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1 | BACKGROUND

BENUSSI ET AL.

METHODS: We developed a data-driven biomarker cascade model in 489 patients
across the FTLD spectrum (211 behaviorial variant frontotemporal dementia [bvFTD],
129 primary progressive aphasia [PPA], 71 corticobasal syndrome [CBS], 66 pro-
gressive supranuclear palsy [PSP], and 12 FTD associated with amyotrophic lateral
sclerosis [FTD-ALS]; 1904 patient-visit observations). Plasma, magnetic resonance
imaging (MRI), and clinical biomarkers were modeled using sigmoid trajectories fitted
to covariate-adjusted longitudinal data.

RESULTS: Plasma glial fibrillary acidic protein departed from normality earliest, fol-
lowed by Trail Making Test Part B (TMT-B), white matter lesion volume, and neurofila-
ment light chain. Insular atrophy showed the steepest transition among MRI measures;
clinical dementia rating dementia staging instrument plus National Alzheimer’s Coor-
dinating Center behavior and language domains sum of boxes declined most steeply
overall. TMT-B inflected earliest in bvFTD, whereas insula atrophy dominated in PPA.
CONCLUSIONS: This first data-driven temporal cascade of multimodal biomarkers
in sporadic FTLD-associated syndromes offers a framework for disease staging and

stage-specific clinical trial design.

KEYWORDS

biomarker cascade, brain atrophy, clinical trial design, disease progression, frontotemporal
dementia, frontotemporal lobar degeneration, neurofilament light chain, neuropsychological
assessment, plasma GFAP, white matter hyperintensities

Highlights

» Data-driven biomarker cascade model for sporadic frontotemporal lobar degenera-
tion (FTLD)

» Plasma glial fibrillary acidic protein (GFAP) shows the earliest model-estimated
departure from normality

 Executive dysfunction (Trail Making Test Part B [TMT-B]) shows the earliest model-
estimated inflection point

* Insula atrophy exhibits the steepest transition among magnetic resonance imaging
(MRI) measures

» Cascade ordering is preserved across cortical and motor syndromes

FTLD-related syndromes are associated with atrophy of the frontal

and temporal lobes, with the insular cortex proposed as a key epicen-

Frontotemporal lobar degeneration (FTLD)-associated syndromes are
progressive neurodegenerative disorders characterized by marked
pathological and clinical heterogeneity. Diagnostic criteria are based
primarily on presenting clinical features, including the behavioral vari-
ant of frontotemporal dementia (bvFTD),! which is associated with
early behavioral and executive dysfunction; the primary progressive
aphasias (PPAs), characterized by progressive language impairment;?
and motor presentations, such as progressive supranuclear palsy (PSP),
corticobasal syndrome (CBS), or FTD associated with amyotrophic
lateral sclerosis (FTD-ALS).3->

ter or driving the spread of pathology.®~8 Concomitantly, white matter
hyperintensities (WMHSs) have been variably described in both genetic
and sporadic forms of the disease and have been associated with cog-
nitive performance.? 12 FTLD-related syndromes lack well-established
disease-specific biological markers. Nevertheless, markers of neurode-
generation, such as plasma neurofilament light chain (NfL), and markers
of astrogliosis, including plasma glial fibrillary acidic protein (GFAP),
have been consistently shown to be increased.'3-1> Clinical, imaging,
and biological alterations are readily detectable during symptomatic

stages of FTLD-related syndromes; however, abnormalities associated
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RESEARCH IN CONTEXT

1. Systematic review: We searched PubMed using the

» o«

terms “frontotemporal dementia”, “frontotemporal lobar
degeneration”, “biomarker”, “progression”, and “tempo-
ral ordering” from database inception to December 31,
2025, with no language restrictions. Existing biomarker
cascade models in neurodegeneration have been devel-
oped primarily for Alzheimer’s disease, providing a hypo-
thetical temporal sequence of amyloid, tau, neurode-
generation, and cognitive markers. For frontotemporal
dementia, recent studies using event-based and data-
driven modeling have characterized biomarker ordering
in genetic forms (progranulin - GRN, microtubule associated
protein tau - MAPT, chromosome 9 open reading frame 72
- C9orf72), but no comprehensive cascade model exists
for sporadic frontotemporal lobar degeneration [FTLD]-
associated syndromes integrating clinical, imaging, and
plasma biomarkers.

2. Interpretation: This study provides the first data-driven
biomarker cascade model for sporadic FTLD-associated
syndromes, integrating 10 biomarkers across three
domains (plasma, magnetic resonance imaging [MRI],
neuropsychological) in 489 patients with up to five longi-
tudinal assessments. We demonstrate that plasma glial
fibrillary acidic protein (GFAP) and executive dysfunc-
tion (Trail Making Test Part B [TMT-B]) are the earliest
detectable changes, followed by white matter alter-
ations, regional cortical atrophy centered on the insular
cortex, and global clinical decline. Subgroup analyses
reveal phenotype-specific cascade differences between
behavioral variant frontotemporal dementia (bvFTD) and
primary progressive aphasia (PPA).

3. Future directions: These findings provide a temporal
framework for sporadic FTLD that parallels established
Alzheimer’s disease models, supporting the development
of stage-specific diagnostic criteria and clinical trial end-
points. The early departure of GFAP and TMT-B suggests
that these biomarkers may serve as targets for early

detection and intervention studies in prodromal FTLD.

with prodromal disease phases, referred to as mild cognitive, behav-
joral, and/or motor impairment (MCBMI),2¢-18 remain incompletely
characterized.

Whereas Alzheimer’s disease (AD) progression models propose
a temporally ordered sequence of biomarker abnormalities,'?2° the
marked heterogeneity of FTLD has consistently hindered a straight-
forward staging of the disease from MCBMI to overt symptomatic
phases, and little is known about the ontogeny of biomarkers and clin-
ical changes. To date, a disease progression model for FTLD-related
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syndromes has not been established. Such a model could, in turn,
advance our understanding of disease mechanisms, support the devel-
opment of diagnostic and prognostic prediction tools, characterize
early FTLD-related changes, and inform the design of clinical trials.2!

It might be hypothesized that clinical symptoms emerge only after
antecedent biological changes with overt structural atrophy repre-
senting a later-stage consequence of this pathological cascade. How-
ever, the temporal ordering of these processes remains unresolved.
It remains unclear whether astroglia activation precedes or follows
neurodegenerative marker alterations, whether atrophy in disease-
relevant regions occurs before or after the emergence of WMHs, and
what the temporal relationship is between changes in biological and
imaging markers.

These above observations prompted the present study. We lever-
aged a large cohort of 489 individuals with FTLD-associated syn-
dromes, comprising more than 1900 observations, and developed a
joint model integrating clinical, imaging, and biological data to charac-

terize the temporal ordering of pathological and clinical changes.

2 | METHODS

Participants. This retrospective longitudinal study recruited partici-
pants recruited from the University of Brescia and IRCCS Fatebene-
fratelli, Italy. Patients met the current clinical criteria for an FTLD-
associated syndrome, including the bvFTD,! the agrammatic/nonfluent
variant of PPA (nfvPPA) or semantic variant of PPA (svPPA),2 PSP3
CBS,“ or FTD-ALS.>

All participants underwent an extensive neuropsychological eval-
uation, following standard procedures, as reported previously.2223
Disease severity was assessed with the clinical dementia rating (CDR)
dementia staging instrument plus National Alzheimer’s Coordinat-
ing Center (NACC) behavior and language domains (CDR plus NACC
FTLD) sum of boxes (CDR-SoB).2* Disease duration was estimated
from symptom onset, determined according to patient and/or care-
giver report upon discussion with a specialized neurologist, and date
of assessment.

Brain magnetic resonance imaging (MRI) scans were performed
on all participants. For a subgroup of participants, the diagnosis was
confirmed with amyloid markers, including cerebrospinal fluid (CSF)
total tau (t-tau), phosphorylated tau 181 (p-tau181), and amyloid beta
(AB)1-42 determinations, or amyloid positron emission tomography
(PET) imaging with [18F]-florbetapir or [18F]-flutemetamol, ruling out
an AD diagnosis, as reported previously.2> When diagnostic confidence
in selected cases was not satisfactory, additional procedures, includ-
ing brain fluorodeoxyglucose PET, were used. Furthermore, in familial
cases (defined by the presence of at least one dementia case among
the first-degree relatives) and early onset sporadic cases, genetic
screening for monogenic forms of FTLD-associated syndromes was
performed.2é Genetic testing identified pathogenic variants in 104 of
the 489 patients (progranulin - GRN, n = 61; chromosome 9 open read-
ing frame 72 - C9orf72, n = 29; TAR DNA-binding protein 43 - TARDBP,

n = 8; microtubule associated protein tau - MAPT, n = 4; sequestosome 1
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- SQSTM1, n = 1; fused in sarcoma - FUS, n = 1) (see Table S1); analyses
were performed on both the full cohort and in non-carriers.

Full written informed consent was obtained from all subjects
according to the Declaration of Helsinki. The study protocol was
approved by the Brescia Ethics Committee.

Cognitive and behavioral assessment. At baseline and at each cogni-
tive and behavioural assessment, patients underwent a standardized
neuropsychological battery. For the purposes of the present study,
we considered the Trail Making Test Part A (TMT-A) tapping process-
ing speed and sustained attention, TMT Part B (TMT-B)2728 tapping
high order executive functions, and the Frontal Behavioural Inventory
(FBI)28 to assess behavioral disturbances.

MRI acquisition and analyses. Three-dimensional T1-weighted
magnetization-prepared rapid acquisition with gradient echo
(MPRAGE) MRI scans were acquired using either a 1.5 Tesla (Siemens
Avanto and Siemens Symphony, Erlangen, Germany) or a 3 Tesla
scanner (Siemens Skyra, Erlangen, Germany). All T1-weighted and
fluid-attenuated inversion recovery (FLAIR) images were visually
inspected and excluded from further analysis in case of excessive
motion blurring or artifacts.

T1-weighted images were processed using the voxel-based mor-
phometry (VBM) pipeline implemented in Computational Anatomy
Toolbox (CAT12 v.1742) for Statistical Parametric Mapping 12
(SPM12), including tissue segmentation, normalization to standard
Montreal Neurological Institute (MNI) space, modulation, and smooth-
ing, to obtain estimates of regional gray matter (GM) volume.2?3°
Normalized and modulated images were smoothed with an 8 x 8 x
8 mm full width at half maximum (FWHM) Gaussian kernel. CAT12
was also used to extract GM measures. Frontal and insula region of
interest (ROI) masks were defined using the Automated Anatomical
Atlas (AAL) in Wake Forest University PickAtlas,®! and resliced to
match the VBM resolution using nearest-neighbor interpolation.
Frontal and insula GM volumes within the ROls were then extracted
using the REX toolbox for SPM12, implemented within the CONN
toolbox (https://web.conn-toolbox.org). The VBM images were used
as the source images, whereas the ROl masks as reference ROIs. The
number of voxels for every region was extracted with an ROIl-level
analysis without conjunction masking or global scaling. For each
participant, ROl volume was then calculated with the number of voxels
in the mask multiplied by the single-voxel volume. Mean values were
extracted separately for left and right frontal and insular regions and
were subsequently averaged to obtain a single regional measure. GM,
frontal, and insular volumes were used as proxies for atrophy in the
subsequent statistical analyses.

FLAIR scans were processed with the lesion prediction
algorithm,3233 implemented in the Lesion Segmentation Toolbox
(LST, v.3.0.0) (www.statistical-modelling.de/Ist.html) for SPM12. We
considered the total WMH volume (expressed in milliliters [mL]) as a
measure of WM burden.

Plasma biomarkers. Plasma samples were collected according to
standard procedures and stored at —80°C until use. Biomarker mea-
surements were carried out at the University of Gothenburg, Sweden.

Plasma NfL and GFAP concentrations were measured using a commer-

cial Single molecule array (Simoa, Quanterix, Billerica, MA) according
to the manufacturer’s instructions, as published previously.343> Sam-
ples were run as singlicates on a Quanterix Simoa-HD-X platform in
one round of experiments using one batch of reagents. Intra- and inter-
assay coefficients of variation (<15%) were monitored using internal
quality control samples with clinically relevant high and low NfL and
GFAP concentrations.

Statistical analysis. The temporal ordering of multimodal biomarkers
across the FTLD continuum was estimated in a pooled spectrum cohort
of 489 patients with up to five longitudinal assessments (1904 patient-
visit observations). The primary estimand was the biomarker-specific
inflection time 6y, defined as the disease duration at which the mod-
eled trajectory reached 50% of its estimated transition on a bounded
abnormality scale, with smaller 6, indicating earlier transition. Three
normalization frameworks were prespecified. The primary framework
standardized all biomarkers against an internal reference defined by
the first quartile of baseline CDR-SoB, representing the mildest symp-
tomatic patients rather than healthy controls, using regression-based
demographic correction for neuropsychological measures and mean-
standard deviation (SD) normalization for the remainder. Calibrated
secondary frameworks incorporated healthy-control-based normal-
ization for plasma biomarkers (NfL, GFAP) and externally derived
age-, sex-, and education-adjusted normative z-scores for TMT-A
and TMT-B. Covariate-adjusted longitudinal trajectories were esti-
mated with mixed-effects models including restricted cubic splines
for disease duration, age, sex, phenotype, and a phenotype-by-time
interaction term. Marginal trajectories were rescaled to [0, 1] and
summarized by biomarker-specific logistic sigmoids. Monotonicity of
the marginal trajectories was checked over the analysis window:
8 of the 10 biomarkers were monotonic, whereas GFAP and NfL
were flagged as non-monotonic (a minor deviation, with a maximum
decrease <0.001 in normalized units per time step), so their sig-
moid parameters are interpreted as descriptive summaries rather
than evidence of a strictly sigmoidal transition. Cascade ordering was
determined by ranked 6% values. Uncertainty was quantified using
a patient-level cluster bootstrap (1000 iterations) repeating the full
pipeline, with pairwise precedence probabilities computed across all
biomarker pairs. Prespecified sensitivity analyses assessed robustness
to symptom-onset perturbation, normalization framework, spline flex-
ibility, covariate parameterization, random effects structure, sigmoid
regularization, and percentile anchors. Full methodological details are
provided in the Supplementary Methods. Analyses were conducted in
Python 3.10 using NumPy, pandas, statsmodels for mixed effects and
regression models, SciPy for bounded optimization, and matplotlib for

visualization.

3 | RESULTS

A total of 489 patients with a clinical diagnosis within the FTLD spec-
trum were included, comprising 211 bvFTD (43.1%), 92 non-fluent
variant (nfvPPA, 18.8%), 37 semantic variant (svPPA, 7.6%), 71 CBS
(14.5%), 66 PSP (13.5%), and 12 FTD-ALS (2.5%). The cohort included
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TABLE 1 Demographic and clinical characteristics of the study sample.

Characteristic

Sex, female, n (%) 223(45.6)
Age at symptom onset, years 63.1+8.2
Education, years 9.1+4.3
Disease duration at baseline, years 29+20
MMSE at baseline 217+ 64
CDR-SoB at baseline, median (IQR) 3.2(1.5-6.0)
Number of visits, n (%)
1 133(27.2)
2 126(25.8)
3 96(19.6)
4 110(22.5)
5 24(4.9)
Follow-up duration, years 24+20

AIIFTLD (n = 489)

THE JOURNAL OF THE ALZHEIMER’'S ASSOCIATION

bvFTD (n = 211) PPA (n = 129)
78(37.0) 81(62.8)
621+79 62.4+8.6
9.1+4.2 104 +4.3
29+20 28+20
219+54 184 +8.1
4.0(1.5-6.0) 4.0(2.5-6.0)
65 (30.8) 36(27.9)
59(28.0) 30(23.3)
27(12.8) 34(26.4)
45(21.3) 26(20.2)
15(7.1) 3(2.3)
25+23 21+20

Note: Values are mean + SD unless otherwise specified. PPA includes non-fluent variant PPA (n = 92) and semantic variant PPA (n = 37).
Abbreviations: bvFTD, behavioural variant frontotemporal dementia; FTLD, frontotemporal lobar degeneration associated syndromes; PPA, primary pro-
gressive aphasia. N, number; MMSE, Mini-Mental State Examination, CDR-SoB, clinical dementia rating (CDR) dementia staging instrument plus National
Alzheimer’s Coordinating Center (NACC) behavior and language domains (CDR plus NACC FTLD) sum of boxes; IQR, interquartile range.

223 women (45.6%) and 263 men (53.8%), with a mean age at symp-
tom onset of 63.1 + 8.2 years and a mean education of 9.1 + 4.3 years.
Mean disease duration at baseline was 2.9 + 2.0 years. Of the 489
patients, 133 (27.2%) contributed one visit, 126 (25.8%) contributed
two visits, 96 (19.6%) contributed three visits, 110 (22.5%) contributed
four visits, and 24 (4.9%) contributed five visits, for a total of 1904
patient-visit observations (the numbers of available observations for
each biomarker, overall and by epoch, are reported in see Table S2).
Mean follow-up duration among patients with more than one visit
(n=451) was 2.0 + 2.0 years. Demographic and clinical characteristics

of the study sample are summarized in Table 1.

3.1 | Biomarker cascade ordering in the pooled
FTD cohort

The estimated biomarker cascade ordering in the pooled FTLD-
associated syndromes cohort is shown in Figure 1A and Figure 2A.
Plasma GFAP was the earliest biomarker to depart from normality,
owing to its gradual, model-estimated transition extending into the
pre-symptomatic window. This was followed by TMT-B, WMH volume,
and plasma NfL. Insula atrophy, frontal atrophy, and GM atrophy tran-
sitioned subsequently, followed by TMT-A. FBl and CDR-SoB were the
last biomarkers to depart from normality.

The robustness of this ordering was supported by the pairwise
precedence probability matrix, in which 41 of the 45 biomarker pairs
(91%) showed a precedence probability >0.80 (see Figure S1). The
ordering was also stable across all prespecified sensitivity analy-
ses, including symptom-onset perturbation, normalization framework,
spline flexibility, and sigmoid regularization (see Figure S2). Adjusting
the MRI biomarkers for scanner field strength likewise left the order-

ing unchanged (Spearman p = 0.98), with differences confined to small
shifts (<0.7 years) among the closely spaced cortical atrophy measures.

The inflection points (8), representing the time at which each
biomarker reaches 50% of its total change, showed a partially differ-
ent ordering owing to differences in transition steepness: TMT-B had
the earliest inflection point, followed by WMH volume, GFAP, insula
atrophy, NfL, frontal atrophy, GM atrophy, TMT-A, FBI, and CDR-SoB
(Figure 1B).

The peak rate of change (S,.x), representing the fastest instan-
taneous rate of biomarker change, varied substantially across
biomarkers (Figure 2B). CDR-SoB exhibited the steepest transition
of any biomarker (Sp.x= 0.200), followed by FBI (S;.x= 0.138)
and insula atrophy (Spax= 0.137). Frontal atrophy (Spax= 0.128),
TMT-B (Smax= 0.105), WMH volume (Sp.c= 0.104), and GM
atrophy (Spax= 0.103) showed intermediate rates of change. NfL
(Smax= 0.091), TMT-A (Sjax= 0.082), and GFAP (S;,.x= 0.050)
exhibited the most gradual transitions.

In a sensitivity analysis, excluding the 104 pathogenic variant carri-
ers did not materially change the cascade ordering (Spearman p=0.93;
see Table S3 and Figure S3).

3.2 | Temporal epochs of biomarker abnormality

To characterize when individual biomarkers became significantly
abnormal across the disease course, model-estimated sigmoid values
were evaluated in 5-year epochs from 10 years before to 15 years after
symptom onset (Figure 3). In the earliest epoch (—10to —5 years), TMT-
B was the only biomarker showing significant abnormality (p < 0.01).
Between -5 and O years, most biomarkers reached significance: all
blood biomarkers (GFAP, NfL), all MRI measures (WMH volume, insula
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FIGURE 1 Biomarker cascade model in the pooled FTD cohort. (A) Estimated sigmoid trajectories for 10 biomarkers as a function of disease
duration (years from symptom onset). Each curve represents the modeled transition from normal to fully abnormal, with the inflection point (6)
indicating when each biomarker reaches 50% of its total change. Biomarkers are grouped by domain: blood biomarkers (GFAP, NfL), MRI measures
(WMH volume, insula atrophy, frontal atrophy, GM atrophy), and neuropsychological/clinical measures (TMT-B, TMT-A, FBI, CDR-SoB). (B) Forest
plot showing the estimated inflection points (6, diamonds) with 95% bootstrap Cls for each biomarker, ordered by cascade position. Circles
indicate the estimated time of departure from normality, defined as the time at which each biomarker reaches 20% of its total change. The dashed
vertical line indicates symptom onset (t = 0).Cl, confidence interval; CDR-SoB, clinical dementia rating plus National Alzheimer’s Coordinating
Center (NACC) behavior and language domains (CDR plus NACC FTLD) sum of boxes; FBI, Frontal Behavioral Inventory; GFAP, plasma glial
fibrillary acidic protein; GM, gray matter; MRI, magnetic resonance imaging; NfL, plasma neurofilament light chain; TMT, Trail Making Test;

WMH, white matter hyperintensity.
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FIGURE 2 Domain-specific biomarker trajectories and rates of change in the pooled FTD cohort. (A) Sigmoid trajectories grouped by
biomarker domain (blood biomarkers, magnetic resonance imaging measures, neuropsychological/clinical), with 95% bootstrap confidence
intervals (shaded areas). Within each domain, biomarkers are ordered by their inflection point (6), with values and 95% Cls shown in the legend. (B)
Instantaneous rate of change (S(t) = dB/dt) for each biomarker, representing the first derivative of the sigmoid curves. Peak rate of change (Synax)
and its timing are indicated in the legend. Higher peaks indicate steeper transitions; earlier peaks indicate more rapid early deterioration.
CDR-SoB, clinical dementia rating (CDR) dementia staging instrument plus National Alzheimer’s Coordinating Center (NACC) behavior and
language domains (CDR plus NACC FTLD) sum of boxes; Cl, confidence interval; FBI, Frontal Behavioral Inventory; GFAP, plasma glial fibrillary
acidic protein; GM, gray matter; NfL, plasma neurofilament light chain; TMT, Trail Making Test; WMH, white matter hyperintensity.

atrophy, frontal atrophy, GM atrophy), and both TMT-B and TMT-A
showed significant abnormality (p < 0.05 to p < 0.001), whereas FBI
and CDR-SoB had not yet reached the significance threshold. In the 0-
5 years epoch following symptom onset, all 10 biomarkers had reached
significant abnormality (p < 0.001). Because most participants were
assessed at or after symptom onset, this ordering reflects the model-
derived temporal position of covariate-adjusted trajectories; estimates
in the pre-symptomatic window are extrapolations constrained by the

parametric (sigmoid) form rather than direct observations.

3.3 | Subgroup analysis: bvFTD

In the bvFTD subgroup, the cascade ordering was broadly consis-

tent with the pooled FTLD analysis, although notable differences

emerged (Figure 4A). GFAP was again the earliest biomarker to
depart from normality, followed by TMT-B, NfL, and WMH volume.
Among MRI measures, GM volume and insula atrophy preceded
frontal atrophy. FBI preceded TMT-A in departure from normality,
and CDR-SoB was the last biomarker to transition. The inflection
points showed a partially different ordering: TMT-B, GFAP, NfL, WMH
volume, insula atrophy, GM atrophy, frontal atrophy, FBI, TMT-A,
and CDR-SoB (see Figure 5A). The peak rates of change showed
that CDR-SoB had the steepest transition (S, = 0.200), followed
by insula atrophy (Spax= 0.131), frontal atrophy (Spax= 0.123),
and TMT-B (Spax= 0.122). WMH volume (Sy,2x = 0.097), GM atro-
phy (Smax= 0.090), NfL (Syax= 0.083), and FBI (S,.x= 0.082)
showed intermediate rates, whereas TMT-A (S,.x= 0.058) and
GFAP (Spax= 0.050) exhibited the most gradual transitions
(Figures 6A).
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FIGURE 3 Model-estimated biomarker abnormality by disease duration epoch. Heatmap showing the estimated proportion of total change
(sigmoid value) for each biomarker across 5-year epochs from -10 to +15 years relative to symptom onset. Color intensity reflects the degree of
estimated abnormality (0% = normal, 100% = fully abnormal). Significance levels are derived from bootstrap 95% Cls of estimated abnormality
exceeding 20%: *p < 0.05,**p < 0.01, ***p < 0.001. Biomarkers are grouped by domain: blood biomarkers, MRl measures, and
neuropsychological/clinical measures. CDR-SoB, clinical dementia rating (CDR) dementia staging instrument plus National Alzheimer’s
Coordinating Center (NACC) behavior and language domains (CDR plus NACC FTLD) sum of boxes; Cl, confidence interval; FBI, Frontal Behavioral
Inventory; GFAP = plasma glial fibrillary acidic protein; GM, gray matter; MRI, magnetic resonance imaging; NfL, plasma neurofilament light chain;

TMT, Trail Making Test; WMH, white matter hyperintensity.

3.4 | Subgroup analysis: PPA

In the PPA subgroup (nfvPPA and svPPA combined), the cascade
showed an overall pattern similar to that of the pooled FTLD anal-
ysis, although several phenotype-specific differences were observed
(Figure 4B). Plasma GFAP and NfL were the earliest biomarkers to
depart from normality, followed by TMT-B. Among MRI measures,
insula atrophy and frontal atrophy preceded WMH volume and GM
atrophy. In contrast to bvFTD, WMH volume transitioned somewhat
later in PPA. TMT-A and FBI preceded CDR-SoB, which was the last
biomarker to depart from normality. The inflection points showed the
following ordering: TMT-B, GFAP, NfL, insula atrophy, frontal atrophy,
WMH volume, GM atrophy, TMT-A, FBI, and CDR-SoB (see Figure 5B).
In contrast to the pooled FTLD and bvFTD analyses, insula atrophy
exhibited the steepest transition in PPA (S, = 0.200), followed by
GM atrophy (Spmax =0.173) and CDR-SB (Syax = 0.161). Frontal atrophy
(Smax =0.136), TMT-B (Siax = 0.097), and WMH volume (S, = 0.093)
showed intermediate rates. FBI (Sya = 0.086), TMT-A (S,2x = 0.073),

GFAP (S;nax = 0.065), and NfL (Sax = 0.050) exhibited the most gradual
transitions (Figures 6B).

3.5 | Subgroup analysis: cognitive versus
motor-predominant syndromes

To examine whether the cascade biomarkers differ between the cogni-
tive/cortical and the motor-predominant syndromes, we compared the
cortical group (bvFTD and PPA; n = 340) with the motor-predominant
group (CBS, PSP, and FTD-ALS; n = 149). At comparable disease dura-
tion, and after adjustment for age and sex, plasma GFAP and NfL,
WM lesion volume, and TMT performance did not differ between the
two groups, whereas frontal and insular GM volume, FBI, and CDR-SB
indicated significantly greater abnormality in the cortical syndromes
(Figure S4).

In a complementary sensitivity analysis, there was no significant

change in the cascade ordering when the model was re-estimated in the
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FIGURE 4 Domain-specific biomarker cascade trajectories in bvFTD and PPA subgroups. (A) bvFTD subgroup (n = 211): sigmoid trajectories
grouped by biomarker domain (blood biomarkers, MRl measures, neuropsychological/clinical), with 95% bootstrap confidence intervals (shaded
areas). Inflection points (6) and 95% Cls are shown in each panel legend. (B) PPA subgroup (n = 129, comprising 92 non-fluent variant PPA and 37
semantic variant PPA): same format as A. bvFTD, behavioral variant frontotemporal dementia; CDR-SoB, Clinical Dementia Rating (CDR)
Dementia Instrument plus National Alzheimer’s Coordinating Center (NACC) behavior and language domains (CDR plus NACC FTLD) sum of
boxes; Cl, confidence interval; FBI, Frontal Behavioral Inventory; GFAP, plasma glial fibrillary acidic protein; GM, gray matter; NfL, plasma
neurofilament light chain; PPA, primary progressive aphasia; TMT, Trail Making Test; WMH, white matter hyperintensity.

cortical phenotypes or in the motor phenotypes compared with the full
model (Spearman p =0.92 and 0.86, respectively).

4 | DISCUSSION

In this study, we developed a data-driven biomarker cascade model
integrating clinical, neuroimaging, and plasma biomarker data from
489 patients across the FTLD spectrum with up to five longitudinal
assessments. To our knowledge, this represents the first characteriza-
tion of the temporal ordering of multimodal biomarker abnormalities
in FTLD-associated syndromes. The conceptual framework extends
the hypothetical model of dynamic biomarkers originally proposed for
AD,1720 which postulated a temporally ordered cascade from amyloid
to neurodegeneration to clinical symptoms. Our findings suggest that

also FTLD-associated syndromes follow a discernible, model-derived

temporal ordering, in which astrogliosis and executive dysfunction pre-
cede structural atrophy, which in turn precedes global clinical decline.
Unlike AD, the FTLD cascade is characterized by overlapping transi-
tions across biomarker classes, with no single class plateauing before
the next becomes abnormal.

These timing relationships are described by three complementary
metrics, and distinguishing them clarifies the cascade. The departure
from normality denotes the first detectable deviation from the ref-
erence range (operationalized as 20% of the total modeled change)
and is therefore most sensitive to gradually rising markers; the inflec-
tion time (6) denotes the midpoint of the transition (50% of the
total change) and was the prespecified primary metric for cascade
ordering, being the most stable summary of a biomarker’s central
timing and largely insensitive to the threshold chosen to define abnor-
mality; and the peak rate of change (Sp.y) denotes the phase of

fastest, most abrupt change. Discrepancies between these metrics are
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FIGURE 5 Biomarker cascade ordering in bvFTD and PPA subgroups. (A) bvFTD subgroup: forest plot showing estimated inflection points (6,
diamonds) with 95% bootstrap Cls for each biomarker, ordered by cascade position. Circles indicate the estimated time of departure from
normality (20% of total change). The dashed vertical line indicates symptom onset (t = 0). (B) PPA subgroup: same format as A. bvFTD, behavioral
variant frontotemporal dementia; bvFTD, behavioral variant frontotemporal dementia; CDR-SoB, clinical dementia rating (CDR) dementia staging
instrument plus National Alzheimer’s Coordinating Center (NACC) behavior and language domains (CDR plus NACC FTLD) sum of boxes; Cl,
confidence interval; FBI ,Frontal Behavioral Inventory; GFAP, plasma glial fibrillary acidic protein; GM, gray matter; NfL, plasma neurofilament light
chain; PPA, primary progressive aphasia; TMT, Trail Making Test; WMH, white matter hyperintensity.

informative rather than contradictory. Accordingly, the cascade is
defined primarily by the inflection time, with the departure-from-
normality and peak-rate metrics providing complementary information
on the earliest detectable signal (relevant to early detection) and the
window of most rapid change (relevant to staging and trial monitoring),
respectively.

Plasma GFAP, a marker of reactive astrogliosis, was the earliest
biomarker to depart from normality, owing to its gradual transition
dynamics. Its low sigmoid steepness indicates a protracted, model-
estimated transition extending before symptom onset, consistent with
the hypothesis that astrogliosis is a slowly evolving process preced-
ing structural degeneration. We note, however, that the marginal
trajectories of GFAP and NfL were flagged as non-monotonic in
the mixed-effects fit; although this deviation was minor, the early
position of GFAP, which derives mainly from its gradual departure
from normality rather than from a sharp inflection, should be inter-
preted with corresponding caution and confirmed in prospective
studies. Elevated plasma GFAP has been previously demonstrated in
progranulin-associated FTD, with levels correlating with brain atrophy
rates and disease severity,3¢ and similar patterns have been observed
in AD, where GFAP rises before NfL, suggesting that astrocytic
activation may precede overt neurodegeneration across neurodegen-
erative diseases.3” Plasma NfL, a marker of neuroaxonal damage,
followed a similar gradual trajectory, departing from normality after
GFAP but before most MRI measures. Previous studies have demon-
strated elevated NfL in prodromal genetic and sporadic FTD, where
it was the strongest predictor of progression to fully symptomatic

disease.38-42

Among all biomarkers, TMT-B had the earliest inflection point
(6 = 0.3 years), and was the only biomarker reaching significant abnor-
mality in the —10 to —5 year epoch, indicating that, in the model, exec-
utive dysfunction was estimated to become abnormal several years
before symptom onset. The dissociation between TMT-B (early inflec-
tion) and TMT-A (late inflection) suggests that higher-order executive
functions are impaired well before basic processing speed. Previous
work in presymptomatic genetic FTD carriers has demonstrated cog-
nitive impairment emerging ~5 years before expected symptom onset,
with TMT-B abnormalities consistently preceding TMT-A across dis-
ease epochs.*3-4°> The early TMT-B abnormality supports the concept
of mild cognitive, behavioral, and motor impairment (or MCBMI) as a
recognizable prodromal stage in which subtle executive dysfunction
may serve as one of the earliest clinical indicators.17-18:40

Among neuroimaging measures, insula atrophy exhibited the steep-
est transition in both the pooled FTD and PPA analyses, consistent
with the proposed role of the insular cortex as a key epicenter of
neurodegeneration from which pathology spreads through the brain’s
connectome.844*7 |nsular GM reduction has been identified as one
of the earliest structural changes in presymptomatic genetic FTD
carriers. 444548 WMH volume transitioned before most GM measures,
in line with reports of increased WMHs years before symptom onset
in genetic FTD.?444%50 CDR-SoB and FBI were the last biomarkers
to transition, confirming that clinical deterioration is a late but steep
event in the cascade.

Subgroup analyses revealed phenotype-specific cascade differ-
ences. In bvFTD, TMT-B showed a markedly early inflection point,

preceding all other biomarkers, consistent with the early executive
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FIGURE 6 Domain-specific biomarker rates of change in bvFTD and PPA subgroups. (A) bvFTD subgroup: instantaneous rate of change

(S(t) = dB/dt) for each biomarker grouped by domain. Peak rate of change (Sy,ax) and its timing are indicated in the legend. (B) PPA subgroup: same
format as A. Higher peaks indicate steeper transitions. bvFTD, behavioral variant frontotemporal dementia; CDR-SoB, clinical dementia rating
(CDR) plus National Alzheimer’s Coordinating Center (NACC) behavior and language domains (CDR plus NACC FTLD) sum of boxes; FBI, Frontal
Behavioral Inventory; GFAP, plasma glial fibrillary acidic protein; GM, gray matter; NfL, plasma neurofilament light chain; PPA, primary progressive

aphasia; TMT, Trail Making Test; WMH, white matter hyperintensity.

dysfunction that defines this phenotype. In PPA, insula atrophy exhib-
ited the steepest transition of any biomarker, and CDR-SB had a later
inflection point than in bvFTD, consistent with the slower functional
decline typically observed in language-predominant variants.

A direct comparison between the cognitive/cortical and motor-
predominant syndromes further clarified which elements of the cas-
cade generalize across the FTLD spectrum. The earliest biological
markers, plasma GFAP and NfL, together with WM burden and cog-
nitive performance, were similar in the two groups, suggesting that
astrogliosis and neuroaxonal degeneration are shared early events
across syndromes. In contrast, frontal and insular atrophy and the
behavioral and functional measures were more pronounced in the
cortical syndromes, reflecting their frontoinsular and behavioural
predominance relative to the comparatively preserved frontoinsular
cortex of CBS and PSP. From a diagnostic standpoint, this indicates that
the plasma biomarkers, precisely because they are similarly altered

across syndromes, are sensitive markers of the underlying neurode-

generative process and are therefore well suited to early detection and
staging, but are not on their own sufficient for the differential diag-
nosis of a specific FTLD-associated syndrome, which continues to rely
on clinical phenotyping and regional imaging. Nonetheless, because
the cohort is predominantly composed of bvFTD and PPA cases, and
the smaller numbers of CBS, PSP, and FTD-ALS cases precluded stan-
dalone cascade analyses, the early positions of GFAP and TMT-B are
most firmly established for the cortical phenotypes; and broader gen-
eralization across the entire FTLD spectrum requires confirmation in
adequately powered, syndrome-specific cohorts.

Our findings both align with and diverge from the multimodal
disease-progression model of familial FTD reported by Staffaroni
et al.,*3 which modeled C9orf72, GRN, and MAPT variant carriers and
non-carrier controls. In that genetically defined cohort, regional atro-
phy and plasma NfL were among the earliest changes, emerging up
to several decades before expected onset and in genotype-specific

orderings, with neuropsychological changes appearing closer to onset.
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Our cohort instead identified plasma GFAP and executive dysfunction
(TMT-B) as the earliest abnormalities. These differences likely reflect
that autosomal-dominant FTD shows genotype-specific, decades-long
presymptomatic atrophy and early NfL elevation that need not gen-
eralize to sporadic disease; that Staffaroni et al. reported genotype-
specific orderings rather than a single cascade, whereas we pooled
clinical syndromes; and that the biomarker panels differ, as we included
plasma GFAP and TMT-B (neither modeled previously), with GFAP
departing early owing to its gradual trajectory and executive dysfunc-
tion being an early feature of the predominant cortical phenotypes.
Within our cohort, excluding the 104 pathogenic variant carriers did
not materially alter the biomarker ordering, indicating that the cascade
is not driven by genetically determined cases.

These findings have implications for clinical practice and trial design.
The early departure of GFAP and the early inflection of TMT-B suggest
that combining plasma astrogliosis markers with executive function
testing could provide sensitive screening tools for early FTD. The
differential transition dynamics imply that different biomarkers have
optimal sensitivity at different stages, with plasma markers for pre-
vention trials targeting early disease. The phenotype-specific cascade
orderings support the need for phenotype-stratified trial designs, as
the same biomarker may occupy different positions in the cascade
depending on the clinical variant.

Several limitations should be acknowledged. First, the estimation
of preclinical biomarker trajectories is inherently constrained by the
study design: because most patients enter the cohort at or after symp-
tom onset, data density in the pre-symptomatic epochs is sparse,
and the sigmoid trajectories in this window are driven more by
parametric assumptions than by direct empirical observations. The
confidence intervals for early-transitioning biomarkers in the preclin-
ical epochs are correspondingly wide, and prospective studies with
known onset times would strengthen temporal precision. Additional
limitations include the single-center design, and the possibility that
individual-level trajectories may differ from the group-level model.

In conclusion, this study provides the first biomarker cascade model
for sporadic FTLD-associated syndromes, revealing that astrogliosis
and executive dysfunction are the earliest model-estimated changes,
followed by WM alterations, cortical atrophy centered on the insula,
and clinical decline. These findings provide a framework for under-
standing disease mechanisms and designing clinical trials in FTLD-

associated syndromes.
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