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and chromosome 9 open reading frame 72 (C9orf72) as well 
as several other genes [1].This complexity presents a chal-
lenge when it comes to diagnosing patients with FTD, and 
finding biomarkers that can aid in the diagnosis or serve as 
markers of underlying pathology and disease severity would 
be of immense clinical utility.

Previous studies have identified several promising 
imaging and protein biomarker candidates. For example, 
presymptomatic regional gray and white matter abnormali-
ties measured via magnetic resonance imaging (MRI) are 
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Frontotemporal dementia (FTD) is a heterogeneous syn-
drome with a wide range of symptoms such as loss of inhi-
bition and social cognition, language impairment and motor 
dysfunction. The underlying neuropathology is also vari-
able with different protein aggregates such as tau, TDP-43 
and FUS/FET. Furthermore, there is genetic heterogeneity 
as indicated by the known disease causing mutations in pro-
granulin (GRN), microtubule associated protein tau (MAPT) 

Extended author information available on the last page of the article

Abstract
Over the past few years, several fluid biomarker candidates have been proposed for frontotemporal dementia (FTD). We 
have previously identified CSF proteins that could separate individuals with genetic FTD from controls. However, it is 
unknown whether alterations in these CSF protein levels are associated with neurodegenerative processes. The aim of 
this study was to explore how these CSF biomarker candidates correlate with symptom severity as well as cortical and 
subcortical atrophy. The levels of fourteen proteins were measured in CSF from 202 individuals, 131 mutation carriers 
with mutations in C9orf72, GRN, or MAPT, and 71 controls, in a cross-sectional subset from the GENFI cohort. The 
association between the levels of these proteins and CDR plus NACC FTLD-NM sum-of-boxes, cortical thickness, and 
subcortical volumes were estimated in the mutation carriers. Elevated CSF levels of five out of fourteen proteins were 
associated with an increased CDR score in the mutation carriers. Additionally, elevated levels of three of these proteins, 
NEFM, PTPRN2 and SERPINA3, were associated with reduced cortical thickness and/or subcortical volume among all 
mutation carriers. Some mutation-specific associations were also observed, with SPP1 and CTSS being associated with 
CDR and atrophy only in MAPT mutation carriers, while NPTX2 was specific for GRN mutation carriers. As indicated by 
the association to brain atrophy, the proposed fluid biomarker candidates continue to show promise and additional studies 
will further elucidate their relationship to cortical atrophy in genetic FTD, and their potential as biomarkers for diagnosis, 
prognosis, and disease staging.
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associated with future clinical decline in genetic FTD [2, 
3]. Elevated plasma levels of the protein neurofilament 
light chain (NEFL) can predict phenoconversion in pres-
ymptomatic individuals and correlate with disease severity 
[4]. However, increased NEFL levels are not exclusive to 
FTD [5, 6]. Neuronal pentraxin 2 (NPTX2) is reduced in 
cerebrospinal fluid (CSF) from patients with FTD, corre-
lates with disease severity and with brain volume already at 
the presymptomatic stage in individuals with mutations in 
C9orf72 or GRN [7, 8]. However, as a biomarker NPTX2 is 
challenged with the same problems as NEFL since reduced 
levels are also observed in other neurodegenerative diseases 
[9, 10].

In a previous study, we identified a set of fourteen pro-
teins in CSF that could distinguish symptomatic mutation 
carriers (MC) from asymptomatic individuals with a high 
degree of accuracy [11]. Several of these proteins have also 
been found to be elevated in plasma from symptomatic MC 
[12], further strengthening their potential usefulness as bio-
markers. However, information on how these biomarker 
candidates relate to important metrics such as brain atro-
phy or disease severity is still lacking. In the present study 
we have explored the association between these fourteen 
CSF biomarker candidates and symptom severity, as well as 
regional cortical and subcortical atrophy. The results indi-
cate an association between many of the proteins and both 
symptom severity and brain atrophy, in some cases specifi-
cally for one of the genetic subgroups, further strengthening 
their potential as biomarkers for genetic FTD.

Materials and methods

Study cohort

The original cohort consisted of CSF samples from 221 par-
ticipants, out of whom 202 had a viable 3T magnetic reso-
nance imaging (MRI) scan from the same study-visit. These 
202 individuals were selected for this follow-up study. All 
samples, images, and clinical, demographic, and genetic 
information were collected as a part of the Genetic Fron-
totemporal dementia initiative (GENFI, ​h​t​t​p​s​:​/​/​w​w​w​.​g​e​n​f​i​.​
o​r​g​/​​​​​) according to standardized protocols [13]. During the 
study-visit, the participants underwent a standardized clini-
cal assessment, CSF sampling and MR imaging. Genetic 
testing was done on pseudonymized samples, keeping par-
ticipants and researchers blinded to the results. Sampling 
procedure and MRI acquisition protocols are thoroughly 
described elsewhere [13]. All participants provided written 
informed consent to their respective research sites.

CSF protein measurements

CSF protein level measurements were obtained as a part 
of a previous study. For a full description of the methods 
used see Bergström et al. [11]. The proteins selected for 
the current study, based on their ability to separate symp-
tomatic MC from controls, were neurofilament medium 
chain (NEFM), neuronal pentraxin 2 (NPTX2), VGF nerve 
growth factor inducible (VGF), aquaporin 4 (AQP4), apoli-
poprotein E (APOE), SEC63 homolog, protein translocation 
regulator (SEC63), apolipoprotein A1 (APOA1), protein 
tyrosine phosphatase receptor type N2 (PTPRN2), cathep-
sin S (CTSS), serpin family A member 3 (SERPINA3), 
complement 4 (C4), amphiphysin (AMPH), secreted phos-
phoprotein 1 (SPP1) and CD14 molecule (CD14).

CDR

Symptom severity among the MC was estimated via the 
CDR plus NACC FTLD-NM scale (herein referred to as 
CDR) [14]. This is a modified version of the CDR plus 
NACC FTLD scale and includes assessments of neuropsy-
chiatric and motor domains, capturing a larger part of the 
relevant phenotypic spectrum. For the statistical analysis the 
CDR plus NACC FTLD-NM sum-of-boxes score was used, 
which ranges from 0 to 27 points. CDR was only available 
for a subset of the study cohort: 52 C9-MC, 36 GRN-MC 
and 17 MAPT-MC. All analyses that included CDR were 
conducted in this subset.

Imaging

The T1-weighted MRI images were processed through 
the TheHiveDB system using FreeSurfer 7.1.1 (​h​t​t​p​​:​/​/​​s​u​r​f​​
e​r​​.​n​m​​r​.​m​g​​h​.​h​​a​r​v​​a​r​d​.​e​d​u​/) [15, 16]. The results were ​v​i​s​u​a​
l​l​y inspected for quality control. Cortical thickness in 68 
regions of interest (ROI), 34 in each hemisphere, based on 
the Desikan-Killiany atlas [17], along with 12 subcortical 
volumes (right and left hippocampus, amygdala, putamen, 
caudate, thalamus and pallidum), and CSF volume were 
extracted and used for the downstream analyses.

Data pre-processing

Prior to statistical analysis all protein levels were log2-
transformed, mean centered and unit variance scaled. The 
extracted ROI thicknesses/volumes were only centered and 
scaled. Next, the protein levels and ROIs were adjusted 
for confounders via residual-based adjustment [18]. Corti-
cal thickness was adjusted for age, sex and collection site, 
subcortical volume was adjusted for age, sex, collection site 
and total intracranial volume, and the protein levels were 
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adjusted for age, sex, collection site, and CSF volume. The 
effects of confounders were estimated in the NC using linear 
regression models with the confounders as predictors and 
regional cortical thickness, regional subcortical volume and 
protein levels as outcomes. Sum-to-zero contrasts were used 
for estimating the effect of the categorical variables sex and 
collection site. From these models, beta coefficients were 
extracted and used to adjust the ROI thicknesses/volumes 
and protein levels in the entire cohort through residual based 
normalization according to the formula below:

Yadj. = Y − β(X − µctrl)

 where Yadj. is the adjusted ROI thickness/volume or protein 
level, Y  is the original ROI thickness/volumes or protein 
level, X is the design matrix for the specified confounders, 
excluding the intercept, µctrl is the columns means of X in 
the NC subset, and β  is the confounder-associated coef-
ficients estimated in the NC subset.

Statistical analysis

Differences in age and age at onset between the genetic 
groups (C9-MC, GRN-MC and MAPT-MC) and NC, as 
well as differences in CDR between the genetic groups were 
calculated using the Kruskal-Wallis rank sum test. Differ-
ences in sex distribution between the genetic groups and NC 
were calculated using Pearson’s chi-squared test. The asso-
ciations between protein levels and regional cortical thick-
ness and subcortical volumes in the MC were estimated via 
linear regression models with ROI thicknesses/volumes as 
outcomes and protein levels as predictors. The associations 
between protein levels and CDR in the MC were similarly 
estimated via linear regression models with CDR sum-of-
boxes score as outcome, protein level as predictor, and years 
of education included as a covariate. All p-values were 
adjusted for multiple testing using the Benjamini-Hochberg 

method for controlling false discovery rates. Protein – ROI 
association estimates were adjusted per ROI (n = 80), and 
protein – CDR estimates were adjusted per protein (n = 14). 
Data processing and statistical analysis was done using R 
(version 4.4.2) and the brain maps were made using the 
ggseg package [19].

Results

The cohort included in this study consisted of 202 individu-
als, where 132 were mutation carriers (MC) and 70 were 
non-carrier controls (NC), with 38 MC having reached 
symptom onset (Table  1). Among the MC, 63 had repeat 
expansions in C9orf72 (C9-MC), 46 had mutations in GRN 
(GRN-MC), and 23 had mutations in MAPT (MAPT-MC). 
There were no significant differences in age (p = 0.11), age 
at onset (p = 0.23) or sex distribution (p = 0.93) between any 
of the genetic groups and NC, nor were there any differ-
ences in CDR between the genetic groups (p = 0.34).

We first estimated the associations between protein levels 
and disease severity, measured by CDR in all MC (Table 1). 
Five out of the fourteen proteins showed a significant asso-
ciation to CDR and the protein with the strongest associa-
tion was NEFM (p < 0.001, β = 1.852), followed by PTPRN2 
(p < 0.001, β = -1.633) and APOA1 (p = 0.004, β = 1.236). 
When stratified by genetic group two proteins were sig-
nificantly associated with CDR in GRN-MC: PTPRN2 
(p = 0.006, β = -2.228) and CD14 (p = 0.021, β = -2.769) 
(Table 2). In the MAPT-MC nine proteins had a significant 
association to CDR, with C4 having the strongest associa-
tion (p < 0.001, β = 2.814), followed by SPP1 (p < 0.001, 
β = 2.547) and CTSS (p = 0.002, β = 2.179). In C9-MC none 
of the proteins showed significant associations to CDR after 
adjusting for multiple testing.

Next, we tested the association between the levels of the 
CSF proteins and regional cortical thickness and subcortical 

Table 1  Demographic overview of the cohort
C9orf72 GRN MAPT Overall p-value
(N = 63) (N = 46) (N = 23) (N = 202)

Sex
 F 33 (52.4%) 26 (56.5%) 14 (60.9%) 112 (55.4%) 0.93
 M 30 (47.6%) 20 (43.5%) 9 (39.1%) 90 (44.6%)
Age
 Mean (SD) 49.7 (14.3) 52.2 (13.5) 46.8 (10.6) 49.0 (13.3) 0.11
Age at Onset
 Mean (SD) 56.9 (8.11) 59.9 (7.23) 52.4 (6.45) 57.0 (7.84) 0.23
Symptom status
 PMC 41 (65.1%) 37 (80.4%) 16 (69.6%) 94 (46.5%)
 SMC 22 (34.9%) 9 (19.6%) 7 (30.4%) 38 (18.8%)
CDR-SoB
 Mean (SD) 2.90 (4.93) 3.13 (6.05) 2.15 (3.13) 2.05 (4.38) 0.34
PMC: presymptomatic mutation carrier, SMC: symptomatic mutation carrier, CDR-SoB: clinical dementia rating sum-of-boxes
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Finally, we analyzed the association between protein lev-
els and regional atrophy within the different genetic groups 
independently. In C9-MC, two proteins, CD14 and NEFM, 
were associated with cortical and subcortical atrophy 
(Fig.  2A). Elevated levels of CD14 were associated with 
right paracentral atrophy and bilateral atrophy of the cau-
date. In GRN-MC four proteins, NEFM, NPTX2, PTPRN2 
and VGF, were associated with cortical and subcortical 
atrophy (Fig. 2B). Elevated NEFM levels were associated 
with widespread atrophy of frontal, temporal, and parietal 
regions, as well as the caudate, putamen and amygdala. 
Reduced levels of NPTX2, PTPRN2 and VGF were associ-
ated with atrophy of right-sided frontal and parietal regions, 
and of the right thalamus. PTPRN2 and VGF were addi-
tionally associated with atrophy of the right hippocampus, 
and PTPRN2 was associated with atrophy of the caudate. 
In MAPT-MC, three proteins, CTSS, SPP1 and VGF, were 
associated with cortical and subcortical atrophy (Fig. 2C). 
Elevated levels of CTSS were associated with bilateral atro-
phy of the superior frontal gyrus and of the right middle 
frontal gyrus. Elevated levels of SPP1 were associated with 
atrophy of the right lateral orbitofrontal cortex, while ele-
vated levels of VGF were associated with atrophy of the 
right transverse temporal gyrus.

Discussion

In this study we have shown how the CSF levels of four-
teen previously identified protein biomarker candidates for 
genetic FTD are associated with symptom severity, corti-
cal and subcortical atrophy in a cohort consisting of both 
symptomatic and presymptomatic mutation carriers, as well 

volumes in all MC and observed significant associations for 
four proteins: NEFM, AMPH, PTPRN2 and SERPINA3 
(Fig. 1). Elevated NEFM levels were associated with wide-
spread cortical thinning affecting frontal, temporal and 
parietal regions, as well as reduced volume of the caudate, 
putamen, hippocampus, thalamus and amygdala. Elevated 
AMPH levels were associated with primarily left-sided atro-
phy of temporal, parietal and medial frontal regions, as well 
as the amygdala and putamen. Reduced levels of PTPRN2 
were associated with right-sided atrophy of the precuneus, 
anterior cingulate cortex and the thalamus, while elevated 
levels of SERPINA3 were associated with bilateral atrophy 
of the superior frontal gyrus.

Table 2  P-values and beta-values from linear regression models estimating the association between protein biomarker candidates and CDR plus 
NACC FTLD-NM in all mutation carriers (MC) as well as the three genetic groups

All mc C9orf72 GRN MAPT
P-value β P-value β P-value β P-value β

NEFM < 0.001* 1.852 0.063 1.746 0.182 1.519 0.018* 2.049
PTPRN2 < 0.001* -1.633 0.092 -1.715 0.006* -2.228 0.034* 1.76
APOA1 0.004* 1.236 0.092 1.403 0.148 1.988 0.246 1.044
VGF 0.004* -1.184 0.223 -1.265 0.092 -1.744 0.501 0.603
SERPINA3 0.016* 1.123 0.092 1.63 0.910 0.269 0.002* 2.173
NPTX2 0.072 -0.771 0.561 -0.457 0.148 -2.1 0.714 0.274
SPP1 0.114 0.681 0.092 1.589 0.923 -0.074 < 0.001* 2.547
C4 0.120 0.704 0.206 1.472 0.802 -0.482 < 0.001* 2.814
AMPH 0.314 0.501 0.415 0.992 0.910 -0.236 0.003* 2.08
APOE4 0.420 0.375 0.449 0.633 0.625 0.937 0.178 1.322
AQP4 0.643 0.237 0.453 0.827 0.625 -0.728 0.011* 1.836
CD14 0.643 -0.243 0.415 0.97 0.021* -2.769 0.002* 2.062
CTSS 0.671 0.206 0.453 0.884 0.625 -1.092 0.002* 2.179
SEC63 0.749 -0.109 0.836 0.138 0.910 -0.292 0.701 0.33
All p-values are adjusted for multiple testing. * indicates p-values below 0.05

Fig. 1  Brain maps showing associations between CSF protein levels 
and regional cortical thickness/subcortical volume. Color scale indi-
cates the effect size ranging from 1 (orange) to -1 (dark purple). Only 
regions with adjusted p-values below 0.05 are colored (i.e. grey areas 
have adjusted p-values above the threshold)
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Fig. 2  Brain maps showing associations 
between CSF protein levels and regional corti-
cal thickness/subcortical volume in C9orf72 
repeat expansion carriers (A), GRN mutation 
carriers (B) and MAPT mutation carriers (C). 
Color scale indicates the effect size rang-
ing from 1 (orange) to -1 (dark purple). Only 
regions with adjusted p-values below 0.05 are 
colored (i.e. grey areas have adjusted p-values 
above the threshold)
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blunting and positive emotion contagion [28, 29]. Loss of 
empathy and reduced responsiveness to others are hallmarks 
of behavioral variant FTD, together with loss of impulse 
control and behavioral disinhibition [30]. With their asso-
ciation to this distinct pattern of atrophy, NPTX2, PTPRN2 
and VGF, have the potential to serve as biomarkers for spe-
cific symptoms of FTD, as well as their underlying cause. 
Such biomarkers would be valuable not only for diagnostic 
purposes, but also for future studies into the neurobiologi-
cal substrates of specific clinical symptoms in FTD. In this 
study we only used the CDR sum-of-boxes as an overall 
estimate of symptom severity, without analyzing the asso-
ciation between protein levels and specific behavioral and 
functional domains. Future, more tailored, studies of these 
proteins would likely benefit from a more granular approach 
focusing on domain‑specific clinical features.

The group with the largest number of significant asso-
ciations between protein levels and symptom severity was 
MAPT-MC. Out of the nine proteins with significant asso-
ciations, five were specific to this genetic group. Two of 
these proteins, CTSS and SPP1, were additionally associ-
ated with cortical atrophy specifically in the MAPT-MC. 
Most of the proteins, six out of nine, are associated with 
neuroinflammation. A recent study of the CSF proteome in 
genetic FTD similarly highlighted the importance of altered 
immune function in MAPT-MC where 63 proteins, primar-
ily involved in pathways linked to immune function, where 
upregulated in symptomatic MAPT-MC [31]. Similarly, 
a study of inflammatory plasma proteins in genetic FTD 
found elevated levels in symptomatic MAPT-MC compared 
to controls [32]. Together, this indicates that management of 
neuroinflammation can be a valid approach for the develop-
ment of new disease-modifying treatments for this particu-
lar form of genetic FTD.

The main limitation of the study was the small sample 
size which, in combination with the heterogeneity of the 
disease, likely affected our ability to identify significant 
associations between CSF protein levels and brain atrophy 
or symptom severity. It also prevented certain subgroup 
analyses, such as stratification by both genetic group and 
symptom status. The cross-sectional design further pre-
vented us from studying the association between protein 
levels and atrophy over time, as well as conversion from 
the presymptomatic stage to the symptomatic stage. Future 
longitudinal studies in larger cohorts will be necessary to 
fully understand the relationship between these biomarker 
candidates and genetic FTD.

In conclusion, in this study we have shown that several 
of the proteins included in this study are associated with 
clinically relevant pathological changes in genetic FTD. 
We therefore believe that they merit further investigation, 

as non-carrier controls. Many of these biomarker candi-
dates showed significant associations with symptom sever-
ity, either in one of the specific genetic groups or across all 
groups. Additionally, several of the CSF proteins were also 
associated with brain atrophy.

While five of the fourteen proteins included in this study 
had significant associations to CDR, only three of these pro-
teins, NEFM, PTPRN2, and SERPINA3, were also associ-
ated with brain atrophy. The neurofilaments are well known 
markers of axonal damage and all three filaments (NEFL, 
NEFM, NEFH) are reported to be elevated in CSF from 
patients with FTD [5, 11, 20, 21]. Less is known about the 
roles of PTPRN2 and SERPINA3 in FTD. Both proteins 
are involved in innate immune response pathways, while 
PTPRN2 is additionally involved in vesicle-mediated secre-
tion of neurotransmitters. Both synaptic dysfunction and 
neuroinflammation are known to play prominent roles in the 
pathogenesis of FTD, with synaptic dysfunction being an 
early event in the course of the disease and prominent neu-
roinflammation occurring around symptom onset [22–24]. 
Any therapeutical intervention targeting specific patho-
logical processes, such as synaptic dysfunction or neuroin-
flammation, will require biomarkers that specific for these 
processes. Based on our results PTPRN2 and SERPINA3 
could function as such biomarkers, although further valida-
tion is required.

The three genetic groups had distinct patterns of associa-
tion between protein levels, atrophy and symptom severity. 
In C9-MC two proteins, CD14 and NEFM, were associated 
with cortical and subcortical atrophy, and none of the pro-
teins had any significant association with CDR, although 
NEFM was just above the significance threshold. C9-MC 
usually experiences a slow decline in grey matter volume 
starting in early adulthood, while clinical symptoms prog-
ress more rapidly, with a relatively short disease duration, 
once onset has been reached [25–27]. It is possible that the 
discrepancy between the associations to symptom severity 
and atrophy reflects differences in the temporal dynamics 
of neurodegeneration and clinical symptom development, 
such that the slowly progressing structural and molecular 
changes are not linearly correlated with the rapid develop-
ment of clinical symptoms. It is therefore possible that there 
exists a non-linear relationship between biomarker levels 
and symptom severity that we fail to capture in the current 
study.

In GRN-MC three proteins, NPTX2, PTPRN2 and VGF, 
were associated with a strikingly similar pattern of atro-
phy which included the right precuneus and inferior frontal 
gyrus, as well as the right thalamus and hippocampus. The 
precuneus and inferior frontal gyrus are involved in men-
talization and theory of mind, while the thalamus and hip-
pocampus are involved in, among other things, emotional 
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