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A B S T R A C T

Background: Familial frontotemporal lobar degeneration (f-FTLD) is the second most common form of young- 
onset dementia, with diverse clinical presentations, neuropathological substrates and genetic backgrounds. 
While evidence suggests that glymphatic dysfunction, neuroaxonal injury, and cortical microstructural alter
ations may jointly contribute to f-FTLD, their interrelationships across genotypes remain unclear.
Objectives: This study aims to investigate the roles of glymphatic dysfunction, cortical free water (cFW), and 
plasma neurofilament light (NfL) in f-FTLD and examine their relationship with cognitive decline.
Design: A multimodal approach was applied, involving diffusion tensor imaging along the perivascular space 
(DTI-ALPS) for glymphatic function, plasma NfL measurement, and voxel-wise cortical free water mapping. 
Analyses comparing FTLD mutation groups and serial mediation analyses were conducted in 322 participants 
(C9orf72, GRN, MAPT mutation carriers, and matched controls).
Setting: This study was conducted across multiple participating centers using standardized imaging protocols and 
harmonized multi-site data.
Participants: A total of 322 participants were included: 87 C9orf72 expansion carriers, 56 GRN mutation carriers, 
58 MAPT mutation carriers, and 121 healthy controls.
Intervention: No intervention was applied in this observational study. Participants underwent genetic testing, 
cognitive assessment, and diffusion MRI scans; plasma NfL was available for mutation carriers.
Measurements: Glymphatic function was assessed using DTI-ALPS, plasma NfL levels were measured to reflect 
neuroaxonal injury, and cortical microstructure was assessed through cortical free water (cFW) mapping.
Results: Significant reductions in DTI-ALPS and elevations in cFW were observed in C9orf72 and GRN mutation 
carriers, with strong associations to clinical cognitive decline. Plasma NfL levels were highest in GRN mutation 
carriers and correlated strongly with cognitive severity. Mediation analysis indicated that the pathway linking 
DTI-ALPS to cognition through NfL explained a substantial portion of the indirect effect, while residual direct 
effects suggested that additional mechanisms also contribute to cognitive decline.
Conclusions: This study identifies glymphatic dysfunction as a key factor contributing to cognitive decline in f- 
FTLD, with plasma NfL serving as an important partial mediator and cFW providing additional region-specific 
information.

* Corresponding authors at: Wannan Medical University, Wuhu, 241000, China.
** Corresponding authors at: The Second Affiliated Hospital of Wannan Medical University, Wuhu, 241000, China.

E-mail addresses: dingneurology@wnmc.edu.cn (W. Ding), 20122087@wnmc.edu.cn (Z. Shao), hyssp@126.com (Y. Han). 
1 These authors contributed equally to this work.

Contents lists available at ScienceDirect

The Journal of Prevention of Alzheimer's Disease

journal homepage: www.elsevier.com/locate/tjpad

https://doi.org/10.1016/j.tjpad.2026.100639
Received 12 February 2026; Received in revised form 30 May 2026; Accepted 24 June 2026  

The Journal of Prevention of Alzheimer’s Disease 13 (2026) 100639 

Available online 4 July 2026 
2274-5807/© 2026 The Authors. Published by Elsevier Masson SAS on behalf of SERDI Publisher. This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 

https://orcid.org/0000-0002-9292-2584
https://orcid.org/0000-0002-9292-2584
mailto:dingneurology@wnmc.edu.cn
mailto:20122087@wnmc.edu.cn
mailto:hyssp@126.com
www.sciencedirect.com/science/journal/22745807
https://www.elsevier.com/locate/tjpad
https://doi.org/10.1016/j.tjpad.2026.100639
https://doi.org/10.1016/j.tjpad.2026.100639
http://crossmark.crossref.org/dialog/?doi=10.1016/j.tjpad.2026.100639&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


1. Introduction

Frontotemporal lobar degeneration (FTLD) represents the second 
most common form of young-onset dementia, with diverse clinical 
presentations, neuropathological substrates, and genetic backgrounds 
[1]. Across FTLD subtypes, cortical microstructural changes often pre
cede overt cortical atrophy [2,3]. Approximately 30% of cases arise from 
autosomal dominant pathogenic variants, defining familial FTLD 
(f-FTLD). The majority of these inherited cases are caused by mutations 
in C9orf72, microtubule-associated protein tau (MAPT), or granulin 
precursor (GRN) [4–6]. Our recent findings show that microstructural 
alterations emerge before cortical atrophy in all three genetic subtypes 
[7], indicating that such changes are closely linked to the pathological 
proteins underlying FTLD.

Increasing evidence implicates impaired interstitial fluid clearance 
in the pathogenesis of neurodegeneration. The glymphatic pathway 
enables cerebrospinal fluid to interact with interstitial fluid through 
perivascular channels, a process modulated by aquaporin-4 on astro
cytic endfeet, and subsequently cleared via arachnoid granulations and 
meningeal lymphatic routes [5,8–12]. Diffusion MRI offers a noninva
sive approach to estimate glymphatic function, most commonly via the 
diffusion tensor imaging–along the perivascular space (DTI-ALPS) 
index. Prior studies reported markedly lower DTI-ALPS indices in FTLD 
compared with controls, with regional reductions linked to cognitive 
impairment [13,14]. In Alzheimer’s disease (AD), disrupted glymphatic 
function has further been implicated in cortical microstructural damage 
[15]. Such injury, including neuronal loss and synaptic disintegration, 
expands the extracellular space and manifests on MRI as increased free 
water (FW) [16]. FW elevations can occur before cortical atrophy and 
are independently associated with faster cognitive decline [17,18]. 
Similarly, elevated plasma neurofilament light chain (NfL), a sensitive 
marker of axonal injury, reflects neuronal loss even in early disease 
stages [19].

Converging evidence suggests that impaired glymphatic clearance 
and cortical microstructural disruption act together to drive axonal 
injury and cognitive decline. DTI-ALPS studies in genetic FTLD have 
shown that reduced glymphatic function is linked to vascular dysfunc
tion and astrocytic activation, pointing to possible genotype-specific 
effects [12,20]. At the molecular level, plasma NfL is a sensitive 
marker of axonal injury and strongly correlates with disease progression 
[19]. If glymphatic failure leads to accumulation of toxic proteins or 
metabolites, this process may accelerate axonal damage, trigger 
MRI-detectable microstructural changes, and ultimately worsen cogni
tion. NfL is therefore a plausible mediator between impaired clearance 
and structural brain injury. However, it remains unclear whether these 
pathways are shared across C9orf72, MAPT, and GRN subtypes or 
whether they vary by brain region. Addressing this knowledge gap re
quires multimodal mediation analyses across specific FTLD mutation 
groups.

To bridge these knowledge gaps, we examined a substantial cohort of 
genetically verified f-FTLD patients alongside matched healthy controls, 
applying a multimodal framework. All participants underwent genetic 
testing, comprehensive neuropsychological assessment, plasma NfL 
measurement, and dMRI to evaluate glymphatic function with DTI-ALPS 
and cortical microstructure with voxel-wise FW mapping. We then 
applied chain-mediation analyses to test whether impaired glymphatic 
clearance contributes to cognitive decline through elevated NfL and 
region-specific FW, and whether these pathways differ across cortical 
regions. To the best of our knowledge, this represents the first attempt to 
combine ALPS, FW, and NfL within a mediation framework performed 
for each genetic subtype in f-FTLD. Clarifying these mechanisms may 
improve early detection and support biomarker development for ther
apeutic monitoring in familial FTLD.

2. Materials and methods

2.1. Ethics

All data were obtained in de-identified form from participating study 
centers, which ensured compliance with institutional and national 
ethical standards. All participants provided written informed consent. 
The study protocol was reviewed and approved by the local Institutional 
Review Boards and complied with the principles of the Declaration of 
Helsinki (see Acknowledgment statement).

2.2. Study participants

Enrollment was carried out via the ALLFTD consortium, including 
both symptomatic and presymptomatic carriers of pathogenic variants 
in the three major FTLD-related genes (C9orf72, MAPT and GRN) [21]. 
The study included 322 individuals: 87 C9orf72 expansion carriers, 58 
MAPT mutation carriers, 56 GRN mutation carriers, and 121 noncarrier 
family members. FTLD diagnosis was made using established consensus 
clinical guidelines and further verified by genetic testing [22]. All 
healthy controls were non-carrier family members from the ALLFTD 
cohort who tested negative for pathogenic FTLD mutations, had no 
history of neurological or psychiatric disorders, and were matched to 
mutation carriers on age and sex. Mutation carriers were classified as 
pre-symptomatic carriers (pre-Sx) if CDR® plus NACC FTLD = 0 and as 
symptomatic carriers (Sx) if CDR® plus NACC FTLD > 0.

2.3. Neuropsychological assessment

Disease severity was assessed using the Clinical Dementia Rating 
scale plus National Alzheimer’s Coordinating Center Frontotemporal 
Lobar Degeneration module (CDR® plus NACC FTLD), a validated 
measure for standardized assessment of cognitive and functional decline 
in FTLD [23]. This instrument extends the traditional CDR framework by 
incorporating FTLD-relevant behavioral, language, and executive do
mains, which are central to FTLD but may not be fully captured by global 
cognitive screening measures alone.

2.4. Plasma NfL

Plasma NfL levels were measured on a Quanterix HD-X Analyzer in 
duplicate, following the manufacturer’s instructions. Blood was 
collected in EDTA-coated tubes, centrifuged at 1500 × g for 15 min at 4 
◦C, aliquoted, and stored at − 80 ◦C until analysis. All samples were 
assayed in duplicate on a Quanterix HD-X Analyzer following the 
manufacturer’s protocol. Internal standards and duplicate measures 
were included in each run to ensure assay reliability.

2.5. Genetic testing

All participants underwent genotyping for C9orf72, MAPT, and GRN 
mutations associated with FTLD [22]. Clinical-grade genetic testing was 
offered to all participants, although most asymptomatic carriers 
declined. Study clinicians were blinded to mutation status unless results 
had already been disclosed to the participant [23].

2.6. Neuroimaging data acquisition

All MRI images were acquired using 3T scanners equipped with an 8- 
channel phased-array head coil. High-resolution T1-weighted images 
were acquired using a 3D magnetization-prepared rapid gradient echo 
sequence. Diffusion tensor imaging was performed in the axial plane 
using a single-shot echo-planar imaging sequence with 48 diffusion- 
weighted directions at b = 1000 s/mm², 6 non-diffusion-weighted b0 
volumes, and 2.7-mm isotropic resolution. Detailed acquisition param
eters are provided in the Supplementary Materials.
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2.7. Neuroimaging data processing

2.7.1. T1 imaging
T1-weighted images were processed with the FreeSurfer cross- 

sectional pipeline (v7.4.1). Cortical thickness was estimated as the dis
tance between the gray–white matter interface and the pial surface. All 
segmentations were visually checked for accuracy. Thickness maps were 
aligned to the fsaverage template using spherical registration and 
smoothed with a 10-mm full-width at half maximum (FWHM) Gaussian 
kernel.

2.8. DTI imaging

2.8.1. Cortical microstructure—Free water
DMRI was processed using a customized surface-based pipeline 

integrating FSL (version 6.0.4) and FreeSurfer (version 7.4.1). Scans 
with motion exceeding 2 mm or 2◦ were excluded, and data were cor
rected for eddy currents, head motion, and susceptibility distortions 
[24]. Free water (FW) maps were derived using a bi-tensor model. This 
approach was chosen because MRI-derived free water has been evalu
ated as a multicenter imaging biomarker in the MarkVCID consortium 
[25,26]. FW maps were registered to individual T1-weighted images 
using boundary-based registration, sampled at 50% cortical depth, 
projected to the cortical surface, aligned to the fsaverage template, and 
smoothed with a 10-mm Gaussian kernel [27]. Mean cortical FW (cFW) 
values were extracted globally across the cortical mantle and regionally 
from FTLD-vulnerable cortical regions selected a priori based on estab
lished patterns of frontotemporal degeneration. Specifically, bilateral 
cFW values were averaged for five Desikan–Killiany atlas regions: 
caudal middle frontal cortex, frontal pole, temporal pole, insula, and 
isthmus cingulate cortex [28–30]. These regions were selected to 
represent frontal, anterior temporal, insular, and cingulate components 
of the FTLD-vulnerable network.

2.8.2. DTI-ALPS analysis
Glymphatic function was assessed with the DTI-ALPS approach as 

described by Taoka et al. [16]. ROIs were positioned on projection and 
association fiber regions adjacent to the body of the lateral ventricle at 
the corona radiata level, where perivascular spaces are oriented mainly 
along the x-axis. Diffusivities were sampled along x (Dx), y (Dy), and z 
(Dz) directions for projection and association fibers, and the DTI-ALPS 
index was defined as: 

DTI − ALPS =
mean(Dx − proj, Dx − assoc)
mean(Dy − proj, Dz − assoc)

The DTI-ALPS index was calculated as the ratio of diffusivity along 
perivascular pathways to that in orthogonal directions. Higher values 
indicate relatively preserved perivascular fluid movement.

Bilateral spherical ROIs (3 mm) were positioned within perivascular 
areas of the superior longitudinal fasciculus (association fibers) and the 
upper/posterior corona radiata (projection fibers). ROIs were initially 
defined in Montreal Neurological Institute (MNI) standard space and 
transformed to T1 space using a nonlinear deformation matrix derived 
from the Human Connectome Project (HCP) 1065-subject fractional 
anisotropy (FA) template, implemented with the antsRegis
trationSyNQuick.sh function in Advanced Normalization Tools (ANTs, 
version 2.2.0; http://stnava.github.io/ANTs). ROIs were subsequently 
registered to each individual’s T1 space using FA-to-T1 transformation. 
Coordinates were refined to align with perivascular spaces, accounting 
for anatomical variability, and placements were confirmed indepen
dently by two raters. The complete analytic pipeline is illustrated in 
Graphical Abstract (Supplementary Materials).

2.9. Statistical analysis

All statistical analyses were conducted using R (version 4.4.2). 
Normality was assessed using the Shapiro–Wilk test. Normally distrib
uted continuous variables are presented as mean ± standard deviation, 
whereas non-normally distributed variables are presented as median 
and interquartile range. Categorical variables are summarized as male: 
female ratios. Between-group comparisons were performed using 
independent-sample t tests for normally distributed variables and 
Mann–Whitney U tests for non-normally distributed variables when 
pairwise comparisons were conducted. Chi-square or Fisher’s exact tests 
were used for categorical variables. All tests were two-tailed, and sta
tistical significance was set at P < 0.05.

Imaging metrics (cFW and DTI-ALPS) were compared between 
groups using independent t-tests, with FDR correction applied at P <
0.05. To reduce scanner/site variability, imaging data were harmonized 
across centers using ComBat (neuroCombat) with age and sex included 
as covariates [31].

Surface-based regression analyses were conducted to evaluate asso
ciations among cortical free-water fraction (cFW), DTI-ALPS, plasma 
NfL, and CDR® plus NACC FTLD scores, controlling for age, sex, and 
education. Analyses were restricted to cortical gray matter. For global 
summary measures, associations were assessed using correlation 
methods appropriate to the underlying data distribution, and analyses 
were repeated in symptomatic carriers to ensure robustness of findings.

Mediation analyses were performed to examine whether cFW and 
plasma NfL mediated the relationship between DTI-ALPS and cognition 
(CDR® plus NACC FTLD). Two sequential models were tested: in Model 
A, DTI-ALPS predicted cFW, which then predicted NfL, and both vari
ables were specified as mediators of cognition; in Model B, DTI-ALPS 
predicted NfL, which then predicted cFW, with both variables serving 
as sequential mediators. Both models were evaluated, and subsequent 
regional interpretation focused on the model showing the more robust 
and biologically interpretable indirect pathway. For each model, direct 
effects (c′ path), indirect effects through individual mediators, sequen
tial indirect effects, and total effects were estimated. All continuous 
variables were z-standardized prior to analysis. Structural equation 
modeling was implemented in R (lavaan package, version 0.6–1.1240) 
with maximum likelihood estimation and 1000 bootstrap replications to 
generate bias-corrected confidence intervals. Indirect effects were 
deemed significant when the 95% confidence interval did not cross zero. 
Analyses were performed both at the whole-brain cFW level and within 
FTLD-vulnerable cortical regions defined by the Desikan–Killiany atlas, 
averaging left and right hemisphere values for each region.

To minimize the potential influence of pre-symptomatic carriers on 
disease severity–related associations, the correlation and mediation 
analyses were repeated in symptomatic carriers (Sx).

3. Results

3.1. Participant characteristics

The study included 322 participants: 87 C9orf72 expansion carriers, 
56 GRN mutation carriers, 58 MAPT mutation carriers, and 121 healthy 
controls. Among mutation carriers, 35 C9orf72, 22 GRN, and 18 MAPT 
carriers were symptomatic, defined as CDR® plus NACC FTLD > 0. Sex 
distribution and education were comparable across groups, whereas age 
differed by genotype, with GRN carriers being older and MAPT carriers 
being relatively younger (Table 1.).

Clinical severity was minimal in the full carrier groups because Pre- 
Sx and Sx individuals were both included, but CDR® plus NACC FTLD 
scores were clearly elevated in symptomatic carriers across all three 
genetic subtypes. For imaging markers, DTI-ALPS was reduced in 
C9orf72 carriers, especially in the symptomatic subgroup, while cFW 
was elevated in C9orf72 and GRN carriers compared with MAPT carriers 
and healthy controls. Plasma NfL was available only in genetic carriers 
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and was highest in GRN carriers, particularly among symptomatic in
dividuals. These findings indicate that although the cohort was broadly 
balanced for sex and education, it showed clear genotype- and stage- 

related differences in age, disease severity, cFW, DTI-ALPS, and NfL 
levels (Table 1 and Figure S1).

Table 1 
Demographic, neuroimaging, and clinical characteristics across FTLD genetic subtypes and healthy controls.

N Sex, M:F Age, y EDU, y DTI-ALPS cFW CDR® plus NACC FTLD NfL (pg/ml)

C9orf72(All) 87 39: 48 50 (38–60) 16 (14–18) 1.45± 0.24* 0.58 (0.57–0.59)*** 0 (0–2)*** 8.97 (5.13–17.5)
C9orf72(Sx) 35 17: 18 57 (50.5–62.5)** 16 (14–17.5) 1.32±0.21*** 0.58 (0.58–0.59)*** 4.5 (1.5–6.75)*** 19.1 (10.1–40.7)
GRN(All) 56 27: 29 59.5 (45.5–66)** 16 (13.8–18) 1.47± 0.24 0.58 (0.57–0.59)*** 0 (0–3.62)*** 10.6 (5.23–41.1)
GRN(Sx) 22 9: 13 63.5 (58.5–67.8)*** 14 (12.2–16) 1.36±0.247** 0.58 (0.58–0.59)*** 4.75 (3.12–8.75)*** 54.2 (33.6–80.9)
MAPT(All) 58 27: 31 43.5 (33.5–52.8)* 16 (14–17.8) 1.56± 0.25 0.30 (0.28–0.34) 0 (0–1.5)** 6.95 (4.23–13.30)
MAPT(Sx) 18 9: 9 56 (49–60.8) 16 (14–17.8) 1.42±0.275 0.37 (0.34–0.49)*** 5.25 (2–7)*** 14.8 (12.7–21.6)
HC 121 50: 71 50 (37–58) 16 (13–18) 1.53±0.22 0.30 (0.28–0.33) 0 (0–0) ​
P-value ​ ​ ​ ​ ​ ​ ​ ​
C9orf72 vs. GRN ​ 0.73 0.82 0.92 0.48 0.89 0.331 0.81
GRN vs. MAPT ​ 1.00 <0.001 0.92 0.12 <0.001 0.085 0.39
C9orf72 vs MAPT ​ 0.87 0.972 0.92 0.03 <0.001 0.310 0.39

Demographic, neuroimaging, and clinical characteristics across frontotemporal lobar dementia (FTLD) genetic subtypes and healthy controls (HC). C9orf72, chro
mosome 9 open reading frame 72; GRN, progranulin; MAPT, microtubule-associated protein tau; HC, healthy controls; All, all mutation carriers within each genetic 
subtype; Sx, symptomatic carriers, defined as CDR® plus NACC FTLD > 0; N, number of participants; M:F, male:female ratio; y, years; EDU, years of education; DTI- 
ALPS, diffusion tensor image analysis along the perivascular space; cFW, cortical free water fraction; CDR, Clinical Dementia Rating scale; NfL, plasma neurofilament 
light chain. DTI-ALPS is presented as mean ± standard deviation, whereas age, education, cFW, CDR® plus NACC FTLD, and NfL are presented as median (interquartile 
range). Sex is presented as a male:female ratio. P-values in the lower rows indicate pairwise comparisons among FTLD genetic subtypes. Superscript asterisks indicate 
comparisons with HC: *P < 0.05, **P < 0.01, ***P < 0.001. Plasma NfL data were not available for HC; therefore, NfL comparisons were performed only among genetic 
subtypes.

Fig. 1. Group differences in cortical FW and DTI-ALPS index between familial FTLD genetic subtypes (C9orf72, GRN, MAPT) and healthy controls. Group differences 
in cortical FW and DTI-ALPS index between familial FTLD genetic subtypes (C9orf72, GRN, MAPT) and healthy controls. Left panel: cortical FW vertex-wise p-value 
maps from pairwise comparisons between each FTLD mutation group and healthy controls. Right panel: DTI-ALPS vertex-wise p-value maps from the corresponding 
pairwise comparisons. Color intensity represents the magnitude of the vertex-wise p-values and does not indicate that all displayed regions survived correction. 
Group comparisons were adjusted for age, sex, and center, and corrected statistical significance was set at P < 0.01.
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3.2. Group differences in cFW and DTI-ALPS among FTLD genetic 
subtypes and controls

Between-group comparisons indicated that cFW in MAPT carriers did 
not differ significantly from healthy controls, whereas cFW was mark
edly elevated in C9orf72 and GRN carriers relative to both MAPT car
riers and healthy controls. By comparison, both the C9orf72 and GRN 
subtypes each demonstrated significant cFW differences relative to 
healthy controls. In the full mutation-carrier groups, DTI-ALPS was 
significantly reduced in C9orf72 carriers relative to healthy controls and 
differed between C9orf72 and MAPT carriers, whereas GRN and MAPT 
carriers did not differ significantly from controls. In the Sx subgroup, 
both C9orf72 and GRN carriers showed lower DTI-ALPS relative to 
healthy controls. For cFW, C9orf72 and GRN carriers showed marked 
elevations in the full carrier groups, whereas MAPT carriers showed 
relatively lower cFW in the full-group comparison; however, MAPT 
symptomatic carriers also showed elevated cFW relative to healthy 
controls.

Vertex-wise p-value maps showed widespread cFW differences in 
C9orf72 and GRN carriers compared with controls. In MAPT carriers, the 
spatial pattern was more restricted and did not correspond to a signifi
cant global cFW difference from controls (Fig. 1). Spatial patterns of 
DTI-ALPS also varied by genotype: C9orf72 carriers showed reductions 
primarily in the bilateral frontal and temporal lobes, extending to the 
supramarginal and precentral gyri and, to a lesser extent, the parietal 
and cingulate cortices. GRN carriers exhibited more widespread re
ductions, particularly in the frontal lobes. In contrast, MAPT carriers 
showed a relatively restricted distribution of DTI-ALPS decline, with 
focal involvement in the superior frontal gyrus, fusiform gyrus, and 
precentral gyrus. (Fig. 1)

3.3. Associations of cFW, DTI-ALPS, and NfL with cognition

Across the full cohort, significant associations were observed be
tween imaging and fluid biomarkers and clinical severity. The DTI-ALPS 
index correlated negatively with CDR® plus NACC FTLD (r = –0.413, P 
< 0.0001) (Fig. 2A.). In contrast, cFW correlated positively (r = 0.221, P 
= 0.002), as did plasma NfL (r = 0.517, P < 0.0001) (Fig. 3B). To assess 
whether these associations were driven by Pre-Sx carriers, the correla
tion analyses were repeated in Sx carriers only. The overall direction of 
the associations was broadly consistent with the primary analysis, 
although the effect sizes were attenuated after restricting the sample to 
symptomatic individuals. In Sx-only analyses, the DTI-ALPS index 
remained negatively associated with CDR® plus NACC FTLD (r =
− 0.296, P = 0.010), and plasma NfL remained positively associated with 
clinical severity (r = 0.323, P = 0.005). The association between cFW 
and CDR® plus NACC FTLD was attenuated and did not reach statistical 
significance in Sx carriers (r = 0.184, P = 0.115).

Region-wise cFW–cognition analyses revealed genotype-specific 
patterns (Fig. 3A.). In GRN carriers, strong correlations were observed 
across bilateral regions, with the exception of the right lateral occipital 
cortex. C9orf72 carriers demonstrated widespread bilateral frontal 
correlations, with a broader distribution in the left hemisphere that 
extended into temporal and parietal cortices, resulting in reduced 
hemispheric symmetry compared with GRN. MAPT carriers showed the 
greatest hemispheric asymmetry: nearly all left-hemisphere regions 
exhibited strong cFW–CDR® plus NACC FTLD correlations, whereas 
right-hemisphere associations were weaker in the precentral gyrus, 
postcentral gyrus, supramarginal gyrus, occipital lobe, and cingulate 
gyrus.

Fig. 2. Correlations of DTI-ALPS and NfL with clinical severity in the total FTLD cohort and symptomatic carriers Scatterplots show associations between DTI-ALPS 
or plasma neurofilament light chain (NfL) and CDR® plus NACC FTLD. A-B. show analyses in the total FTLD cohort, and C-D. show sensitivity analyses restricted to 
symptomatic carriers (Sx). Different point symbols indicate C9orf72, GRN, and MAPT mutation groups for visualization. Reported ρ and P-values correspond to 
Spearman correlation coefficients. Regression lines and 95% confidence intervals are shown for visualization and do not indicate mutation-specific regression. 
Regression lines represent the overall association within each analyzed sample and do not indicate mutation-specific regression.
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3.4. Mediation analysis of cFW, DTI-ALPS, and NfL in relation to 
cognition

We tested two sequential mediation models linking DTI-ALPS, cFW, 
plasma NfL, and cognition measured by the CDR® plus NACC FTLD. In 
the total FTLD cohort, both models showed a significant total effect of 
DTI-ALPS on CDR® plus NACC FTLD (P < 0.001) and a significant re
sidual direct effect after accounting for the mediators (P < 0.001) 
(Fig. 4A-4B). In Sx-only analyses, the overall mediation pattern was 
broadly consistent, although cFW-related paths were attenuated 
(Fig. 4C-4D). Because Model B more directly isolated the NfL-mediated 
component linking DTI-ALPS to clinical severity, subsequent regional 
pathway-proportion analyses focused on Model B.

Across FTLD-vulnerable cortical regions, the Model B accounted for 
the largest proportion of the total indirect effect in both the total FTLD 
cohort and Sx carriers, whereas cFW-related and full serial pathways 
contributed smaller proportions. These findings identify plasma NfL as 
the dominant partial mediator among the tested pathways, while cFW 
provides additional region-specific information rather than serving as 
the principal mediator.

Regional mediation analyses further showed that the residual direct 
effect of DTI-ALPS on CDR® plus NACC FTLD remained significant 
across FTLD-vulnerable cortical regions after accounting for NfL and 
cFW. In parallel, the NfL-mediated pathway accounted for the largest 
proportion of the total indirect effect in Model B, whereas cFW-related 
and full serial pathways showed smaller, region-dependent 

contributions (Fig. 4E-4F; Supplementary Table S1–4). These findings 
support plasma NfL as the principal partial mediator of the DTI-ALPS 
clinical severity association, while the remaining direct effect suggests 
that additional mechanisms beyond NfL and cFW are also involved.

4. Discussion

This study systematically investigated the mechanistic links between 
glymphatic dysfunction, axonal injury, cortical microstructural alter
ations, and cognition in f-FTLD using multimodal biomarkers. By inte
grating DTI-ALPS, cFW, and plasma NfL, we provide convergent 
evidence for a cascade model evaluated across specific FTLD genetic 
subtypes. Three major findings emerged. First, reductions in DTI-ALPS 
and elevations in cFW were most pronounced in C9orf72 and GRN 
carriers, whereas MAPT carriers showed relatively lower cFW than 
C9orf72 and GRN carriers in the full carrier comparison, although cFW 
was also elevated among MAPT symptomatic carriers. Second, lower 
DTI-ALPS and higher NfL levels were associated with greater disease 
severity, with NfL showing the strongest association among the tested 
biomarkers. Third, mediation analyses demonstrated that the NfL- 
mediated component accounted for the largest proportion of the indi
rect pathway linking DTI-ALPS to clinical severity. However, the full 
serial pathway through cFW was not the dominant component, and a 
residual direct effect of DTI-ALPS remained, suggesting that additional 
biological mechanisms are likely involved. This overall pattern was 
broadly preserved in symptomatic carriers, although cFW related 

Fig. 3. Cortical distribution and global correlation of free water (cFW) with clinical severity in FTLD. A. Surface maps showing vertex-wise associations between 
cortical free-water fraction (cFW) and CDR® plus NACC FTLD within each FTLD mutation group. P-values are projected onto the left, right, dorsal, and ventral 
cortical surfaces. B–C. Partial correlations between cortical Free-Water (cFW) and FTLD Clinical Dementia Rating plus NACC FTLD (CDR® plus NACC FTLD) across 
all FTLD participants. B. Total group analysis; C. Symptomatic (Sx) participants only. Points are colored by mutation type: C9orf72 (circles), GRN (triangles), MAPT 
(squares). Shaded areas represent 95% confidence intervals of the regression lines. Reported ρ and P-values correspond to Spearman correlation coefficients.
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associations were attenuated. This mediation pattern was broadly pre
served when analyses were repeated in Sx group, suggesting that the 
main biomarker relationships were not driven solely by Pre-Sx 
participants.

4.1. Partial mediation by NfL and additional non-NfL mechanisms

A central finding of this study is that plasma NfL serves as an 
important partial mediator linking impaired glymphatic function to 
cognitive decline in f-FTLD. Reductions in DTI-ALPS were consistently 
associated with elevated NfL, which explained most of the indirect effect 
of DTI-ALPS on CDR® plus NACC FTLD scores. In contrast, cFW played a 
more modest and regionally restricted role across FTLD-vulnerable re
gions, suggesting that cortical free-water alterations provide comple
mentary but less dominant information than plasma NfL in the DTI- 
ALPS-cognition pathway. Lower DTI-ALPS localized to anterior and 
FTLD-vulnerable networks, including frontal, temporal, insular, and 
cingulate regions, and tracked worse CDR® plus NACC FTLD, with 

plasma NfL emerging as the strongest correlate. These results suggest 
that systemic neuroaxonal injury, captured by plasma NfL, is a more 
proximate driver of clinical progression than localized microstructural 
alterations reflected by cFW.

Although plasma NfL emerged as the strongest mediator among the 
tested pathways, it did not fully account for the association between 
DTI-ALPS and CDR® plus NACC FTLD. The persistence of a direct effect 
suggests that glymphatic dysfunction may influence clinical severity 
through additional mechanisms beyond measurable axonal injury. 
These may include synaptic dysfunction, astroglial–vascular alterations, 
neuroinflammation, impaired clearance of disease-related proteins, or 
region-specific cortical microstructural changes not fully captured by 
global cFW or plasma NfL. Thus, rather than representing a complete 
explanatory pathway, the ALPS-NfL-cognition association should be 
interpreted as one major component of a broader multimodal cascade. 
Accordingly, prioritizing Model B should not be interpreted as excluding 
Model A or other biological pathways; rather, Model B was emphasized 
because it best captured the consistent NfL-mediated association 

Fig. 4. Mediation models linking DTI-ALPS, plasma NfL, cFW, and clinical severity in the total FTLD cohort and symptomatic carriers. A–B: Serial mediation models 
in the total FTLD cohort. A. shows Model A, in which DTI-ALPS was modeled to affect CDR® plus NACC FTLD through cFW followed by plasma NfL. B. shows Model 
B, in which DTI-ALPS was modeled to affect CDR® plus NACC FTLD through plasma NfL followed by cFW. C–D: Corresponding serial mediation models in 
symptomatic mutation carriers (Sx). C. shows Model A and D. shows Model B in the Sx subgroup. Path coefficients are standardized estimates. Solid arrows indicate 
direct paths included in the mediation models, and dashed arrows indicate total effects. E–F.: Relative contributions of the three indirect pathways to the total 
indirect effect across FTLD-vulnerable cortical regions in Model B. E. shows pathway proportions in the total FTLD cohort, and F. shows pathway proportions in Sx 
carriers. CDR refers to CDR® plus NACC FTLD. Proportions were calculated as the absolute value of each indirect effect divided by the sum of the absolute values of 
all indirect effects within each ROI. Asterisks indicate indirect effects with bootstrap 95% confidence intervals not crossing zero.
Abbreviations: DTI-ALPS, diffusion tensor image analysis along the perivascular space; cFW, cortical free-water fraction; NfL, plasma neurofilament light chain; CDR, 
Clinical Dementia Rating; FTLD, frontotemporal lobar degeneration; Sx, symptomatic mutation carriers; ROI, region of interest.
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between DTI-ALPS and clinical severity.
Our mediation analyses highlight NfL as the strongest partial medi

ator among the tested pathways, whereas cFW contributed more 
modestly. This interpretation is consistent with previous studies 
reporting that reduced DTI-ALPS indices correlate with elevated plasma 
NfL levels and accelerated clinical progression in genetic FTLD [20]. 
Similarly, studies in behavioral variant FTD have demonstrated that 
regional glymphatic impairment, particularly in anterior brain regions, 
correlates with both NfL elevations and cognitive severity [13]. These 
converging findings suggest that impaired clearance accelerates axonal 
degeneration, which is sensitively captured by NfL.

By contrast, the limited mediating role of cFW in our analyses sug
gests that it reflects focal cortical microstructural disruption rather than 
a systemic pathway of neurodegeneration. Supporting this view, 
subtype-specific imaging studies have shown that cFW elevations are 
closely related to regional glymphatic dysfunction and vascu
lar–astrocytic pathology but do not consistently explain global cognitive 
decline [12,32]. Recent evidence from Alzheimer’s disease cohorts 
further extends this interpretation: Xu et al. demonstrated that choroid 
plexus free water fraction (CP FWf) is strongly associated with impaired 
DTI-ALPS, tau burden, GFAP elevations, synaptic loss, and cognitive 
impairment, and that its cognitive effects are mediated through tau and 
astrocytic activation rather than NfL [33]. Within this framework, the 
relative sparing of cFW in MAPT carriers may reflect tau-driven synaptic 
and neuronal dysfunction that does not produce widespread extracel
lular fluid shifts, whereas the marked FW increases in TDP-43–related 
C9orf72 and GRN disease are consistent with greater astroglial–vascular 
involvement [14]. Collectively, these findings suggest that NfL and FW 
provide complementary but distinct insights into the glymphatic–axonal 
cascade: NfL indexing global neuroaxonal injury, and FW capturing 
additional pathological pathways involving astrocytic activation and tau 
accumulation.

4.2. Stage-specific robustness of the DTI-ALPS-NfL-clinical severity 
association

A further strength of the present study is that the major biomarker 
associations were examined not only in the total FTLD cohort but also 
after restricting the analyses to symptomatic mutation carriers. This 
stage-specific analysis is important because familial FTLD cohorts often 
include both pre-symptomatic and symptomatic individuals, and clinical 
severity measured by the CDR® plus NACC FTLD may differ substan
tially across these stages [23]. In the Sx-only analyses, lower DTI-ALPS 
remained significantly associated with greater clinical severity, and 
plasma NfL also remained positively associated with CDR® plus NACC 
FTLD scores. These findings suggest that the DTI-ALPS–NfL–clinical 
severity relationship was not simply driven by the separation between 
pre-symptomatic and symptomatic carriers, but persisted within the 
clinically affected stage. This result is consistent with prior evidence 
indicating that impaired glymphatic function is detectable in genetic 
and behavioral-variant frontotemporal dementia and is related to dis
ease burden and neurodegenerative severity [13,20].

By contrast, the association between cFW and clinical severity was 
attenuated and no longer reached statistical significance in Sx carriers. 
This does not necessarily weaken the biological relevance of cFW, but 
rather suggests that cortical free-water alterations may be more spatially 
heterogeneous and more dependent on regional vulnerability, mutation 
subtype, or disease stage than DTI-ALPS and plasma NfL. Previous 
diffusion MRI studies have shown that free-water metrics are sensitive to 
subtle microstructural alterations and may provide complementary in
formation beyond conventional atrophy measures, but their clinical 
associations can vary by brain region and disease context [18,32,34]. 
Therefore, the Sx findings refine the interpretation of our multimodal 
model: DTI-ALPS and NfL appear to reflect a relatively stable 
disease-severity-related pathway across clinical stages, whereas cFW 
may represent a more regionally constrained and subtype-dependent 

component of the broader glymphatic–neurodegenerative cascade.

4.3. Genotype-specific heterogeneity: stronger perivascular signatures in 
C9orf72/GRN than MAPT

Our mutation-specific findings are broadly consistent with prior 
work indicating stronger astroglial–vascular and perivascular involve
ment in TDP-43–related C9orf72/GRN disease than in MAPT-associated 
tauopathy: studies of C9orf72/GRN link perivascular dysfunction to 
extracellular fluid expansion, while MAPT cohorts often show less pro
nounced free-water changes for a given clinical severity [35,36]. They 
also align with evidence that FW metrics capture regionally circum
scribed processes rather than uniform global decline [32]. What differs 
here is that we quantify these contrasts within a single framework that 
also includes the ALPS→NfL→cognition pathway: C9orf72/GRN exhibit 
the lowest DTI-ALPS and the most widespread cFW, whereas MAPT 
shows relative cFW sparing despite comparable clinical status. These 
divergences likely reflect design and methods—namely, a genetically 
defined cohort with mutation-specific analyses, multi-site diffusion 
harmonized with ComBat, rater-verified DTI-ALPS ROIs, and 
surface-based cFW sampling—which together increase sensitivity to 
perivascular signatures and reduce site/registration variance. Where 
findings parallel earlier reports, our study improves on them by 
anatomically localizing genotype differences, integrating imaging and 
fluid biomarkers rather than treating them separately, and embedding 
the comparisons in a quantitative, genotype-aware framework. 
Uniquely, we provide a genotype-aware biomarker hierarchy: in 
TDP-43–related C9orf72/GRN, DTI-ALPS and NfL serve as primary 
readouts of perivascular failure and downstream axonal injury, while 
cFW highlights regional disease burden; in MAPT carriers, tau- and 
synapse-focused measures may be more sensitive than cFW, yielding 
testable predictions for longitudinal change and future trial enrichment 
[37,38].

4.4. Clinical and imaging correlates: anatomical localization and 
translational implications

Lower DTI-ALPS showed prominent involvement of anterior cortical 
regions and tracked worse CDR® plus NACC FTLD, with plasma NfL 
emerging as the strongest correlate. This topography is consistent with 
prior reports that anterior glymphatic impairment relates to both NfL 
elevations and clinical severity in bvFTD, and that effects concentrate in 
vulnerability hubs rather than distribute uniformly across the cortex. 
cFW contributed additional, regional information—most prominently in 
the middle temporal gyrus—aligning with evidence that FW metrics 
reflect focal astroglial and perivascular processes rather than system- 
wide decline [32,33].

4.5. Clinical and translational implications: toward genotype-aware 
biomarker panels and trials

These findings highlight NfL as a key translational biomarker that 
not only reflects axonal injury but also captures downstream effects of 
glymphatic dysfunction. FW provides complementary, region- and 
genotype-specific information, particularly in TDP-43–related subtypes. 
Together, DTI-ALPS, NfL, and cFW offer a multidimensional framework 
for early detection, participant selection, and monitoring therapeutic 
response in f-FTLD.

4.6. Limitations and scope of inference

Strengths include the large genetically defined cohort, harmonized 
multicenter diffusion data, integration of imaging with plasma bio
markers, and region-specific mediation models. Limitations include the 
cross-sectional design, single-b-value FW estimation, and modest sample 
sizes in GRN and MAPT subgroups. Longitudinal and multi-shell 
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diffusion studies, as well as pathological validation, are needed to 
establish causality and refine the mechanistic model [18,39,40].

4.7. Future directions and falsifiable predictions: longitudinal change, 
multi-shell diffusion, and multimodal integration (tau-PET/GFAP)

Future directions and falsifiable predictions should focus on vali
dating the proposed cascade in longitudinal cohorts. Specifically, if 
impaired perivascular diffusivity (low DTI-ALPS) indeed precedes neu
roaxonal injury and extracellular fluid expansion, we predict that lon
gitudinal decline in DTI-ALPS will temporally precede increases in NfL 
and cFW, ultimately forecasting faster clinical progression. Multi-shell 
diffusion acquisitions may further refine free-water estimates by 
reducing model degeneracy and enhancing sensitivity to extracellular 
water. Integration with multimodal markers—such as tau-PET for tau
opathy and plasma/CSF GFAP for astroglial reactivity—will allow 
dissection of pathway-specific mechanisms and clarify whether peri
vascular dysfunction is preferentially linked to TDP-43–related disease 
versus tauopathies. These falsifiable predictions offer testable hypoth
eses for ongoing natural history studies and provide a translational 
bridge toward biomarker-driven trials.

5. Conclusion

This study identifies plasma NfL as an important partial mediator of 
the association between glymphatic dysfunction and cognitive decline in 
f-FTLD, while cFW provides complementary region-specific informa
tion. The persistence of residual effects suggests that additional mech
anisms beyond NfL-mediated axonal injury also contribute to cognitive 
impairment. These findings support a multimodal cascade model in 
which glymphatic dysfunction is linked to cognition through both 
axonal injury and other regionally or biologically distinct pathological 
processes.
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