pvalue bvFTD (N=48) HCs (N=38) Pvalue Pvalue Pvalue

Mean age, y 63.00 (7.73) 60.31(8.31) 0221  60.72(5.97) 60.03(7.15) 0792 0164  0.881
Gender, male 10 (38.46%) 11(37.93%)  0.968 33 (64.58%) 17 (44.74%) 0104 0031 0576
Education, y 10.04 (4.75) 1038 (3.91) 0771 1558 (3.03) 16.50 (2.10) 053 <0001  <0.001
ICV (mi) (lf5[127.368% (11%258532) 0.900 (1516765.4% oos1 009 03
Cortex (ml) 401.33 (51.39)  459.60 (33.39) <0.001  395.85(56.72)  443.19 (40.61) <0001 0684  0.036
WML (ml) 8.16 (6.73) 373(10.15) <0001  13.83 (16.68) 1.70(3.39) <0001 0698  0.158
MMSE 17.65 (6.03) 28.66 (1.88)  <0.001  24.79 (4.31) 29.26 (0.86)  <0.001 <0001  0.345
MoCA 11.28 (6.02) 2517 (2.53)  <0.001 - - - -
BNT (30%/15bitem) 20.04 (6.88) 28.31(207) <0001  12.01(3.71) 1455 (0.80)  <0.001 - -
AVLTECVLTL. 3.12 (1.93) 7.84 (1.88) <0001  4.27 (2.84) 8.03(120)  <0.001 ) .
immediate recall
AVLTACVLTE. 1.73 (2.55) 841(2.91) <0001  3.35(3.07) 763(1.36)  <0.001 ) i
delayed recall
AVLTECVLTA. 2.24 (3.90) 11.55(2.46) <0001  6.42(3.34) 8.21 (2.08) 0.009 ) .
recognltlon
CDR-SOB 7.90 (4.68) - - 5.86 (3.12) - - 0.098 -
NPI-Q 5.96 (4.89) - - 12.77 (6.37) - - <0.001 -
NPI-apathy severity 1.73 (1.12) - - 1.94 (1.80) - - 0.176 -
;\‘ef’ﬂ'e'r?ti;i”hibmo” 0.5 (0.99) - - 150 (1.11) - <0001 -
FBI-total 21.85 (14.12) - - - - - -
FBI-apathy 15.65 (9.39) - - - - - -
FBI-disinhibition 6.19 (5.95) - - - - - -

Data are presented as mean + SD or n (%). bvFTD = behavioral variant frontotemporal dementia; HCs = healthy controls; SD = standard deviation;
ICV = intracranial volume; MMSE = Mini-Mental State Examination; MoCA = Montreal Cognitive Assessment; BNT = Boston Naming Test;
AVLT = Auditory verbal learning test; CVLT = California Verbal Learning Test; CDR = Clinical Dementia Rating score; SOB = sum of boxes;

NPI-Q = Neuropsychiatry Inventory Questionnaire; FBI = Frontal Behavioral Inventory.

a .
In discovery dataset;

b. —_—
in replication dataset;

c . L
P-values were adjusted for scanning sites;

a.. L
Discovery dataset versus replication dataset.

Ann Neurol. Author manuscript; available in PMC 2024 September 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Jiang et al.

Table 2

Between-group comparison of CP, DTI-ALPS, and BOLD-CSF coupling

Page 27

Discovery dataset Replication dataset® bvFTDd  Hcd
bvFTD HCs bvFTD HCs
(N=26) (N=29) P value (N=48) (N=38) P value Pvalue Pvalue
CP volume
CP (ml) 196(0.58) 122(0.31)  <0.001<0.00124  1.86(0.36) 1.16(0.33) <0.001/<0.001 @ 0.412 0.421
CP (ratio of
lovr10h 135036 085020) <000u<00017 120(021) 073(019)  <000U<000Ld  00F 0159
DTI-ALPS
aDTI-ALPS Gl a
125016) 137(012)  C0ZOOTy97010) 134017  OOOMOOMT o019 0277
0.494 <0.001
mDTI-ALPS 3 a
112(011) 127(015) <000V <001 /121011 140(014) <000V <0001 I o002 <0001
0.174 <0.002
DTI-ALPS P P
P 104011) 109(013)  OBYOZT 08012 121024y  <COOVOOOLT 5098 <o001
0.639 0.004
DTI-ALPS 2 a
9 114(010) 124(011) 000V 00% ! 116(007) 1.31(0.10) <°'°01’<0'%01 7 0353 0008
0.509 <0.00L
BOL D-CSF coupling
aBOLD-CSF -0.14 027 -0.08 -0.23
(0.20) 0.22) 0.009/0.045 4 (0.17) (0.19) 0.001/0.016 4 0.332 0.382
mBOLD- -0.20 -0.32 -0.13 -0.27
CSF (0.21) (0.20) 0.028/0.0607 (0.18) (0.19) 0.003/0.0542 0157 0277
PBOLD-CSF 017 -0.32 -0.17 -0.29
(0.19) (0.18) 0.004/0.010 4 (0.18) (0.19) 0.014/0.1484 0.996 0.532
gBOLD-CSF 0.9 -031 -0.14 -0.28
(0.20) (0.20) 0.029/0.0647 (0.18) (0.19) 0.003/0.047 @ 0264 0524

Data are presented as mean (SD). bvFTD = behavioral variant frontotemporal dementia; HCs = healthy controls; CP = choroid plexus; ICV =
intracranial volume; g/a/m/pDTI-ALPS = global/anterior/middle/posterior diffusion along perivascular space index; g/a/m/pBOLD-CSF coupling
= the coupling between blood-oxygen-level-dependent signals from global/anterior/middle/posterior cortical gray matter and cerebrospinal fluid

signals.

a. . .
Cortical gray matter volume-adjusted Pvalue;

b. . . . . . .
Cortical gray matter volume-, white matter lesion volume- and intracranial volume-adjusted A value;

c . L
P-values were adjusted for scanning sites;

a.. L
Discovery dataset versus replication dataset.
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