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Abstract: Background: Patients with a frontotemporal lobar degeneration (FTLD) usually manifest
with behavioral variant frontotemporal dementia (bvFTD). Alzheimer’s disease (AD) may also mani-
fest with a predominant behavioral-dysexecutive syndrome, similar to bvFTD. Cerebrospinal fluid
(CSF) biomarkers, such as total tau (1), phosphorylated tau (tp.131) and amyloid beta with 42 amino-
acids (AB4p), can predict AD pathology in vivo. The aim of this study was to compare the t1/AB4
and Tp.181 / AP4y ratios, the BIOMARKAPD/ABSI criteria and the AT(N) classification system in a
cohort of bvFTD patients. Methods: A total of 105 bvFTD patients (21 possible bvFTD; 20%) with
CSF data, examined from 2008 to 2022, were included. Seventy-eight AD patients and 62 control
subjects were included. The CSF biomarkers were measured with Innotest (2008-2017 subcohort)
and EUROIMMUN (2017-2022 subcohort) ELISAs. Results: Depending on the classification system,
7.6 to 28.6% of bvFTD had an AD biochemical profile. The t1r/AB4, and tp.1g1 /AP 4y ratios classified
more patients as AD compared to the BBOMARKAPD/ABSI and AT(N) systems. The patients with
possible bvFTD had higher frequencies of AD compared to the probable bvFTD patients. Conclusions:
The four classification criteria of CSF AD biomarkers resulted in differences in AD allocation in this
bvFTD cohort. A consensus on the optimal classification criteria of CSF AD biomarkers is pivotal.

Keywords: behavioral variant; frontotemporal dementia; frontotemporal lobar degeneration; Alzheimer’s
disease; CSF biomarkers; tau protein; amyloid beta; classification system

1. Introduction

The behavioral variant of frontotemporal dementia (bvFTD) is characterized by pre-
dominant behavioral dysfunction, which includes disinhibition, apathy, loss of empathy
and sympathy, perseverative, stereotyped or compulsive/ritualistic behavior, hyperorality
and dietary changes [1]. Additionally, from a cognitive standpoint, it manifests with promi-
nent executive deficits with relative sparing of episodic memory and visuospatial function.
This clinical presentation typically has an underlying frontotemporal lobar degeneration
(FTLD) pathology, predominantly those of the tau (FTLD-tau) or the TDP43 (FTLD-TDP)
subtypes [2].

Contrary to this behavioral syndrome, Alzheimer’s disease (AD) typically manifests
as an amnestic-predominant cognitive syndrome. However, various atypical, non-amnestic
phenotypes of AD, particularly in younger patients, have been recognized and included
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in recent diagnostic criteria. These phenotypes include a behavioral—frontal predomi-
nant variant, which is termed “AD dementia with executive dysfunction” in the NIA-AA
diagnostic criteria and “frontal variant of AD” in the IWG-2 criteria [3,4].

The in vivo recognition of the underlying pathology in patients with bvFTD is piv-
otal both from a clinical standpoint, to optimize symptomatic treatment, and from a
research standpoint, for accurate patient stratification in clinical trials of specific protein-
targeting agents. To this end, biomarkers are essential to differentiate between FTLD and
AD pathologies.

A decrease in cerebrospinal fluid (CSF) amyloid beta with 42 amino acids (Af4p),
combined with an increase in total tau protein (t7) and phosphorylated tau protein in
threonine 181 (tp.1g1) are considered highly diagnostic of an underlying AD pathology,
and have, therefore, been included in recent AD diagnostic criteria. AP4, is a marker
of amyloid pathology, tp.181 of tau pathology and tr a nonspecific marker of neuronal
injury /neurodegeneration [5].

Initial CSF biomarker studies focused on the quantitative differences in single biomarker
levels between AD and FTLD patients. These studies, in general, pointed towards an
elevation of tr and Tp.131, as well as a decrease in APy, in AD patients compared to
FTLD patients [6-13]. However, due to the considerable overlap between study groups,
these CSF biomarkers, when applied individually, provided suboptimal discrimination
between AD and FTLD. Moreover, due to the methodological differences among the studies
(e.g., in inclusion criteria and CSF measurement methodology), they resulted in conflicting
results [6-13].

A second approach, in an effort to increase the diagnostic accuracy, was the appli-
cation of CSF biomarker ratios, such as t7/AR4; and tp.181 /A4 [13-17]. These ratios
provide improved discrimination between AD and FTLD compared to single CSF biomark-
ers measurements and were considered optimal biomarkers for this purpose by several
CSF/neuropathological studies.

A third approach shifted the conceptual framework of biomarker interpretation from
a quantitative-based approach to a qualitative approach, by implementing cut-off points
for each biomarker, resulting in a binary (i.e., normal vs. abnormal) classification. This
approach has been implemented by the BIOMARKAPD and ABSI recommendations, as
well as the AT(N) classification system [18,19]. Both the BIOMARKAPD and the ABSI
recommendations require the presence of abnormal values in all three CSF biomarkers
(i.e., AP, T and Tp.181) for an AD diagnosis. The AT(N) classification system classifies
each biomarker in three groups, namely, amyloid pathology (A), tau pathology (T) and
neuronal injury/neurodegeneration (N) [5]. These three biomarker groups can result in
eight different biomarker profiles, which can be further classified into three biomarker
categories: normal AD biomarkers, Alzheimer’s continuum (which includes Alzheimer’s
disease, Alzheimer’s pathologic change and Alzheimer’s and concomitant suspected non-
Alzheimer’s pathologic change) and non-AD pathologic change. The AT(N) has some
theoretical advantages over other classification systems, since it can provide information
on co-pathologies as well as on the temporal evolution of Alzheimer’s disease biomarkers
in the preclinical stages.

The introduction of CSF AD biomarkers has significantly improved our understanding
of AD both from a pathophysiological and a clinical point of view. However, due to the
significant variability in the pre-analytical and analytical factors, as well as the lack of
healthy control groups among studies, the CSF biomarker cut-off points vary across differ-
ent research centers. Moreover, the presence of multiple different criteria for biomarker
classification further confounds accurate biomarker interpretation.

The primary aim of this study was the implementation of four different classification
systems of CSF biomarkers (the t1/A4; ratio, the Tp_131 /A4 ratio, the BBOMARKAPD/ABSI
recommendations and the AT(N) classification system) in a cohort of bvFTD patients
examined in a tertiary referral hospital and to present the possible differences among them
in AD identification.
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The secondary aims of this study were (a) to compare the frequencies of AD pathology
between the possible and probable bvFTD patients and (b) to calculate optimal cut-off
points of the CSF biomarkers for the differentiation of bvFTD from AD patients, after
exclusion of bvFTD patients with a CSF AD biochemical profile.

2. Materials and Methods
2.1. Patients

The medical files of all patients hospitalized from 2008 to 2022 at the “Neurodegen-
erative Disorders and Epilepsy Ward” of the First Department of Neurology, National
and Kapodistrian University of Athens, were screened for cases with a predominant
frontal-dysexecutive and/or behavioral syndrome. For these cases, structural (MRI or
CT) and functional (HMPAO-Spect) imaging data were also retrieved. These data (clin-
ical and imaging) were retrospectively reviewed individually by four neurologists (V.
C, C. K, A.G. and G. L.), and a final diagnosis was set for each patient based on the
established diagnostic criteria (i.e., possible bvFTD vs. probable bvFTD vs. other di-
agnoses) [1]. Based on the established diagnostic criteria, a patient fulfilled the criteria
for possible buFTD if he/she exhibited progressive deterioration in behavior and/or cog-
nition and manifested early symptoms in at least three of the following six domains:
(a) behavioral inhibition; (b) apathy/inertia; (c) loss of empathy/sympathy; (d) persever-
ative/stereotyped/compulsive behavior; (e) hyperorality/dietary changes; and (f) neu-
ropsychological deficits in executive tasks with relative sparing of episodic memory and
visuospatial skills. A patient fulfilled the criteria for probable boFTD if, in addition to the
aforementioned criteria, he/she exhibited a significant functional decline and there were
structural or functional imaging studies that supported the diagnosis. Only patients with
a consensus on the final diagnosis among the four neurologists were included for the
purposes of this study. Of these patients, only the bvFTD patients with available CSF AD
biomarkers (T, Tp.1g1 and AR4,) were included in the analyses. The patients with a positive
family history for dementia or motor neuron disease were excluded.

For comparison, all patients examined from 2008 to 2022 with probable AD dementia
with an increased level of certainty (documented decline) and evidence of the AD patho-
physiological process, according to the most recent established diagnostic guidelines for
AD, were included [3]. The criterion used for evidence of the AD pathophysiological
process was the presence of abnormal T, Tp.181 and A4, based on the cut-off values of the
Neurochemistry and Biomarkers Unit of our department.

Additionally, a control subgroup was included, consisting of otherwise healthy sub-
jects undergoing knee or hip joint surgery or hernia repair under spinal anesthesia. These
subjects had no clinical evidence of any major disease and had a negative history of cog-
nitive or behavioral/psychiatric disorder. Moreover, they all had normal scores upon
neuropsychological testing (Mini Mental State Examination and Frontal Assessment Bat-
tery) prior to operation.

2.2. CSF Sampling and Biomarker Measurements

All patients underwent lumbar puncture at 10-11 am, after overnight fasting, accord-
ing to standard operating procedures in compliance with recommendations to standardize
the pre-analytical confounding factors in the AD CSF biomarkers [20].

Two cohorts were included in this study. For the initial cohort (patients examined
from 2008 to 2017), measurements of Af34p, Tt and tp.13; were performed in duplicate by a
double sandwich, enzyme-linked immunosorbent assay (ELISA), as provided by commer-
cially available kits (“Innotest® hTau antigen”, “@- amyloid1-42” and “phospho-tau181”
respectively, Innotest Europe, Gent, Belgium), according to the manufacturer’s instruc-
tions. These biomarkers were transformed into binary variables (i.e., normal or abnormal),
based on cut-off values of the Unit of Neurochemistry and Biomarkers (A4, < 682 pg/mL;
TT > 376 pg/mL} Tp-181 > 57.76 pg/mL; T/ APgp > 0.6628; and Tp.181/ AP > 0.0904) [21].
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The second cohort consisted of patients examined from 2017 to 2022. The CSF biomark-
ers APy, TT and Tp.1g; were measured in duplicate with ELISA by commercially available
kits (EUROIMMUN Beta-Amyloid (1-42) ELISA, EUROIMMUN Total-Tau ELISA and EU-
ROIMMUN pTau (181) ELISA, respectively), according to the manufacturer’s instructions.
The CSF biomarkers were transformed into binary variables (i.e., normal or abnormal) based
on the cut-off values of the Unit of Neurochemistry and Biomarkers (A4, <480 pg/mL;
T > 400 pg/mL; Tp-181 > 60 pg/mL; TT/A[542 > 0.710; and Tp-181 /Af342 > 0.205) [22].

Thirty-five patients had CSF data on both ELISAs (AD: n = 21; bvFTD: n = 14), resulting
in a greater number of CSF samples compared to subjects.

2.3. CSF Biomarker-Based Classification Systems

Four different classification criteria were applied based on the CSF biomarkers. Firstly,
the AT(N) taxonomic system which, in short, classifies biomarkers of diverse modalities
(CSF biomarkers, structural and PET imaging) into three categories: (i) A: biomarkers
of amyloid pathology, including Af4; (ii) T: biomarkers of tau pathology, including
Tp.181; (iii) (N): biomarkers of neuronal injury /neurodegeneration, including tr. These
CSF biomarkers were transformed into binary variables (i.e., normal vs. abnormal),
by use of the cut-off values of our lab (see Section 2.2). Three major biomarker cate-
gories were produced: (a) “normal biomarkers”: A(—)T(—)N(—); (b) “non-AD pathologic
change”: A(—=)T(+/—)N(+/—); (c) “Alzheimer’s continuum”: A(+)T(+/—)N(+/—). This
last biomarker category was further subdivided into (i) “Alzheimer’s pathologic change”:
A(+)T(—)N(—); (ii) “Alzheimer’s disease”: A(+)T(+)N(+/—); (iii) “Alzheimer’s and con-
comitant suspected non-Alzheimer’s pathologic change”: A(+)T(—)N(+).

Secondly, the criteria of the BIOMARKAPD and Alzheimer’s Biomarkers Standard-
ization Initiative (ABSI) recommendations were applied [18,19]. These recommendations
require the presence of abnormal values in all three CSF biomarkers (AB4, Tr and Tp.181)
for an AD diagnosis. All other patients were categorized as the “non-AD group”.

Lastly, the tp.131/AP4p ratio and the t1/A4, ratio criteria were applied. Several
studies with antemortem CSF biomarker data and postmortem neuropathological data
have supported that these CSF biomarker ratios more accurately reflect the underlying
neuropathological lesions and provide the optimal diagnostic accuracy for the differential
diagnosis of AD from FTLD [14,23,24].

2.4. Ethical Considerations

Written informed consent for participation in this study was provided by all patients
or their next of kin in cases of compromised mental capacity. This study was approved by
the Scientific and Ethics Committee of Eginition Hospital and was performed in accordance
with the guidelines of the 1964 Declaration of Helsinki.

2.5. Statistical Analysis

Initially, the frequencies of AD vs. non-AD CSF profiles in bvFTD (possible and
probable) patients based on the four different classification criteria were calculated. The x2
test was applied to compare frequencies of AD and non-AD patients among the different
classification systems. The comparison among the classification systems included the
BIOMARKAPD/ABSI criteria, the t1/ A4, ratio and the tp_181 /APy ratio, since these
criteria result in the same classification categories (i.e., AD vs. nonAD). The AT(N) was not
included, because it results in multiple CSF biomarker profiles.

The normality of distribution and homogeneity of variances were checked using
Shapiro-Wilk’s and Levene’s tests, respectively. The comparison of the clinical, neuropsy-
chological and CSF biomarker characteristics between groups (bvFTD vs. AD vs. controls)
was performed by analysis of variance (ANOVA) with Bonferroni correction for multiple
analyses or Kruskal-Wallis tests, as appropriate.

To calculate the optimal cut-off points for the discrimination of bvFTD from AD and
of bvFTD from the control subjects, a two-step process was applied, as described elsewhere.
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Initially, the BIOMARKAPD/ABSI criterion was applied in the bvFTD cohort, and bvFTD
patients with an AD CSF biomarker profile were excluded from further analyses. The
same criterion was applied for the AD cohort, since only AD patients with an AD CSF
biochemical profile according to the BIOMARKAPD / ABSI criterion were included. The
BIOMARKAPD/ABSI criterion was selected, because it requires all three CSF biomarkers
(AP4p, TT and Tp.181) to be abnormal for an AD diagnosis, thus theoretically providing
increased specificity at the expense of sensitivity.

Secondly, an ROC curve analysis was applied to determine the discriminative power of
the CSF biomarkers and biomarker ratios for the differentiation of bvFD vs. AD and bvFTD
vs. controls. The cut-off points were determined based on the maximal combined sensitivity
and specificity criterion. The area under the curve (AUC), standard deviation of the AUC
(SD), 95% confidence interval of the AUC and Youden index were also calculated. For
comparison reasons, a stepwise multiple regression analysis was applied in the initial cohort
to investigate the contribution of each biomarker (tr, Tp.131 and Af4) in differentiating
AD from bvFTD.

All analyses were performed using IBM SPSS Statistics® version 23.0.0.0 (SPSS Inc.,
Chicago, IL, USA, 2013). All graphs were designed using GraphPad Prism®, version 5.03
(GraphPad Software Inc., La Jolla, CA, USA, 2009).

3. Results
3.1. Clinical and Demographic Data

A total of 105 patients with bvFTD were included (45 females; 42.9%). Twenty-
one patients (20%) had possible bvFTD and 84 (80%) had probable bvFTD. For com-

parison, 78 patients with probable AD dementia and 62 control subjects were included
(Figure 1, Table 1).

All bvFTD patients Possible bvFTD Probable bvFTD
n=105 n=21 n=84
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Figure 1. Bar plots of the CSF biomarker profiles in all bvFTD (n = 105), possible bvFTD (1 = 21)
and probable bvFID (n = 84) patients. The pies are presented for the whole cohort (a), the
2017-2022 subcohort (b) and the 2008-2017 subcohort (c). Frequencies of <6% are not labeled.
nAD: non-Alzheimer’s disease; bvFTD: behavioral variant frontotemporal dementia.
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Table 1. Clinical, demographic and CSF biomarker data. All data are presented as the mean (SD) or
median (25th-75th quartile); p-values refer to a comparison between all groups (i.e., AD vs. bvFTD
vs. controls); for post-hoc pairwise analysis, p-values are included in Figure 2. Pro: probable;
Pos: possible. f x? test; + ANOVA; * Kruskal-Wallis test.

(0.038-0.077)

(0.039-0.080)

(0.031-0.054)

(0.304-0.650)

(0.033-0.058)

All bvFTD Pro bvFTD Pos bvFTD AD Controls _Val
n =105 n=_84 n=21 n=78 n=62 p-vaiue
Clinical and demographic characteristics
Sex (m/f) 60/45 43/41 17/4 33/45 24/38 0.005
Age (y) 62.5 (9.8) 62.2 (9.6) 635 (10.7) 649 (10.5) 68.6 (10.4) 0.004
Disease §uration (m) 36 (24-36) 36 (24-54) 30 (24-60) 36 (24-48) NA 0.984 *
19.9 (7.8) 19.2 (7.9) 223(7.2) 183 (5.1) 28.7 (1.4) <0.001 +
CSF biomarkers
First cohort (2008-2017)
n =64 n=>52 n=12 n=43 n =36

APy (pg/mL) 661 (471-852) 667 (495-859) 461 (349-667) 412 (342-477) 689 (545-865) <0.001 *
Tr (pg/mL) 334 (235-429) 321(228-408) 401 (270-600) 826 (577-1189) 195 (153-241) <0.001 *
(pe/mL) 43.9 41.6 47.5 94.8 45.5 <0.001 *

Tp-181 (P8/M (32.8-57.8) (32.0-57.4) (40.4-77.8) (77.2-110.3) (39.4-56.2) :
T/ AB 0.47 0.44 0.83 2.12 0.27 <0.001 *

1/ Aba (0.35-0.79) (0.34-0.70) (0.44-1.57) (1.47-2.92) (0.22-0.33) :
. /AR 0.065 0.060 0.089 0.2270 0.060 <0.001 *

P-181/ AP (0.048-0.100) (0.047-0.090) (0.061-0.241) (0.189-0.304) (0.051-0.081) :

Second Cohort (2017-2022)
n=>56 n=46 n=10 n=>56 n=26 <0.001 *
AP (pg/mL) 581 (429-854) 565 (421-809) 813 (512-6) 334 (267-380) 886 (613-1093) <0.001 *
T (pg/mL) 299 (220-396) 300 (222-384) 301 (176-412) 611 (505-757) 258 (199-364) <0.001 *
33.2 325 40.9 127.5 35.5 *
181 (pg/mL) (26.6-41.9) (27.2-412) (25.3-55.2) (105.4-155.3) (27.0-48.6) <0.001

/AR 0.47 0.50 0.23 2.03 0.32 <0.001 *

T/ Aba (0.31-0.75) (0.34-0.79) (0.19-0.53) (1.52-2.52) (0.26-0.46) :
pas/ AP 0.053 0.054 0.047 0.429 0.044 <0.001 *

The first cohort (2008-2017; Innotest) consisted of 143 CSF samples (52 probable
bvFTD, 12 possible bvFTD, 43 AD and 36 control subjects). The second cohort (2017-2022;
Euroimmun) consisted of 138 CSF samples (46 probable bvFID, 10 possible bvFTD, 56 AD
and 26 control subjects).

The subgroups differed in their age (p = 0.004), with the post hoc analysis revealing that
the control subjects were older than the probable bvFTD patients (p = 0.002). The disease
duration did not differ among the study groups. The MMSE scores differed significantly
among groups, with AD patients exhibiting the lowest MMSE scores, as expected. The
possible bvFTD group had a greater male/female ratio compared to the control subjects
and AD (Table 1).

3.2. Comparison of CSF Biomarker Classification Systems

In the total cohort of bvFTD patients (n = 105), 9.5% had Alzheimer’s disease and 26.7%
had Alzheimer’s pathologic change, according to the AT(N) system. The application of the
BIOMARKAPD/ABSI, 11/ AR 4, and tp.181 /AP 4 criteria resulted in 7.6%, 28.6% and 17.1%
of bvFTD patients being classified as having a CSF AD biochemical profile, respectively.
There was no statistically significant difference between the different classification systems
(Figure 1).

3.3. Comparison of Possible and Probable buFTD Patients

The patients with possible bvFTD had higher frequencies of a CSF AD biochemical
profile compared to the probable bvFTD patients. More specifically, 19% of the possible
bvFTD patients had an AD profile according to both the AT(N) and BIOMARKAPD/ABSI
classification systems. The Tr/AP4, and Tp.181 / AP 4y ratios resulted in numerically higher
CSF AD biochemical profiles among the possible bvFTD patients (38.1% and 28.6%, re-
spectively). The respective frequencies were 7.2%, 4.8%, 25.3% and 12.3% for the probable
bvFTD cohort. None of these differences were statistically significant (Figure 1).
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3.4. Comparison of CSF Biomarkers among Study Groups

All CSF biomarkers and biomarker ratios differed significantly among the groups
(p < 0.001). The post hoc pairwise analyses revealed that AD differed from both the bvFID
and control subjects in all CSF biomarkers and ratios (p < 0.0001), both for the Innotest and
Euroimmun ELISAs. The bvFTD group differed from the control group in tr (p < 0.001)

and t1/AB4 (p < 0.001) using the Innotest and in AB4, (p < 0.001) for the EUROIMMUN
ELISA (Table 1, Figure 2).
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Figure 2. Scatterplots of the CSF biomarkers and their ratios in the 2017-2022 subcohort (a,c,e,g,i)
and the 2008-2017 subcohort (b,d,f,h,j). The lines and whiskers represent the median values and
interquartile range. The dotted lines represent the optimal cut-off points for AD vs. bvFTD discrim-
ination based on the ROC curve analysis. The differences in the post hoc pairwise analyses after
Bonferroni correction for multiple comparisons (bvFID vs. AD; bvFTD vs. controls; AD vs. controls)
are included. For the analyses, all bvFTD patients (possible and probable) were used as a single
group. For illustrative purposes, the probable bvFTD and possible bvFTD groups are presented
separately. * p < 0.0001; ** p < 0.001.
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3.5. ROC Curve Analysis

Nine bvFTD patients with an AD biochemical profile, as defined by the BBOMARKAPD/ABSI
recommendations, were excluded before the ROC curve analysis.

For the 2017-2022 cohort, the Tp.1g1 / AP 4y ratio provided the optimal discrimination
for AD vs. bvFTD (AUC: 0.998; cut-off: >0.1787; sensitivity: 98.2%; specificity: 98.1%).
The Tp.131 and t7/ APy, provided comparably high AUCs, sensitivities and specificities
(Figure 3 and Table 2).

100 |- 100 |-
1]
80 sl
[ |
%‘ 60 H g 60 E
é 40 — g g B — Ap42
2 i —_TT o 40H B
— 1P-181 i —1P-181
TTIABA2 I  TTIAbA2
20 —  TP-181/AB42 201 — TP-181/AB42
OH . vy 0H ! { | L {
0 20 40 60 80 100 0 20 40 60 80 100
a 100-Specificity b 100-Specificity

Figure 3. ROC curve analysis of the CSF biomarkers and their ratios for the differentiation of AD from
bvFTD. The data are presented for the subcohort of 2017-2022 (a) and the subcohort of 20082017
(b) samples.

Table 2. Receiver operating characteristic curve analysis of the CSF biomarkers and their ratios for
the differentiation of AD from bvFTD. MLR: multiple linear regression; AUC: area under the curve;
CI: confidence interval; Sens: sensitivity; Spec: specificity.

AUC (SD) 95% CI p-Value Youden Index Cut-Off Sens Spec
First cohort (2008-2017)

ARy 0.885 (0.032) 0.804-0.940 <0.001 0.67 <5771 100 67.3
Tr 0.950 (0.024) 0.887-0.984 <0.001 0.89 >456.1 100 89.1
Tp-181 0.975 (0.018) 0.921-0.996 <0.001 0.93 >61.9 100 92.7
Tr/APg 0.988 (0.011) 0.941-0.999 <0.001 0.95 >0.976 100 94.6
Tp181/ AP 0.985 (0.015) 0.936-0.999 <0.001 0.98 >0.1321 100 98.2
MLR equation 0.931 (0.027) 0.865-0.971 <0.001 0.83 >0.34 95.4 87.5

Second Cohort (2017-2022)
ARy 0.893 (0.033) 0.819-0.944 <0.001 0.70 <430.7 94.6 75.5
Tr 0.959 (0.017) 0.903-0.988 <0.001 0.80 >467 85.7 94.3
Tp-181 0.995 (0.005) 0.957-1.000 <0001 0.96 >74.3 98.2 98.1
Tr/ AR 0.990 (0.010) 0.948-1.000 <0.001 0.96 >1.169 98.2 98.1
Tp181/ APg 0.998 (0.0023) 0.962-1.000 <0.001 0.96 >0.1787 98.2 98.1
MLR equation 0.985 (0.01) 0.941-0.999 <0.001 0.91 >0.37 100 91.1

Stepwise multiple linear regression analysis for the first cohort indicated that AD
could be best predicted by the equation

0.559 + (0004 X TP—181) — (0001 X AB42)

The ROC curve analysis of this equation resulted in an AUC of 0.931.

For the 2008-2017 cohort, the Tt/ A4, ratio provided the highest AUC for AD vs.
bvFTD discrimination (AUC:0.988; cut-off: >0.976; sensitivity: 100%; specificity: 94.6%).
The tp.181 and t1/AB4p ratios provided comparably high AUCs, sensitivities and specifici-
ties (Table 2 and Figure 3).

The stepwise multiple linear regression analysis for this cohort indicated that AD
could be best predicted by the equation

0.564 + (0003 X TP-181) - (0001 X Aﬁ42)
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The ROC curve analysis of this equation resulted in an AUC of 0.985.

4. Discussion

In this retrospective, single-center study, we applied four different criteria for CSF
biomarker interpretation in a cohort of bvFTD patients.

An initial finding of our study was that the incidence of AD in the bvFTD cohort
varied from 7.6% to 28.6%, depending on the classification criterion applied. Neuropatho-
logical studies on the subject have provided comparable results. In the largest cohort of
bvFTD patients with a neuropathological confirmation to date, 13% of patients had an
AD pathology [2]. In another neuropathological cohort of 86 patients with bvFID, 17%
had AD [25]. However, a smaller clinicopathological study including 32 bvFTD patients
reported a single patient (3%) with AD pathology [26].

Several studies have focused on CSF biomarker profiles in bvFTD. A study of
43 FTID patients (31 with bvFTD) concluded that 21% had an AD CSF biochemical profile,
as defined by a decrease in Af4; combined with an increase in Tt [27]. Foiani et al. imple-
mented the A4, criterion to differentiate between AD and non-AD patients in a cohort of
66 patients with a clinical diagnosis of FID (21 with bvFTD). Twenty-one patients (31.8%)
were classified as AD [28]. However, a study including 14 bvFD patients did not report any
patient with an AD CSF profile, based on the t1/A 4, ratio criterion [29].

A neuropathological study of 182 patients focused on the correlations of the
AT(N) classification system and the underlying pathology [30]. In this study, none of the
64 autopsy-confirmed FTLD patients had an Alzheimer’s disease profile based on AT(N).
Interestingly, only 78% of typical amnestic and 45% of atypical non-amnestic AD patients
had an Alzheimer’s disease AT(N) profile. These data imply a high specificity and neg-
ative predictive value but a suboptimal sensitivity of the AT(N) criteria in predicting
AD pathology.

A second finding was that the application of the 1/ AR42 and Tp.181/ AR 47 ratio criteria
resulted in higher incidences of AD compared to the AT(N) and BIOMARKAPD/ABSI
criteria in our cohort. To the best of our knowledge, studies directly comparing different
classification systems in bvFTD cohorts are lacking. We previously applied the same criteria
(with the exception of the t1r/Af4; ratio) in a cohort of corticobasal syndrome patients
(another atypical phenotype of AD) [22]. In this study, the three classification systems
yielded comparable incidences of AD, although the sample size was significantly smaller
(n = 40).

In our cohort, the possible bvFTD patients had a greater incidence of AD (19-38.1%)
compared to the probable bvFTD patients (4.8-25.3%). This difference may reflect the
increased specificity of the probable bvFID criteria compared to the possible bvFTD criteria,
at the expense of sensitivity. This finding was confirmed in a neuropathological study of
117 bvFTD patients [2]. This cohort was classified clinically into low, intermediate and high
confidences of a clinical bvFTD diagnosis, with a lower confidence of clinical diagnosis
correlated with a higher incidence of AD pathology.

Multiple studies have compared CSF biomarkers quantitatively between AD and
bvFID cohorts in an effort to define the optimal cut-off points for their differentiation.
These studies have produced conflicting results, which can be attributed to the differences
in the pre-analytical and analytical factors, as well as the inclusion criteria, diagnostic
criteria and study designs. Regarding T, most relevant studies report an increase in
bvFTD compared to healthy controls [6,7,11-13,31], although some studies have reported
no difference [9,10,32]. A single study has reported a decrease in Tt in a subgroup of
FTLD patients [8]. Likewise, several studies report a relative decrease in A4, levels in
FTLD [11,13], whereas others did not find any difference from control groups [10,12,31].
Studies on Tp.1g1 have also provided conflicting results [13,31,32].

A methodological issue in studies investigating possible inherent neurochemical
differences between FTLD and AD is the significant clinical-pathological overlap between
these two disorders. Thus, particularly for CSF biomarker studies, a two-step approach
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may provide more robust data on possible CSF biomarker differences. The first step would
include the application of a CSF AD classification criterion in order to avoid contamination
of typical amnestic patients from non-AD pathologies, as well as of atypical non-amnestic
patients from AD. The second step would involve a comparison of quantitative CSF
biomarker levels. This two-step approach has been implemented previously, both in CBS
cohorts and bvFTD cohorts [33,34].

In order to define the optimal cut-off points for the differentiation of bvFTD from
AD, we implemented a two-step algorithm. Initially, we opted to exclude all bvFTD
patients with a CSF AD biochemical profile through the use of the BBOMARKAPD/ABSI
criterion due to the fact of its increased specificity, which additionally excluded cases with
a mixed AD and FTD pathology. We subsequently compared the CSF biomarker levels
between this bvFTD cohort and an AD cohort with evidence of the AD pathophysiological
process in order to exclude patients with a non-AD underlying pathology and a typical
amnestic syndrome.

For the EUROIMMUN assay, the cut-offs values for AD vs. bvFID discrimination
were lower for APy, (<430.7 pg/mL vs. <480 pg/mL) and higher for tr (>467 pg/mL vs.
>400 pg/mL) and Tp.181 (>74.3 pg/mL vs >60 pg/mL) compared to the established cut-off
values of our Neurochemistry and Biomarkers Unit, which are based on AD vs. control
subjects differentiation. The Innotest assay resulted in similar results; the cut-off points for
AD vs. bvFTD differentiation were lower for A4, (<577.1 pg/mL vs. <682 pg/mL) and
higher for tr (>456 pg/mL vs. >376 pg/mL) and 1p.181 (>61.9 pg/mL vs. >56.7 pg/mL)
compared to the established cut-off values for AD vs. controls differentiation.

By contrast, the bvFTD group differed significantly from the control group in Tt and
T1/ A4y in the 2008-2017 cohort and in A4 in the 2017-2022 cohort. However, none of
these differences resulted in clinically meaningful differences after the ROC curve analysis.
Taken together, these data imply that there may be an inherent mild increase in Tt and
Tp.181, as well as a mild decrease in A4, in bvFTD due to the fact of non-AD pathologies
compared to healthy subjects.

A limitation of this study, as is the case with the majority of CSF biomarker stud-
ies, is the lack of neuropathological confirmation of diagnoses. To this end, we applied
the most recently established diagnostic criteria and relied on a consensus of four neu-
rologists to establish a clinical diagnosis. Moreover, the implementation of a two-step
approach, as described previously, assisted in the identification of cases with atypical
clinical presentations.

CSF AD biomarkers represent a pivotal step forward, both from a clinical and from
a research standpoint. However, difficulties in the application of these biomarkers in
everyday clinical practice remain. The standardization of the pre-analytical and analytical
factors is the most important step forward in order to achieve reproducible CSF biomarker
measurements among different centers and to establish universally accepted cut-off points.
Another issue that needs to be addressed is the optimal criteria for CSF biomarker inter-
pretation. To this end, this study presented data on four different classification criteria
in a single-center environment. A comparison of these CSF biomarker criteria against
neuropathological data would greatly enhance our understanding of the advantages and
drawbacks of each of these criteria and their role in clinical practice.
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