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The glymphatic system is an emerging target in neurodegenerative disorders. Here, we investigated the activity of the glymphatic sys
tem in genetic frontotemporal dementia with a diffusion-based technique called diffusion tensor image analysis along the perivascular 
space. We investigated 291 subjects with symptomatic or presymptomatic frontotemporal dementia (112 with chromosome 9 open 
reading frame 72 [C9orf72] expansion, 119 with granulin [GRN] mutations and 60 with microtubule-associated protein tau [MAPT] 
mutations) and 83 non-carriers (including 50 young and 33 old non-carriers). We computed the diffusion tensor image analysis along 
the perivascular space index by calculating diffusivities in the x-, y- and z-axes of the plane of the lateral ventricle body. Clinical stage 
and blood-based markers were considered. A subset of 180 participants underwent cognitive follow-ups for a total of 640 evaluations. 
The diffusion tensor image analysis along the perivascular space index was lower in symptomatic frontotemporal dementia (estimated 
marginal mean ± standard error, 1.21 ± 0.02) than in old non-carriers (1.29 ± 0.03, P = 0.009) and presymptomatic mutation carriers 
(1.30 ± 0.01, P < 0.001). In mutation carriers, lower diffusion tensor image analysis along the perivascular space was associated with 
worse disease severity (β = −1.16, P < 0.001), and a trend towards a significant association between lower diffusion tensor image ana
lysis along the perivascular space and higher plasma neurofilament light chain was reported (β = −0.28, P = 0.063). Analysis of lon
gitudinal data demonstrated that worsening of disease severity was faster in patients with low diffusion tensor image analysis along the 
perivascular space at baseline than in those with average (P = 0.009) or high (P = 0.006) diffusion tensor image analysis along the 
perivascular space index. Using a non-invasive imaging approach as a proxy for glymphatic system function, we demonstrated glym
phatic system abnormalities in the symptomatic stages of genetic frontotemporal dementia. Such measures of the glymphatic system 
may elucidate pathophysiological processes in human frontotemporal dementia and facilitate early phase trials of genetic frontotem
poral dementia.
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Graphical Abstract

Introduction
Frontotemporal dementia is marked by changes in behav
iour, language and executive control, in association with 
multiple neuropathological substrates and heterogeneous 
genetic background.1-3

Clinical phenotypes mainly encompass behavioural-variant 
(bv) frontotemporal dementia and primary progressive apha
sia (PPA).1,2 The pathogenic mechanisms of frontotemporal 
dementia are determined by intracellular accumulation of ab
errant proteins, including mainly tau [frontotemporal lobar 
degeneration-tau (FTLD-tau)] or TAR DNA–binding protein 
43 (TDP-43, FTLD-TDP).4,5 Around 30% of frontotemporal 
dementia is familial, most commonly caused by autosomal 
dominant genetic mutations within microtubule-associated 
protein tau (MAPT), granulin (GRN) and chromosome 9 
open reading frame 72 (C9orf72) genes.6

Genetic frontotemporal dementia cases represent a privi
leged scenario to study the earliest phases of the disease in 
presymptomatic individuals and assess the changes in de
fined neuropathological subtypes, such as FTLD-tau, asso
ciated with MAPT mutations, or FTLD-TDP, due to GRN 
or C9orf72 genetic variations.7

Impairment of the glymphatic function, the brain waste 
clearing system,8 has recently been suggested to play a role 
in several neurodegenerative disorders.9-14 The glymphatic 
pathway promotes the flow of CSF into the brain along arter
ial perivascular spaces and subsequently into the brain inter
stitium through an astrocytic aquaporin-4-dependent 
mechanism. The pathway then directs the CSF flow towards 
the venous perivascular and perineuronal spaces, ultimately 
clearing solutes into meningeal and cervical lymphatic drain
age vessels.15,16

Despite the expanding concepts on glymphatic physiology 
and pathology, the in vivo assessment of the glymphatic 
function is still hampered by the need of non-invasive im
aging techniques for its quantification.17 Recent studies 
have demonstrated the possibility of measuring glymphatic 
functions using MRI.18 In particular, the diffusion tensor im
age analysis along the perivascular space (DTI-ALPS) tech
nique has been utilized to estimate the efficiency of the 
glymphatic system by the DTI-ALPS-index, as a measure of 
perivascular clearance activity in the human brain.18 This in
dex showed its significant consistency with the classical de
tection clearance rate calculated on glymphatic MRI after 
intrathecal administration of gadolinium.19

DTI-ALPS is impaired in several neurological 
conditions.10-13,17,20,21 More recently, significantly de
creased DTI-ALPS values were reported in bv frontotempor
al dementia,14 and in agreement with these findings, 
glymphatic dysfunction was associated with accumulation 
of tau and TDP-43 proteins in animal models.22-24

However, a few questions still need to be addressed. It is not 
yet known whether the glymphatic dysfunction (i) is an early 
event in frontotemporal dementia, already detectable in pre
symptomatic disease stages; (ii) is associated with a specific 
FTLD proteinopathy or may represent a common pathway re
lated to neurodegeneration; (iii) is a marker of disease severity; 
(iv) correlates with markers of neuronal dysfunction or axonal 
damage, such as plasma neurofilament light chain (NfL) or 
glial fibrillary acidic protein (GFAP)25,26; and/or (v) predicts 
disease progression over time.

These questions prompted the current cross-sectional and 
longitudinal study. Our specific aim was to evaluate glympha
tic system abnormalities in presymptomatic and symptomatic 
individuals with pathogenic mutations within the MAPT, 
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GRN and C9orf72 genes, to provide novel insight into the 
pathophysiology of genetic frontotemporal dementia.

Materials and methods
Participants
From the GENFI cohort study, individuals carrying a patho
genic frontotemporal dementia variation and their non- 
carrier (NC) family members were recruited from research 
centres across Europe and Canada (www.genfi.org.uk). 
Inclusion and exclusion criteria have been previously de
scribed.27 Here, we considered a consecutive sample of 374 
participants recruited from 30 January 2012 to 30 January 
2021. Among them, 112 were C9orf72 expansion carriers 
(68 presymptomatic and 44 symptomatic), 119 were GRN 
mutation carriers (88 presymptomatic and 31 symptomatic), 
60 were MAPT mutation carriers (43 presymptomatic and 
17 symptomatic), and 83 were mutation NC individuals re
cruited among siblings.

All participants underwent the GENFI standardized as
sessment at enrollment.7 During the first visit, demographic 
information was collected. The years to expected onset 
were calculated as the difference between age at assessment 
and mean age at onset within the family, as previously de
scribed.28 We assessed disease stage using the Clinical 
Dementia Rating (CDR)® Dementia Staging Instrument 
plus National Alzheimer’s Coordinating Centre (NACC) be
haviour and language domains (CDR® plus NACC 
FTLD),29 hereinafter referred to as CDR-FTLD.

Mutation carriers were divided into two disease stages 
based on their global CDR-FTLD score: presymptomatic 
(0 or 0.5) and fully symptomatic (1 or more).

Among the 291 mutation carriers, 282 participants under
went CDR-FTLD at baseline. A subgroup of mutation car
riers also underwent CDR-FTLD at different follow-ups 
(180 with at least two evaluations, 105 with at least three, 
55 with at least four, 15 with at least five and 3 with at least 
six), for a total of 640 evaluations.

Local ethics committees approved the study at each site, 
and all participants provided written informed consent; the 
study was conducted according to the Declaration of Helsinki.

MRI acquisition
MRI protocol was common to all the GENFI sites and 
adapted for different scanners (see Supplementary Table 1
for the scanner list); no pre-study phantom harmonization 
was performed at local level. Each subject underwent a 3 T 
MRI at their local site, which have scanners from three dif
ferent manufacturers (Philips Healthcare, GE Healthcare 
Life Sciences and Siemens Healthcare Diagnostic). The 
protocol included a volumetric T1-weighted (magnetization- 
prepared rapid gradient echo) scan and a diffusion-weighted 
imaging scan (consisting of with either four or five b0 images 
and 61 diffusion-weighted images or 64 diffusion-weighted 

images both with a b-value of 1000 s/mm2, depending on 
the different acquisition sites), as previously reported.7,27

MRI preprocessing and analyses
Structural grey matter data
T1-weighted images were processed with the voxel-based 
morphometry pipeline implemented in the Computational 
Anatomy Toolbox (CAT12 v.1742) (www.neuro.uni-jena.de/ 
cat) for SPM12 (SPM12 v.7219) (www.fil.ion.ucl.ac.uk/spm/ 
software/spm12) running on MATLAB R2019b (the 
MathWorks, Inc., Natick, MA, USA). The voxel-based morph
ometry pipeline steps consist of tissue segmentation, spatial 
normalization to a standard Montreal National Institute tem
plate, modulation and smoothing.30 The pipeline was also 
used to calculate the total intracranial volumes for each subject.

Diffusion-weighted data
Diffusion-weighted imaging scans were preprocessed using 
Mrtrix3 and FSL software.31 Diffusion-weighted imaging 
scans were analysed using the FDT tool of the FMRIB 
Software Library (FSL, v6.0). Diffusion-weighted imaging 
data were denoised and corrected for eddy current–induced 
distortions and subject movements. These slices are replaced 
by non-parametric predictions by Gaussian process. 
Diffusion tensor measures of fractional anisotropy (FA) 
and mean diffusivity were calculated running DTIFIT script, 
which fits a diffusion tensor model at each voxel, and subse
quently registered to the study template.

DTI-ALPS index computation
The DTI-ALPS method is based on the assumption that the 
perivascular interstitial fluid movement in the white matter 
at the level of the lateral ventricle body is dominant along 
the parallelly aligned medullary veins (x-axis), which run 
perpendicular to the ventricular wall; the y-axis is given by 
projection fibres running in the head–foot direction, mainly 
adjacent to the lateral ventricle, and the z-axis represents as
sociation fibres, running in the anterior–posterior direction 
outside the projection fibres.18 In the projection area, domin
ant fibres run in the z-axis direction, perpendicular to both 
the x- and y-axes, whereas in the association area, dominant 
fibres run in the y-axis direction, perpendicular to both the x- 
and z-axes. The DTI-ALPS index is calculated from the diffu
sivity in each direction of the projection and association fibre 
regions at the lateral ventricular body level and estimates the 
effect of the glymphatic system impairment on the diffusivity 
along the perivascular space of medullary veins. In calculat
ing the DTI-ALPS index, the FA maps of each subject were 
registered linearly first and nonlinearly subsequently into 
the high-resolution FSL_HCP1065_FA standard space im
age. Spherical regions of interest (ROIs) measuring 5 mm 
in radius were placed a priori in the projection and associ
ation areas at the level of the lateral ventricle bodies in the 
left and right hemispheres onto the same FA template (see 
Supplementary Fig. 1). The ROIs were then automatically re
gistered to the subjects’ FA map, and all subjects underwent 
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visual inspection (by mean diffusivity and by an expert neur
ologist [initials: IM]) to check correct ROI placement. If 
ROIs were not correctly placed, due to artefacts or poor im
age quality, the subject was excluded from the study (n = 57, 
14.3%). Finally, in line with the previous literature data, 
three DTI-ALPS indices were calculated using the following 
formula18,32:

DTI - ALPS =
mean(Dxx proj, Dxx assoc)
mean(Dyy proj, Dzz assoc)

.

The left and right DTI-ALPS (L-DTI-ALPS and R-DTI- 
ALPS) indices were calculated as a ratio of the mean of the 
x-axis diffusivity in the projection area (Dxx, proj) and 
x-axis diffusivity in the association area (Dxx, assoc) to the 
mean of the y-axis diffusivity in the projection area (Dyy, 
proj) and the z-axis diffusivity in the association area (Dzz, 
assoc) on each hemisphere, respectively.

The bilateral mean DTI-ALPS index (hereinafter referred 
to as DTI-ALPS) was calculated as the average of the 
R-DTI-ALPS and L-DTI-ALPS.

A DTI-ALPS index close to 1.0 reflects lower diffusivity 
with greater glymphatic system impairment, whereas higher 
values indicate greater diffusivity and less glymphatic system 
impairment. In all the analyses, the bilateral mean DTI-ALPS 
index has been used as primary measure.18

Plasma NfL and plasma GFAP 
quantification
In a subset of participants, at the time of clinical assessment, 
plasma was collected by venepuncture and centrifuged 
(2000 g, 10 min, at room temperature), according to GENFI 
protocol.33 Serum was frozen at −80°C within 3 h after collec
tion, shipped and analysed without any previous thaw–freeze 
cycle. Samples were measured using the multiplex Neurology 
4-Plex A kit (102153, Quanterix, Lexington, KY, USA) on the 
SIMOA HD-1 Analyser following the manufacturer’s instruc
tions, as previously published.33 The lower limit of detection 
of the assay for NfL and GFAP was 0.104 and 0.221 pg/mL, 
respectively. Quality control samples had a mean intra-assay 
and inter-assay coefficient of variation of <10%. 
Technicians were blinded to the genotypic and clinical status 
of the samples. Plasma NfL and GFAP measures were avail
able for 284 and 235 participants, respectively.

Statistical analyses
Since symptomatic individuals are older than the presympto
matic ones and to avoid biases due to the comparisons of 
groups with different age, we stratified the NC group into 
two subgroups based on the mean age (49 ± 13 years): young 
NC (40 ± 6 years) and old NC (62 ± 7 years). Moreover, due 
to the large number of pairwise comparisons, we focused 
only on pre-defined comparisons of interest: young NC ver
sus presymptomatic mutation carriers, old NC versus symp
tomatic mutation carriers and presymptomatic versus 
symptomatic within the same genetic mutation groups. 

Differences among groups in the sociodemographic and clin
ical features were assessed using Kruskal–Wallis rank sum 
tests for continuous variables or tests for equality of propor
tions for categorical variables.

Associations between DTI-ALPS and other variables were 
assessed using linear models adjusted for covariates, namely 
age, sex and MRI site. When plasma markers were consid
ered, site where samples were analysed was added as covari
ate as well.

In order to assess the association between DTI-ALPS at 
baseline and longitudinal change in disease severity 
(CDR-FTLD), baseline DTI-ALPS scores of mutation carriers 
were converted into Z-scores using mean and standard devi
ation of NC (both the young and the old ones), and mutation 
carriers were classified as having ‘high’ (Z-score > 1), ‘aver
age’ (Z-score between −1 and 1) or ‘low’ (Z-score < −1) base
line DTI-ALPS. Subsequently, the association between 
DTI-ALPS at baseline and longitudinal change in disease se
verity was assessed using a linear mixed model with longitu
dinal CDR-FTLD as the dependent variable; DTI-ALPS 
groups (i.e. ‘high’, ‘average’ and ‘low’), time (years) from 
baseline and their interaction as independent variables; and 
age, sex, CDR-FTLD at baseline and site as covariates; ran
dom intercepts and slopes at the subject level were computed.

When the number of groups in the comparison was larger 
than two, post hoc pairwise comparisons were adjusted 
using the false discovery rate correction. Significance was 
set at P < 0.05. All statistical analyses were performed with 
R, version 4.3.0 (The R Project for Statistical Computing, 
https://www.r-project.org/).

Results
Participants
Table 1 illustrates demographic and clinical features of the 
374 study participants. As expected, presymptomatic muta
tion carriers (mean age: 39–45 years; mean CDR-FTLD 
score: 0.1–0.2) were younger and had better global cognition 
and functioning than symptomatic mutation carriers (mean 
age: 59–62 years, P < 0.05; mean CDR-FTLD score: 
1.7–2.0, P < 0.05). In presymptomatic mutation carriers, the 
expected age at onset was similar in the three genetic groups 
(P = 0.446). In symptomatic mutation carriers, bv frontotem
poral dementia was the most prevalent clinical phenotype.

Glymphatic system according to 
clinical, genetic and 
neuropathological features
Figure 1 shows the distribution of DTI-ALPS according to 
disease stage and genetic group.

The DTI-ALPS index was lower in symptomatic mutation 
carriers (estimated marginal mean ± standard error, 1.21 ±  
0.02) than in old NC (1.29 ± 0.03, P = 0.009) and presympto
matic mutation carriers (1.30 ± 0.01, P = 0.001), denoting 
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glymphatic impairment in symptomatic frontotemporal de
mentia (Fig. 1A).

Disaggregating also by genetic group, DTI-ALPS was lower 
in symptomatic C9orf72 expansion carriers (1.19 ± 0.03) than 
in old NC (1.29 ± 0.03, P = 0.020) and in presymptomatic 
C9orf72 mutation carriers (1.28 ± 0.02, P = 0.020) and in 
symptomatic GRN mutation carriers (1.24 ± 0.03) than in pre
symptomatic GRN mutation carriers (1.32 ± 0.02, P = 0.020), 
with a similar yet not statistically significant trend also in 
MAPT mutation carriers (1.21 ± 0.04 in symptomatic versus 
1.28 ± 0.03 in presymptomatic) (Fig. 1B and Table 1).

As reported in Table 1, similar results were found when 
L-DTI-ALPS and R-DTI-ALPS were considered instead of 
the global DTI-ALPS.

No significant differences in the DTI-ALPS index were 
found when comparing patients with bv frontotemporal 
dementia (1.20 ± 0.02), PPA (1.23 ± 0.04) and those with 
unclassified frontotemporal dementia (1.18 ± 0.04, P = 0.604), 
nor in the L-DTI-ALPS index (bv frontotemporal demen
tia: 1.21 ± 0.03; PPA: 1.23 ± 0.05; unclassified frontotem
poral dementia: 1.19 ± 0.05, P = 0.769) or R-DTI-ALPS 
index (bv frontotemporal dementia: 1.20 ± 0.03; PPA: 
1.24 ± 0.05; unclassified frontotemporal dementia: 1.17 ±  
0.04, P = 0.567).

No significant differences in the DTI-ALPS index were 
found when comparing FTLD-TDP (symptomatic C9orf72 
and GRN mutation carriers, 1.20 ± 0.02) to FTLD-tau (symp
tomatic MAPT mutation carriers, 1.19 ± 0.04, P = 0.819).

Figure 1 Distribution of DTI-ALPS across disaggregating by disease stage (A) or by genetic mutation and disease stage (B). 
DTI-ALPS, diffusion tensor image analysis along the perivascular space. Comparisons of interest were ‘young NC versus presymptomatic’, ‘old NC 
versus symptomatic’ and ‘presymptomatic versus symptomatic’ in A (i.e. three pairwise comparisons in total) and ‘young NC versus all 
presymptomatic groups’, ‘old NC versus all symptomatic groups’ and ‘presymptomatic versus symptomatic within the same mutation groups’ 
within the three genetic groups in B (i.e. nine pairwise comparisons in total). Statistics values: F(3) = 6.05, P < 0.001 for A and F(7) = 3.46,  
P = 0.001 for B. Post hoc pairwise comparisons of interest were adjusted using the false discovery rate correction.
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Associations between glymphatic 
system and disease severity, expected 
years of onset and plasma biomarkers
In all mutation carriers combined, lower DTI-ALPS was as
sociated with worse disease severity (CDR-FTLD: β = −1.16, 
P < 0.001) (Fig. 2A). In presymptomatic mutation carriers, a 
trend of statistical significance was found between having 
lower DTI-ALPS and closer expected years of onset (β =  
−9.94, P = 0.096) (Fig. 2B).

In all mutation carriers, lower DTI-ALPS was associated 
with higher plasma NfL, although with a trend of statistical 
significance (β = −0.28, P = 0.063) (Fig. 2C). No significant 

association was observed between DTI-ALPS and plasma 
GFAP (β = −0.10, P = 0.379) (Fig. 2D).

Association between the glymphatic 
system status at baseline and 
longitudinal worsening in disease 
severity
All mutation carriers with low (β = 0.20, P < 0.001) or aver
age (β = 0.05, P = 0.010) DTI-ALPS at baseline showed wor
sening in disease severity, while those with high DTI-ALPS 
remained stable over time (β = −0.01, P = 0.788) (Fig. 3). 

Figure 2 Association of DTI-ALPS with disease severity (i.e. CDR-FTLD) (A), expected years of onset (B), plasma NfL (C) and 
plasma GFAP (D) in mutation carriers. DTI-ALPS, diffusion tensor image analysis along the perivascular space; CDR-FTLD, CDR® Dementia 
Staging Instrument plus NACC behaviour and language domains; NfL, neurofilament light; GFAP, glial fibrillary acidic protein. Plasma NfL and GFAP 
values were log-transformed. Statistics values: F(1) = 12.48, P < 0.001 for A; F(1) = 2.80, P = 0.096 for B; F(1) = 3.49, P = 0.063 for C; and F(1) = 0.78, 
P = 0.379 for D.
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Worsening in disease severity was faster in mutation carriers 
with low DTI-ALPS at baseline than in those with average 
(P = 0.009) or high (P = 0.006) DTI-ALPS at baseline.

Discussion
The glymphatic system represents a potential novel thera
peutic target for the treatment of neurodegenerative disor
ders, while innovative non-invasive imaging techniques can 
quantify glymphatic system in vivo to elucidate pathophysi
ology. In the present study, we reported that glymphatic sys
tem, as indirectly measured by DTI-ALPS index, is impaired 
in genetic frontotemporal dementia. In particular, glympha
tic system was significantly impaired in symptomatic 
C9orf72 expansion carriers as compared with healthy con
trols, but the same trend was also observed in other mutation 
subgroups. Furthermore, glymphatic system dysfunction 
was not an early event and was undetectable in the presymp
tomatic disease stages, although it is unclear if this reflects 
late emergence of glymphatic deficits or limited sensitivity 
of non-invasive methods.

We have used the non-invasive MRI index, the DTI-ALPS, 
as a measure of diffusivity along the perivascular space. This 
we interpret as a measure of glymphatic function, at least for 
what concerns its perivascular component.18

Recent work has consistently reported impairment of 
DTI-ALPS index as a proxy of glymphatic system function 
in neurodegenerative disorders and in sporadic frontotem
poral dementia as well.10-14,17,20,21 This confirms and ex
tends previous research data, claiming that glymphatic 
system impairment is not disease-specific but reflects brain 
distress and neurodegeneration.34 In this perspective, a 

preserved glymphatic system might be protective against dis
ease progression and clinical worsening, even in carriers of 
frontotemporal dementia-related mutations, while an al
tered glymphatic system might be associated with worse clin
ical outcomes over time.

These results support the hypothesis that brain clearance 
system continues to decline with disease progression, leading 
to increased tau or TDP-43 pathological burden, further 
raising the protein concentration to a level that favours ag
gregation. Glymphatic system dysfunction may participate 
in the symptom worsening of genetic frontotemporal demen
tia through its role in the clearance of pathogenetic proteins, 
autoimmune cell infiltration and promotion of inflammatory 
activation.17

In this view, we also reported a mild negative association 
between glymphatic function and expected age at onset of 
symptoms and between glymphatic function and markers 
of neurodegeneration, such as NfL,25,26,33 although not stat
istically significant.

Interestingly, longitudinal assessment of participants in 
the GENFI cohort allowed us to demonstrate that glympha
tic function may clearly predict disease progression over 
time, suggesting that DTI-ALPS index may be regarded as 
marker of progression, possibly predicting transition to
wards progressive stages.

These results suggest the potential of glymphatic change as 
a therapeutic target in frontotemporal dementia, counteract
ing disease progression by enhancing the brain endogenous 
waste clearance pathways. The evidence for specific interven
tions remains indirect, e.g. that sleep deprivation can sup
press brain clearance via the glymphatic dysfunction35-37

and consequently behavioural or pharmacological interven
tions that preserve night sleep could be considered. Although 
the study of sleep disturbances in FTD is in its infancy, there 
is emerging evidence that hypothalamic dysfunction, mani
festing as disturbances in sleep, is an integral component of 
neurodegeneration in frontotemporal dementia.38 In add
ition to sleep, another potential molecular target could be re
presented by aquaporin-4, a key protein involved in the 
glymphatic system function,39 already demonstrated to be 
impaired in FTD patients in the GENFI cohort.40 In the 
near future, both pharmacological strategies or non- 
pharmacological approaches (e.g. diet) might be considered 
to modulate acquaporin-4 metabolism.41-43

We acknowledge that this study entails some limitations. 
First, the DTI-ALPS index was calculated based on the diffu
sion of perivascular space and may not be directly equivalent 
to the glymphatic function, although it has been shown to be 
reliable and has been widely applied in multiple diseases. In 
addition, in line with more recent studies on this topic, we 
did not use susceptibility-weighted imaging for ROI place
ment.17,32 Second, we assessed DTI-ALPS index of the whole 
brain rather than a regional function measurement, even 
though we tested left and right hemispheres with no substan
tial differences across clinical phenotypes. Third, we did not 
take into account possible additional confounders, such as 
white matter hyperintensities.

Figure 3 Association between DTI-ALPS at baseline and 
longitudinal worsening in disease severity. DTI-ALPS, 
diffusion tensor image analysis along the perivascular space; 
CDR-FTLD, CDR® Dementia Staging Instrument plus NACC 
behaviour and language domains. Baseline DTI-ALPS scores of 
mutation carriers were converted into Z-scores using mean and 
standard deviation of healthy controls, and mutation carriers were 
classified as having ‘high’ (Z-score > 1), ‘average’ (Z-score between 
−1 and 1) or ‘low’ (Z-score < −1) baseline DTI-ALPS. Statistics 
values: χ2(2) = 10.39, P = 0.006. Post hoc comparisons: a > b.
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Notwithstanding these limitations, we believe that by 
using a non-invasive diffusion-based imaging approach, as 
a proxy of the glymphatic system function, we have success
fully demonstrated that glymphatic system is impaired in the 
symptomatic stages of genetic FTD, irrespective of the clinic
al syndrome or neuropathological features. Moreover, glym
phatic system impairment was associated with disease stage 
and predicted its clinical progression. The glymphatic system 
may therefore represent a novel potential target for future 
treatment approaches in genetic FTD.

Supplementary material
Supplementary material is available at Brain Communications 
online.

Acknowledgements
The authors wish to thank Professor Toshiaki Taoka 
(Nagoya University Graduate School of Medicine, Aichi, 
Japan) for providing the script for MRI analyses and Dr. 
Maria Teresa Piscitelli and Dr. Daniele Corbo (University 
of Brescia, Italy) for the technical support.

Funding
J.C.v.S. was supported by the Dioraphte Foundation grant 
09-02-03-00, Association for Frontotemporal Dementias 
Research Grant 2009, Netherlands Organization for 
Scientific Research grant HCMI 056-13-018, ZonMw 
Memorabel (Deltaplan Dementie, project number 733 051 
042), Alzheimer Nederland and Bluefield Project. F.M. re
ceived funding from the Tau Consortium and the Center for 
Networked Biomedical Research on Neurodegenerative 
Disease. R.S.-V. is supported by Alzheimer’s Research UK 
Clinical Research Training Fellowship (ARUK-CRF2017B-2) 
and has received funding from Fundació Marató de TV3, 
Spain (grant no. 20143810). D.G. received support from the 
European Joint Programme-Neurodegenerative Disease 
Research and the Italian Ministry of Health (PreFrontALS) 
grant 733051042. C.G. received funding from the European 
Joint Programme-Neurodegenerative Disease Research- 
Prefrontals VR Dnr 529-2014-7504, VR 2015-02926 and 
2018-02754, Swedish Frontotemporal Inititative-Schörling 
Foundation, Alzheimer Foundation, Brain Foundation and 
Stockholm County Council. M.M. has received funding 
from a Canadian Institute of Health Research operating grant 
and the Weston Brain Institute and Ontario Brain Institute. 
J.B.R. has received funding from the Welcome Trust 
(103838) and is supported by the Cambridge University 
Centre for Frontotemporal Dementia, the Medical Research 
Council (SUAG/051 G101400) and the National Institute 
for Health Research Cambridge Biomedical Research Centre 
(BRC-1215-20014). E.F. has received funding from a 
Canadian Institute of Health Research grant #327387. R.V. 

has received funding from the Mady Browaeys Fund for 
Research into Frontotemporal Dementia. J.L. received funding 
for this work by the Deutsche Forschungsgemeinschaft 
German Research Foundation under Germany’s Excellence 
Strategy within the framework of the Munich Cluster for 
Systems Neurology (EXC 2145 SyNergy—ID 390857198). 
M.O. has received funding from the Germany’s Federal 
Ministry of Education and Research (BMBF). J.D.R. is sup
ported by the Bluefield Project and the National Institute for 
Health and Care Research University College London 
Hospitals Biomedical Research Centre and has received fund
ing from an MRC Clinician Scientist Fellowship (MR/ 
M008525/1) and a Miriam Marks Brain Research UK 
Senior Fellowship. D.A. received funding from the Fondation 
Recherche Alzheimer and the Swiss National Science 
Foundation (project CRSK-3_196354/1). M.B. is supported 
by a fellowship award from the Alzheimer’s Society, UK 
(AS-JF-19a-004-517). M.D. was supported by the ERC 
Consolidator Grant LIGHTUP (project #772953). Several 
authors of this publication (J.C.v.S., M.S., R.V., A.d.M., 
M.O., R.V. and J.D.R.) are members of the European 
Reference Network for Rare Neurological Diseases 
(ERN-RND)—project ID no. 739510. This work was also 
supported by the European Joint Programme— 
Neurodegenerative Disease Research GENFI-PROX grant 
(2019-02248 to J.D.R., M.O., B.B., C.G., J.C.v.S. and M.S.) 
and by the Clinician Scientist programme ‘PRECISE.net’ 
funded by the Else Kröner-Fresenius-Stiftung (to C.W., D.M. 
and M.S.). For the purpose of open access, the authors have ap
plied a CC BY public copyright licence to any Author Accepted 
Manuscript version arising from this submission.

Competing interests
The authors have no competing interests.

Data availability
Data will be shared according to the GENFI data sharing 
agreement, after review by the GENFI data access committee 
with final approval granted by the GENFI steering 
committee.

Appendix I: Coinvestigators 
of GENFI Consortium

Author

David L. Thomas
Emily Todd
Caroline V. Greaves
Jennifer Nicholas

(continued) 

10 | BRAIN COMMUNICATIONS 2024, fcae185                                                                                                                     E. Premi et al.

http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcae185#supplementary-data


(continued)  

Author

Kiran Samra
Rhian Convery
Carolyn Timberlake
Thomas Cope
Timothy Rittman
Andrea Arighi
Chiara Fenoglio
Elio Scarpini
Giorgio Fumagalli
Vittoria Borracci
Giacomina Rossi
Giorgio Giaccone
Giuseppe Di Fede
Paola Caroppo
Sara Prioni
Veronica Redaelli
David Tang-Wai
Ekaterina Rogaeva
Miguel Castelo-Branco
Morris Freedman
Ron Keren
Sandra Black
Sara Mitchell
Christen Shoesmith
Robart Bartha
Rosa Rademakers
Jackie Poos
Janne M. Papma
Lucia Giannini
Rick van Minkelen
Yolande Pijnenburg
Benedetta Nacmias
Camilla Ferrari
Cristina Polito
Gemma Lombardi
Valentina Bessi
Michele Veldsman
Christin Andersson
Hakan Thonberg
Linn Öijerstedt
Vesna Jelic
Paul Thompson
Tobias Langheinrich
Albert Lladó
Anna Antonell
Jaume Olives
Mircea Balasa
Nuria Bargalló
Sergi Borrego-Ecija
Ana Verdelho
Carolina Maruta
Tiago Costa-Coelho
Gabriel Miltenberger
Alazne Gabilondo
Ana Gorostidi
Jorge Villanua
Marta Cañada
Mikel Tainta
Miren Zulaica
Myriam Barandiaran
Patricia Alves
Benjamin Bender
Carlo Wilke

(continued) 

(continued)  

Author

Lisa Graf
Annick Vogels
Mathieu Vandenbulcke
Philip Van Damme
Rose Bruffaerts
Koen Poesen
Pedro Rosa-Neto
Serge Gauthier
Agnès Camuzat
Alexis Brice
Anne Bertrand
Aurélie Funkiewiez
Daisy Rinaldi
Dario Saracino
Olivier Colliot
Sabrina Sayah
Catharina Prix
Elisabeth Wlasich
Olivia Wagemann
Sandra Loosli
Sonja Schönecker
Tobias Hoegen
Jolina Lombardi
Sarah Anderl-Straub
Adeline Rollin
Gregory Kuchcinski
Maxime Bertoux
Thibaud Lebouvier
Vincent Deramecourt
Beatriz Santiago
Diana Duro
Maria João Leitão
Maria Rosario Almeida
Miguel Tábuas-Pereira
Sónia Afonso

References
1. Rascovsky K, Hodges JR, Knopman D, et al. Sensitivity of revised 

diagnostic criteria for the behavioural variant of frontotemporal de
mentia. Brain. 2011;134:2456-2477.

2. Gorno-Tempini ML, Hillis AE, Weintraub S, et al. Classification of 
primary progressive aphasia and its variants. Neurology. 2011;76: 
1006-1014.

3. Pengo M, Premi E, Borroni B. Dissecting the many faces of fronto
temporal dementia: An imaging perspective. Int J Mol Sci. 2022;23: 
12867.

4. Neumann M, Mackenzie IRA. Review: Neuropathology of non-tau 
frontotemporal lobar degeneration. Neuropathol Appl Neurobiol. 
2019;45:19-40.

5. Josephs KA, Hodges JR, Snowden JS, et al. Neuropathological 
background of phenotypical variability in frontotemporal demen
tia. Acta Neuropathol. 2011;122:137-153.

6. Borroni B, Padovani A. Dementia: A new algorithm for molecular 
diagnostics in FTLD. Nat Rev Neurol. 2013;9:241-242.

7. Premi E, Grassi M, Van Swieten J, et al. Cognitive reserve and 
TMEM106B genotype modulate brain damage in presymptomatic 
frontotemporal dementia: A GENFI study. Brain. 2017;140: 
1784-1791.

8. Xu J, Su Y, Fu J, et al. Glymphatic dysfunction correlates with sever
ity of small vessel disease and cognitive impairment in cerebral 
amyloid angiopathy. Eur J Neurol. 2022;29:2895-2904.

Glymphatic system in genetic FTD                                                                                       BRAIN COMMUNICATIONS 2024, fcae185 | 11



9. Hsu JL, Wei YC, Toh CH, et al. Magnetic resonance images impli
cate that glymphatic alterations mediate cognitive dysfunction in 
Alzheimer disease. Ann Neurol. 2023;93:164-174.

10. Kamagata K, Andica C, Takabayashi K, et al. Association of MRI 
indices of glymphatic system with amyloid deposition and cognition 
in mild cognitive impairment and Alzheimer disease. Neurology. 
2022;99:E2648-E2660.

11. Saito Y, Hayakawa Y, Kamagata K, et al. Glymphatic system impair
ment in sleep disruption: Diffusion tensor image analysis along the 
perivascular space (DTI-ALPS). Jpn J Radiol. 2023;41:1335-1343.

12. Bae YJ, Kim J-M, Choi BS, et al. Glymphatic function assessment in 
Parkinson’s disease using diffusion tensor image analysis along the 
perivascular space. Parkinsonism Relat Disord. 2023;114:105767.

13. Jeong SH, Jeong H, Sunwoo MK, et al. Association between choroid 
plexus volume and cognition in Parkinson’s disease. Eur J Neurol. 
2023;30(10):3114-3123.

14. Jiang D, Liu L, Kong Y, et al. Regional glymphatic abnormality in 
behavioral variant frontotemporal dementia. Ann Neurol. 2023; 
94(3):442-456.

15. Iliff JJ, Wang M, Liao Y, et al. A paravascular pathway facilitates 
CSF flow through the brain parenchyma and the clearance of inter
stitial solutes, including amyloid β. Sci Transl Med. 2012;4(147): 
147ra-111.

16. Rasmussen MK, Mestre H, Nedergaard M. The glymphatic path
way in neurological disorders. Lancet Neurol. 2018;17:1016-1024.

17. Carotenuto A, Cacciaguerra L, Pagani E, Preziosa P, Filippi M, Rocca 
MA. Glymphatic system impairment in multiple sclerosis: Relation 
with brain damage and disability. Brain. 2022;145:2785-2795.

18. Taoka T, Masutani Y, Kawai H, et al. Evaluation of glymphatic sys
tem activity with the diffusion MR technique: Diffusion tensor im
age analysis along the perivascular space (DTI-ALPS) in Alzheimer’s 
disease cases. Jpn J Radiol. 2017;35:172-178.

19. Zhang W, Zhou Y, Wang J, et al. Glymphatic clearance function in 
patients with cerebral small vessel disease. Neuroimage. 2021;238: 
118257.

20. Butler T, Zhou L, Ozsahin I, et al. Glymphatic clearance estimated 
using diffusion tensor imaging along perivascular spaces is reduced 
after traumatic brain injury and correlates with plasma neurofila
ment light, a biomarker of injury severity. Brain Commun. 2023; 
5(3):fcad134.

21. Hicks A, Sinclair B, Shultz S, et al. Associations of enlarged perivas
cular spaces with brain lesions, brain age, and clinical outcomes in 
chronic traumatic brain injury. Neurology. 2023;101:10.1212/ 
WNL.0000000000207370.

22. Zamani A, Walker AK, Rollo B, et al. Impaired glymphatic function 
in the early stages of disease in a TDP-43 mouse model of amyo
trophic lateral sclerosis. Transl Neurodegener. 2022;11(1):17.

23. Ishida K, Yamada K, Nishiyama R, et al. Glymphatic system clears 
extracellular tau and protects from tau aggregation and neurode
generation. J Exp Med. 2022;219(3):e20211275.

24. Harrison IF, Ismail O, Machhada A, et al. Impaired glymphatic 
function and clearance of tau in an Alzheimer’s disease model. 
Brain. 2020;143:2576-2593.

25. Benussi A, Karikari TK, Ashton N, et al. Diagnostic and prognostic 
value of serum NfL and p-Tau181 in frontotemporal lobar degener
ation. J Neurol Neurosurg Psychiatry. 2020;91(9):960-967.

26. Benussi A, Ashton N, Karikari T, et al. Serum glial fibrillary acid 
protein (GFAP) is a marker of disease severity in frontotemporal lo
bar degeneration. J Alzheimer Dis. 2020;77(3):1129-1141.

27. Rohrer JD, Nicholas JM, Cash DM, et al. Presymptomatic cognitive 
and neuroanatomical changes in genetic frontotemporal dementia 
in the genetic frontotemporal dementia initiative (GENFI) study: 
A cross-sectional analysis. Lancet Neurol. 2015;14:253-262.

28. Moore KM, Nicholas J, Grossman M, et al. Age at symptom onset 
and death and disease duration in genetic frontotemporal dementia: 
An international retrospective cohort study. Lancet Neurol. 2020; 
19:145-156.

29. Miyagawa T, Brushaber D, Syrjanen J, et al. Utility of the global 
CDR® plus NACC FTLD rating and development of scoring rules: 
Data from the ARTFL/LEFFTDS consortium. Alzheimers Dement. 
2020;16:106-117.

30. Kurth F, Gaser C, Luders E. A 12-step user guide for analyzing 
voxel-wise gray matter asymmetries in statistical parametric map
ping (SPM). Nat Protoc. 2015;10(2):293-304.

31. Tournier JD, Smith R, Raffelt D, et al. MRtrix3: A fast, flexible and 
open software framework for medical image processing and visual
isation. NeuroImage. 2019;202:116137.

32. Taoka T, Ito R, Nakamichi R, et al. Reproducibility of diffusion ten
sor image analysis along the perivascular space (DTI-ALPS) for 
evaluating interstitial fluid diffusivity and glymphatic function: 
CHanges in Alps index on multiple conditiON acquIsition 
eXperiment (CHAMONIX) study. Jpn J Radiol. 2022;40(2): 
147-158.

33. Heller C, Chan E, Foiani MS, et al. Plasma glial fibrillary acidic pro
tein and neurofilament light chain are measures of disease severity in 
semantic variant primary progressive aphasia. J Neurol Neurosurg 
Psychiatry. 2020;92:455-456.

34. Nedergaard M, Goldman SA. Glymphatic failure as a final common 
pathway to dementia. Science. 2020;370(6512):50-56.

35. Achariyar TM, Li B, Peng W, et al. Glymphatic distribution of 
CSF-derived apoE into brain is isoform specific and suppressed dur
ing sleep deprivation. Mol Neurodegener. 2016;11(1):74.

36. Shokri-Kojori E, Wang GJ, Wiers CE, et al. β-Amyloid accumula
tion in the human brain after one night of sleep deprivation. Proc 
Natl Acad Sci U S A. 2018;115(17):4483-4488.

37. Komaroff AL. Does sleep flush wastes from the brain? JAMA. 2021; 
325(21):2153-2121.

38. Hwang YT, Piguet O, Hodges JR, Grunstein R, Burrell JR. Sleep 
and orexin: A new paradigm for understanding behavioural- 
variant frontotemporal dementia? Sleep Med Rev. 2020;54: 
101361.

39. Arighi A, Arcaro M, Fumagalli GG, et al. Aquaporin-4 cerebro
spinal fluid levels are higher in neurodegenerative dementia: 
Looking at glymphatic system dysregulation. Alzheimers Res 
Ther. 2022;14(1):135.

40. Bergström S, Öijerstedt L, Remnestål J, et al. A panel of CSF pro
teins separates genetic frontotemporal dementia from presympto
matic mutation carriers: A GENFI study. Mol Neurodegener. 
2021;16(1):79.

41. Kitchen P, Salman MM, Halsey AM, et al. Targeting aquaporin-4 
subcellular localization to treat central nervous system edema. 
Cell. 2020;181(4):784-799.e19.

42. Silverglate B, Gao X, Lee HP, et al. The aquaporin-4 water channel 
and updates on its potential as a drug target for Alzheimer’s disease. 
Expert Opin Ther Targets. 2023;27(7):523-530.

43. Zhang J, Zhan Z, Li X, et al. Intermittent fasting protects against 
Alzheimer’s disease possible through restoring aquaporin-4 polar
ity. Front Mol Neurosci. 2017;10:395.

12 | BRAIN COMMUNICATIONS 2024, fcae185                                                                                                                     E. Premi et al.

https://doi.org/10.1212/WNL.0000000000207370
https://doi.org/10.1212/WNL.0000000000207370

	Impaired glymphatic system in genetic frontotemporal dementia: a GENFI study
	Introduction
	Materials and methods
	Participants
	MRI acquisition
	MRI preprocessing and analyses
	Structural grey matter data
	Diffusion-weighted data
	DTI-ALPS index computation

	Plasma NfL and plasma GFAP quantification
	Statistical analyses

	Results
	Participants
	Glymphatic system according to clinical, genetic and neuropathological features
	Associations between glymphatic system and disease severity, expected years of onset and plasma biomarkers
	Association between the glymphatic system status at baseline and longitudinal worsening in disease severity

	Discussion
	Supplementary material
	Acknowledgements
	Funding
	Competing interests
	Data availability
	Appendix I: Coinvestigators of GENFI Consortium
	References


