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Abstract
Introduction The differentiation between Alzheimer’s disease (AD) and behavioral-variant frontotemporal dementia 
(bvFTD) can be complicated in the initial phase by shared symptoms and pathophysiological traits. Nevertheless, 
advancements in understanding AD’s diverse pathobiology suggest the potential for establishing blood-based 
methods for differential diagnosis.

Methods We devised a novel assay combining immunoprecipitation and mass spectrometry (IP-MS) to quantify 
Amyloid-beta (Aβ) peptides in plasma. We then assessed its performance against existing assays (Shimadzu and 
Simoa) and evaluated a range of other blood-based biomarkers, including GFAP, NfL, and pTau-181, for differentiating 
between AD and bvFTD.

Results The novel IP-MS assay measuring the Aβ42/40 ratio demonstrated an AUC of 0.82 for differentiating AD 
from control subjects. While it did not significantly outperform the composite biomarker score from the Shimadzu 
assay (AUC = 0.79, P = 0.67), it significantly outperformed the Shimadzu Aβ42/40 ratio (AUC = 0.65, P = 0.037) and the 
Simoa Aβ42/40 assay (AUC = 0.57, P = 0.023). Aβ biomarkers provided limited utility in distinguishing AD from bvFTD. 
In contrast, pTau181 and GFAP exhibited strong discriminatory power for differentiating AD from bvFTD, with AUCs of 
0.90 and 0.87, respectively. Combining pTau181 and GFAP enhanced diagnostic accuracy, achieving an AUC of 0.94.

Conclusion We introduced a novel IP-MS assay that demonstrated comparable precision to the Shimadzu composite 
score in differentiating AD from non-neurodegenerative control groups. However, Aβ levels did not enhance the 
discrimination between AD and bvFTD. Furthermore, our findings support the utility of combining pTau181 and GFAP 
as a robust strategy for the blood-based differentiation of AD and bvFTD.
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Introduction
Alzheimer’s disease (AD) manifests as a mixed pro-
teinopathy in which Amyloid pathology and tau-pathol-
ogy work in concert to induce cognitive decline [1]. 
Recent advances have substantially enhanced our under-
standing of AD’s complex and varied pathobiology [2]. 
This progress has led to the identification of specific 
pathobiological traits and their corresponding biofluid 
markers. Furthermore, technological innovations have 
enabled the quantification of these biomarkers in blood, 
expanding beyond their initial discovery in cerebrospinal 
fluid (CSF) [3]. Despite these advancements, differentiat-
ing AD from bvFTD remains a significant clinical chal-
lenge, largely due to their overlapping symptoms and 
pathophysiological traits. bvFTD is part of the broader 
FTLD spectrum, which encompasses diverse underly-
ing pathologies, including tauopathies and TDP-43 pro-
teinopathies, further complicating accurate diagnosis.

The focus in AD diagnostics is increasingly on tau pro-
tein with its phosphorylated amino acid residues, which 
arise as crucial biomarkers for blood-based diagnosis [4–
6]. Emerging evidence suggests that tau protein with site-
specific phosphorylation can specifically correlate with 
either amyloid pathology or tau-pathology [7–10]. How-
ever, the exact mechanisms underlying these associations 
remain elusive. Furthermore, elevated levels of phos-
phorylated tau have been correlated with renal dysfunc-
tion, a connection not observed with the amyloid-beta 
(Aβ) 42/40 ratio [11, 12]. This distinction underscores 
the complex interplay between tau and amyloid pathol-
ogies in AD. Considering potential confounders such 
as patients with comorbidities like kidney disease, the 
use of a panel of biomarkers may better control factors 
affecting individual biomarker classes. The direct rela-
tionship between the Aβ42/40 ratio and the formation 
of amyloid plaques is well-documented, reinforcing the 
significance of these biomarkers in understanding and 
diagnosing AD. The initial efforts to clinically validate 
blood-based assays for the measurement of Aβ peptides 
faced considerable obstacles, primarily due to their low 
abundance and propensity to adhere to surfaces, which 
limited the effectiveness of early enzyme-linked immu-
nosorbent assays (ELISA). Recent advancements have led 
to the development of several assays for quantifying Aβ 
peptides, notably through IP-MS with mass spectrom-
etry and through immunoassays utilizing the Single Mol-
ecule Array (Simoa) platform [13–16]. These assays offer 
a promising avenue for assessing amyloid load in AD 
brain, thereby playing a pivotal role in the preliminary 
screening of clinical trial participants. This development 

is particularly significant given that individuals with dif-
ferent manifestations of amyloid and tau pathologies may 
exhibit varied responses to specific therapeutic interven-
tions. Furthermore, amyloid pathology is, excluding cases 
presenting with AD comorbidity, conspicuously absent 
in syndromes of the frontotemporal lobar degeneration 
(FTLD) disease spectrum. Consequently, these assays 
hold potential for facilitating the differentiation between 
AD and FTLD cases.

In this study we extend our analysis beyond the con-
ventional focus on phosphorylated tau. In addition to 
amyloid pathology, aberrations between AD and FTLD 
are observed in inflammatory responses of reactive astro-
cytes, and in the level of axonal damage. These anoma-
lies can be tracked through the quantification of Glial 
fibrillary acidic protein (GFAP) and Neurofilament light 
protein (NfL) respectively. Our research evaluates the 
diagnostic performance of plasma Aβ assays alongside 
other blood-based biomarkers for the differential diag-
nosis of AD and FTLD. Specifically, we compare the 
outcomes of three distinct Aβ assays conducted on vari-
ous platforms: (1) immunoprecipitation-mass spectrom-
etry (IP-MS) with Matrix-Assisted Laser Desorption/
Ionization-Time of Flight (MALDI-TOF) detection, (2) 
an immunoassay utilizing the Simoa platform, and (3) a 
newly-developed IP-MS assay with Electrospray Ioniza-
tion-Multiple Reaction Monitoring (ESI-MRM). Addi-
tionally, we evaluate the comparative effectiveness of 
these assays alongside other available blood-based bio-
markers, including NfL, GFAP, and pTau-181, in distin-
guishing AD from NNC and bvFTD.

Methods
Study participants
Participants were recruited at the Department of Neu-
rology, Ulm University Hospital, within the German 
FTLD consortium (www.ftld.de), a quality-controlled, 
monitored, multicentre initiative. The study cohort com-
prised individuals with clinically diagnosed Alzheimer’s 
disease (AD; n = 18) and behavioral-variant frontotem-
poral dementia (bvFTD; n = 20), alongside non-neurode-
generative controls (NNC). All participants underwent 
a standardized neurological and neuropsychological 
examination, along with brain MRI. Cognitive function 
was assessed using the Mini-Mental State Examination 
(MMSE). The NNC group included individuals with 
normal clinical and cognitive assessments who did not 
meet criteria for dementia or other neurological or psy-
chiatric disorders. The diagnosis of bvFTD was estab-
lished according to Rascovsky et al., while AD diagnosis 
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was confirmed according to McKhann [17, 18]. Differen-
tial diagnosis of AD and bvFTD was supported by CSF 
core AD biomarkers (Aβ42, pTau181, t-Tau) but not for 
all patients. bvFTD participants were negative for amy-
loid pathology. CSF (lumbar puncture) and EDTA plasma 
were collected, centrifuged and stored within two hours 
at -80  °C. All individuals or their legal proxies provided 
written informed consent for inclusion into this study 
and it was approved by the ethics committee of Ulm Uni-
versity (approval number 39/11). Demographic details of 
the participants are summarized in Table 1.

Determination of AD core biomarkers in CSF
CSF levels of Aβ42, pTau181 and t-Tau were measured 
by ELISA (Fujirebio, Gent, Belgium) during diagnos-
tic workup of patients in the routine CSF laboratory of 
the Department of Neurology, Ulm University Hospi-
tal, according to local SOPs and under regular quality 
control.

IP-MS measurement of Aβ38, Aβ40 and Aβ42 in plasma 
samples (Ulm)
EDTA plasma samples, calibrators and QC samples 
(490μL each) were mixed with 15N-Aβ38, 15N-Aβ40 and 
15N-Aβ42 (rPeptide, Watkinsville, GA, USA) as internal 
standards, with triethylammonium bicarbonate (TEAB, 
final 120mM) and Tween 20 (final 0.05%). Magnetic 
beads (0.5  mg per sample, Thermo 14302D) covalently 
coupled with 6E10 antibody (Biolegend, 2 μg/mg beads) 
were added to each sample and incubated on a rotator 
over night at 4  °C. Beads were washed three times with 
500μL 50mM TEAB/0.1% n-Dodecyl-β-D-maltoside and 
eluted with 25μL 50mM glycine HCl (pH 2.5). The eluted 
Aβ peptides were digested with 10μL of a TrypN working 
solution (12.5ng/μL, Protifi, Fairport, NY, USA) for 2.5 h 
at 37 °C and stopped with 10μL of 0.5% TFA in acetoni-
trile and stored in the autosampler at 4 °C. A volume of 
20μL was injected into a QTRAP6500 mass spectrometer 
(Sciex) coupled to an Eksigent MicroLC200 and Agilent 
1260 pump. Peptides were loaded on an Acclaim Pep-
Map100, C18 trap column (5  μm, 0.3 × 5  mm, Thermo) 

Table 1 Demographic characteristics of patient samples
Demographic characteristics AD NNC bvFTD P-value
N 18 12 20
Age at sampling (years) 67 [61–73] 71 [59–74] 63 [59–67] 0.266
Sex (male/female) 11/7 5/7 13/7 0.409
CSF Aβ42 (pg/mL) 536

[469–569]
(n = 11)

- 1072
[908–1154]
(n = 20)

< 0.0001

CSF t-tau (pg/mL) 830
[617–1136]
(n = 11)

- 324
[283–514]
(n = 20)

< 0.001

CSF p-tau181 (pg/mL) 111 [63–164]
(n = 11)

- 54 [39–60]
(n = 20)

< 0.05

MMSE 19 [16–25]
(n = 15)

29 [28–30]
(n = 11)

25 [23.5–27]
(n = 19)

< 0.0001

Plasma GFAP (pg/mL) 282 [186–377] 130 [96–191] 127 [105–164] < 0.001
Plasma NfL (pg/mL) 31.5 [21.9–38.8] 15.2 [13.4–23.9] 51.7 [28.2–77.8] < 0.01
Plasma pTau-181 (pg/mL) 2.11 [1.84–2.64] 1.17 [1.02–1.31] 0.98 [0.78–1.26] < 0.0001
Plasma Aβ40 Simoa, (pg/mL) 222 [201–254]

(n = 16)
231 [211–314]
(n = 12)

206 [178–235]
(n = 19)

0.097

Plasma Aβ40 Shimadzu (pg/mL) 8.01 [6.27–8.84] 8.11 [6.82–9.23] 7.34 [6.60 − 8.54] 0.723
Plasma Aβ40 Ulm (pg/mL) 455 [410–484] 452 [423–573] 452 [400–487] 0.671
Plasma Aβ42 Simoa (pg/mL) 8.94 [8.03–9.79]

(n = 16)
10.0 [8.96–12.9]
(n = 12)

9.19 [7.95–10.8]
(n = 19)

0.313

Plasma Aβ42 Shimadzu (pg/mL) 0.35 [0.32–0.41] 0.38 [0.38–0.44] 0.36 [0.32–0.39] 0.079
Plasma Aβ42 Ulm (pg/mL) 58.8 [54.9–64.0] 68.1 [63.0–82.5] 57.7 [53.6–65.6] < 0.05
Plasma Aβ42/40 Simoa 0.039 [0.036–0.041]

(n = 16)
0.040 [0.037–0.047]
(n = 12)

0.046 [0.042–0.051]
(n = 19)

< 0.05

Plasma Aβ42/40 Shimadzu 0.044 [0.042–0.051] 0.048 [0.045–0.055] 0.048 [0.042 − 0.052 0.372
Plasma Aβ42/40 Ulm 0.131 [0.123–0.138] 0.145 [0.139 − 0.167] 0.130 [0.125–0.142] < 0.01
Shimadzu composite score 0.719 [0.028–1.12] -0.126 [-0.473–0.136] 0.281 [-0.222–0.661] < 0.05
Note: Demographics are expressed as median values along with their interquartile ranges. For the analysis of continuous variables, the Kruskal-Wallis test was 
applied to assess disparities among the groups. Furthermore, the chi-square test for goodness of fit was employed for the examination of categorical variables. 
P-values derived from these analyses are provided within the table for reference and interpretive purposes. The number of samples is indicated per group in the 
demographic characteristics, or stated within the cell if aberrant
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using mobile phase A: 0.05% TFA and mobile phase B: 
90% acetonitrile, 0.1% ammonium hydroxide and a flow 
rate of 200μL/min. Separation of peptides was performed 
on a HALO Fused-Core C18, 100 × 0.5  mm analyti-
cal column (Eksigent, Framingham, MA, USA) at 60  °C 
and a gradient time of 9.85 min (5–35%B, total run time 
17.5  min) with mobile A: 4% DMSO, 0.1% formic acid 
and mobile phase B: 4% DMSO, 96% acetonitrile, 0.1% 
formic acid. Peptides were infused into the QTRAP6500 
mass spectrometer by electrospray ionization and mea-
sured in MRM mode using the following transitions: 
Aβ38 (aa28-38, 508.3→784.5 (b8+), 508.3→883.5 (b9+), 
508.3→653.4 (b7+)); Aβ40 (aa28-40, 607.4→997.6 (b11+), 
607.4→548.8 (b12++), 607.4→499.3 (b11++)); Aβ42 
(aa28-42, 699.4→598.4 (b13++), 699.4→548.8 (b12++), 
699.4→1096.7 (b12+)). Data were analysed using Skyline 
software v23.1 and for quantification, external calibra-
tion curves were generated using the light-to-heavy peak 
area ratios of calibrator samples and a quadratic function 
with 1/x² weighting. Calibrator samples (8-point calibra-
tion) were prepared in a surrogate matrix (3% bovine 
serum albumin in PBS) using synthetic Aβ38, Aβ40 and 
Aβ42 (Sigma) in the range of 1-100pg/mL (Aβ38, Aβ42) 
and 10-1000pg/mL (Aβ40). Plasma QC samples were 
included in all runs to monitor performance of measure-
ments. The method was validated in terms of intraassay 
(1.2–10.5%) and interassay CV (3.4–7.4%), dilution sta-
bility (tested for 2- and 4-fold dilution, accuracy 89.9-
110.7%), spike-in recovery (20pg/mL for Aβ38 and Aβ42, 
200pg for Aβ40, recovery 93.1-100.4%) and stability at 
room temperature for 2 h and up to 3 freeze-thaw-cycles 
(accuracy 80.2-108.1%). Intraassay CV of QC samples 
during measurement of patient samples was 1.2–10.5%.

IP-MALDI-MS measurement of Aβ40, Aβ42 and composite 
biomarker in plasma samples (Shimadzu)
Measurements of Aβ peptides, Aβ40 and Aβ42, along 
with the amyloid precursor protein fragment APP669-
711, were performed at The Centre Hospitalier Universi-
taire (CHU) of Montpellier. Quantification was achieved 
using MALDI-TOF MS (AXIMA Assurance, Shimadzu) 
following dual IP, as previously described. Briefly, the 
IP utilized Dynabeads M‐270 Epoxy as the solid phase, 
coated with the mouse monoclonal antibody 6E10. A 
composite biomarker was then derived by calculating the 
mean Z-score of the ratios Aβ40/Aβ42 and APP669‐711/
Aβ42.

Determination of Aβ40, Aβ42, GFAP, pTau181 and NfL in 
plasma samples by Simoa and Ella
Simoa measurements were performed with a HD-1 
analyzer in Ulm. Aβ40 and Aβ42 were measured in 
plasma samples using the Neurology 3-plex A (N3PA) 
assay (Quanterix, Billerica, MA, USA) according to the 

manufacturer’s instructions. Intraassay CV of plasma 
QC samples was 2.5–5.5%. GFAP was measured with 
the Simoa GFAP Discovery Kit (intraassay CV 3.4%) and 
pTau181 with the pTau181 Advantage V2 Kit (intraas-
say CV 14.5%). NfL was measured in plasma samples 
with the Ella automated microfluidic immunoassay (Ella 
Human NF-L Kit from ProteinSimple, San Jose, CA, 
USA) (intraassay CV 18.7%).

Data analysis
Graphical analyses were conducted in R (version 4.3.0). 
Sample size estimation was based on a power analysis 
of the composite biomarker score from the IP-MS assay 
(Shimadzu) using a previously published dataset [14]. We 
assumed a moderate effect size to justify a power of 0.80 
and an alpha level of 0.05, estimating a minimum sample 
size of 13 to detect differences between AD and control 
groups. Scatterplots were generated using ggplot2, and 
Spearman’s rank correlation assessed inter-assay correla-
tions. Levene’s test evaluated homogeneity of variances, 
and Shapiro-Wilk tests of raw and log-transformed 
residuals assessed normality. Group comparisons were 
performed with rank-based ANCOVA adjusted for age 
and sex, followed by Mann-Whitney U tests with Bonfer-
roni correction for post hoc analysis. Receiver Operating 
Characteristic (ROC) analysis was used to assess classi-
fication performance. Statistical comparisons of AUCs 
between assays were performed using the DeLong test.

Results
Comparison of three plasma Aβ assays
A strong correlation was observed across the Aβ40 con-
centrations in patient samples, as determined by various 
assays (Fig. 1). The novel assay dubbed “ULM” executed 
with IP-MS utilizing ESI-MRM, showed a good correla-
tion, with Spearman’s rho values of 0.74 (P ≤ 0.0001) with 
the Shimadzu assay, and a correlation of 0.80 (P ≤ 0.0001) 
with the assay executed on the Simoa platform. A moder-
ate to good correlation was observed in Aβ 42 concentra-
tions, with Spearman’s rho values of 0.61 (P ≤ 0.0001) with 
the Shimadzu assay, and a correlation of 0.71 (P ≤ 0.0001) 
with the assay executed on the Simoa platform. Only 
a weak correlation was observed in the Aβ42/40 ratio 
between the ULM assay and the Shimadzu assay, with a 
Spearman’s rho of 0.30 (P ≤ 0.05), and a weak to moder-
ate correlation of 0.46 (P ≤ 0.001) with the Aβ42/40 ratio 
on the Simoa platform. Comparatively, the Shimadzu 
assay’s correlations with the Simoa platform were mod-
est but slightly lower, with Spearman’s rho values of 0.68 
(P ≤ 0.0001) for Aβ40, 0.57 (P ≤ 0.0001) for Aβ42, and 0.28 
with for the Aβ42/40 ratio. However, the latter was above 
the threshold of statistical significance with P > 0.05.
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Group-wise comparison for differential diagnosis
We conducted group-wise comparisons of plasma bio-
markers using boxplots (Fig.  2) to evaluate their abil-
ity to distinguish between patient groups for differential 
diagnosis. The Simoa assay did not achieve statistical 
significance in differentiating AD patients from NNC. 
However, it demonstrated significant discrimination 
between AD and bvFTD (P < 0.01) based on the Aβ42/40 
ratio. The Shimadzu assay reached statistical signifi-
cance in differentiating AD and NNC only when using 
the composite biomarker score (P < 0.01). In contrast, the 
ULM assay exhibited robust discrimination capabilities, 
achieving significance in differentiating AD patients from 
NNC using both Aβ42 and the Aβ42/40 ratio (P < 0.01, 
and P < 0.01, respectively). Both measures were also sig-
nificant in distinguishing bvFTD from NNC (P < 0.05, 
and P < 0.01, respectively).

Established blood-based biomarkers, including GFAP, 
NfL, and pTau181, demonstrated superior differentiation 
capabilities across groups. GFAP effectively distinguished 
AD from bvFTD and NNC (P < 0.0001 and P < 0.001, 
respectively). NfL achieved significance in differentiat-
ing bvFTD and AD from NNC (P < 0.001 and P < 0.01, 
respectively), while pTau181 distinguished AD from 
both bvFTD and NNC with high statistical significance 
(P < 0.0001 for both comparisons).

Classification based on plasma Aβ and blood-based 
biomarkers
We conducted ROC analysis to assess the classification 
performance of biomarkers and assays (Fig.  3; Table  2). 
Comprehensive ROC analyses, including DeLong’s test 
comparisons, are presented in Supplementary Tables 
1–3. In the discrimination of AD from NNC, pTau181 

Fig. 1 Scatter plots visualizing the correlations between plasma concentrations of Aβ40 and Aβ42, along with the Aβ42/Aβ40 ratio, across various as-
says. Each point represents data from a single clinical sample. Concentrations of Aβ40 and Aβ42 were determined using three different assays: Shimadzu, 
Simoa, and the newly developed Ulm assay. A regression line in purple indicates the overall trend, with lighter purple shading denoting the confidence 
interval. The analysis employs Spearman’s rank correlation to calculate correlation coefficients, highlighting the relationships among these assays. Mar-
ginal density plots along the x (teal) and y axes (red) illustrate the distribution of the data for each variable
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demonstrated a notable AUC of 0.90 (95% CI: 0.78–1.00), 
followed by GFAP (AUC = 0.85, 95% CI: 0.72–0.99). 
The Aβ42/40 ratio and Aβ42 concentration, both mea-
sured using the ULM Assay, and the composite score 

derived from the Shimadzu assay, displayed AUCs of 
0.82 (95%CI = 0.67–0.97), 0.82 (95%CI = 0.67–0.97), 
and 0.79 (95%CI = 0.63–0.95), respectively. The ULM 
Aβ42/40 assay (AUC = 0.82) did not show a statistically 

Fig. 2 Comparative analysis of blood-based biomarker levels in clinical samples individuals with Alzheimer’s disease (AD, n = 18), behavioral-variant 
frontotemporal dementia (bvFTD, n = 20), or non-neurodegenerative controls (NNC, n = 12). The distribution of biomarker levels across groups is visual-
ized using boxplots overlaid with dot plots, showing both the interquartile range and individual data point distribution. Statistical comparisons were 
conducted using rank-based ANCOVA to assess overall differences among groups, with age and gender as covariates. Pairwise Mann-Whitney U tests 
with Bonferroni correction for multiple comparisons were performed for post-hoc analyses. Significance levels are denoted as follows: *P ≤ 0.05, **P ≤ 0.01, 
***P ≤ 0.001, and ****P ≤ 0.0001
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significant difference from the Shimadzu composite score 
(AUC = 0.79; p = 0.67). However, it significantly outper-
formed both the Shimadzu Aβ42/40 assay (AUC = 0.65; 
p = 0.037) and the Simoa Aβ42/40 assay (AUC = 0.57; 
p = 0.023). The Shimadzu composite score also displayed 
a higher, though non-significant, AUC than the Simoa 

assay (p = 0.11). In distinguishing AD from bvFTD both 
pTau181 and GFAP retained prominence, yielding an 
AUC of 0.90 (95%CI = 0.79–1.00) and 0.87 (95%CI = 0.76–
0.98), respectively. A lower classification efficacy to dif-
ferentiate AD from bvFTD instances was observed for 
Aβ assays and NfL, with only Aβ42/40 measured with 

Fig. 3 Comparison of the area under the curve (AUC) values of blood-based assays and biomarkers across three pairwise group comparisons: (A) Al-
zheimer’s disease (AD) vs. non-neurodegenerative controls (NNC), (B) behavioral variant frontotemporal dementia (bvFTD) vs. NNC, and (C) AD vs. bvFTD. 
The AUC for each biomarker was calculated from ROC analyses. Pairwise AUC comparisons were performed using the DeLong test. Each panel presents 
a heatmap showing AUC differences between biomarkers, with the point size reflecting the AUC value of the biomarker on the y-axis. The color intensity 
represents the absolute AUC difference between the biomarker on the y-axis and the corresponding biomarker on the x-axis. Statistically significant dif-
ferences are labeled with significance levels: ***, **, and *, corresponding to p-values of ≤ 0.001, ≤ 0.01, and ≤ 0.05, respectively. Biomarkers are arranged 
by AUC from highest to lowest on the y-axis
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Simoa reaching an AUC of 0.76 (95%CI = 0.58–0.93). 
Furthermore, NfL was most effective in differentiat-
ing bvFTD from NNC groups, with an AUC of 0.88 
(95%CI = 0.77–1.00).

Classification of AD and bvFTD instances by biomarker 
combinations
Logistic regression models were used to evaluate whether 
combinations of biomarkers could improve classifica-
tion efficacy between AD and bvFTD cases. The high-
est AUC was obtained with the combination of pTau181 
and GFAP (AUC = 0.94, 95%CI: 0.86–1.00) (Fig. 4), but no 
notable improvements were observed when adding either 
Aβ42, Aβ40, or Aβ42/40 to the equations. The same 

Table 2 Diagnostic accuracy of Aβ40, Aβ42, Aβ42/40 ratio across assays, NfL, GFAP, and p-tau181
AD vs. NNC n AUC 95% CI Sensitivity Specificity
Aβ40 Simoa 16/12 0.64 [ 0.41–0.86 ] 0.50 0.75
Aβ40 Shimadzu 18/12 0.56 [ 0.34–0.78 ] 0.72 0.42
Aβ40 Ulm 18/12 0.44 [ 0.21–0.67 ] 0.44 0.67
Aβ42 Simoa 16/12 0.68 [ 0.45–0.90 ] 0.75 0.58
Aβ42 Shimadzu 18/12 0.69 [ 0.49–0.88 ] 0.67 0.75
Aβ42 Ulm 18/12 0.82 [ 0.67–0.97 ] 0.67 0.83
Aβ42/40 Simoa 16/12 0.57 [ 0.33–0.80 ] 0.75 0.50
Aβ42/40 Shimadzu 18/12 0.65 [ 0.45–0.85 ] 0.56 0.75
Aβ42/40 Ulm 18/12 0.82 [ 0.67–0.97 ] 0.78 0.83
Aβ composite score
Shimadzu

18/12 0.79 [ 0.63–0.95 ] 0.72 0.75

Plasma GFAP 18/12 0.85 [ 0.72–0.99 ] 0.72 0.83
Plasma NfL 18/12 0.79 [ 0.78–1.00 ] 0.72 0.75
Plasma pTau181 18/12 0.90 [ 0.78–1.00 ] 0.83 0.92
bvFTD vs. NNC n AUC 95% CI Sensitivity Specificity
Aβ40 Simoa 19/12 0.72 [ 0.54–0.91 ] 0.63 0.75
Aβ40 Shimadzu 20/12 0.59 [ 0.38–0.80 ] 0.65 0.58
Aβ40 Ulm 20/12 0.41 [ 0.20–0.63 ] 0.55 0.5
Aβ42 Simoa 19/12 0.60 [ 0.37–0.82 ] 0.53 0.75
Aβ42 Shimadzu 20/12 0.74 [ 0.56–0.93 ] 0.75 0.75
Aβ42 Ulm 20/12 0.77 [ 0.60–0.93 ] 0.65 0.83
Aβ42/40 Simoa 19/12 0.67 [ 0.47–0.87 ] 0.74 0.58
Aβ42/40 Shimadzu 20/12 0.39 [ 0.18–0.60 ] 0.5 0.58
Aβ42/40 Ulm 20/12 0.79 [ 0.63–0.95 ] 0.8 0.67
Aβ composite score
Shimadzu

20/12 0.67 [ 0.48–0.86 ] 0.6 0.75

Plasma GFAP 20/12 0.48 [ 0.25–0.70 ] 0.65 0.5
Plasma NfL 20/12 0.88 [ 0.77–1.00 ] 0.75 0.83
Plasma pTau181 20/12 0.62 [ 0.41–0.83 ] 0.55 0.83
AD vs. bvFTD n AUC 95% CI Sensitivity Specificity
Aβ40 Simoa 16/19 0.61 [ 0.42–0.81 ] 0.62 0.58
Aβ40 Shimadzu 18/20 0.51 [ 0.31–0.70 ] 0.56 0.65
Aβ40 Ulm 18/20 0.55 [ 0.36–0.74 ] 0.44 0.75
Aβ42 Simoa 16/19 0.56 [ 0.37–0.76 ] 0.75 0.42
Aβ42 Shimadzu 18/20 0.50 [ 0.31–0.69 ] 0.56 0.60
Aβ42 Ulm 18/20 0.52 [ 0.33–0.71 ] 0.61 0.50
Aβ42/40 Simoa 16/19 0.76 [ 0.58–0.93 ] 0.88 0.74
Aβ42/40 Shimadzu 18/20 0.54 [ 0.35–0.73 ] 0.56 0.65
Aβ42/40 Ulm 18/20 0.44 [ 0.25–0.63 ] 0.50 0.55
Aβ composite score
Shimadzu

18/20 0.62 [ 0.44–0.81 ] 0.61 0.70

Plasma GFAP 18/20 0.87 [ 0.76–0.98 ] 0.78 0.80
Plasma NfL 18/20 0.62 [ 0.44–0.81 ] 0.83 0.55
Plasma pTau181 18/20 0.90 [ 0.79–1.00 ] 0.89 0.90
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observation was made in models without pTau181. How-
ever, comparative analysis using DeLong’s test for ROC 
curves revealed that none of the biomarker combinations 
significantly outperformed their individual counterparts. 
This outcome may reflect the limited statistical power 
due to the small sample size.

Discussion
In this study, we compared a large panel of blood bio-
markers to determine their effectiveness in the differen-
tial diagnosis of AD and bvFTD. This evaluation included 
a novel IP-MS assay for the quantification of Aβ peptides 
in plasma. Plasma pTau181 and GFAP showed the best 
diagnostic performance, which was further enhanced 
when combined. Conversely, NfL and Aβ peptides dem-
onstrated limited diagnostic value. In comparison to 
existing Aβ assays (Shimadzu, Simoa), our novel IP-MS 
Aβ assay (Ulm) demonstrated comparable performance 
to the Shimadzu composite score, which includes an 
additional peptide alongside Aβ42 and Aβ40. Both assays 
effectively distinguished AD patients from NNC sub-
jects. The novel assay outperformed both the Shimadzu 
Aβ42/40 ratio and the Simoa Aβ42/40 assay. No signifi-
cant difference was observed between AD and bvFTD in 
our patient cohort using any of these assays.

Our findings contribute to a growing body of literature 
that investigates the role of plasma Aβ in neurodegenera-
tive diseases beyond AD. For instance, a study exploring 

Aβ levels in AD, FTD, and DLB (n = 160), showed a sig-
nificant decrease in Aβ42/40 ratios in AD and FTD cases, 
which aligns with our observations [14]. Similarly, the lat-
ter study and a study examining Aβ42/40 ratios in mild 
cognitive impairment (MCI), AD, and conditions within 
the FTLD spectrum (n = 362), identified no distinct diag-
nostic advantage of Aβ42/40 ratios in differentiating 
AD from FTD [19]. This contrasts with another study 
(n = 300), which did report a significant difference in 
Aβ42/40 ratios measured with Simoa between AD, con-
trols, and FTD cases [20]. Notably, our results obtained 
through the Simoa assay were significant for differentiat-
ing AD from bvFTD cases too, but not when compared 
to controls. However, comparison and interpretation 
of studies investigating Aβ peptides in blood is diffi-
cult because of strong differences in the performance of 
reported Aβ assays. Comparative studies indicated that 
mass spectrometry-based assays perform best and this 
is also evident from our study showing better diagnostic 
performance of the Shimadzu and Ulm assays to discrim-
inate AD from controls than the Simoa assay [21, 22]. 
These findings underscore the complexity of diagnosing 
neurodegenerative dementias based on plasma Aβ mea-
surements and highlight the variability in assay outcomes 
across different platforms. Nevertheless, the novel ULM 
assay demonstrates promising performance in differenti-
ating AD from controls, warranting further investigation.

Fig. 4 Receiver operating characteristic (ROC) curves illustrating the diagnostic performance of two-biomarker combinations in distinguishing Alzheim-
er’s disease (AD) from behavioral variant frontotemporal dementia (bvFTD). AUC values were derived from logistic regression models for all possible 
two-biomarker combinations, including all assays and biomarkers in present study. The top five combinations, ranked by AUC, are presented. The analysis 
contrasts models with (A) and without (B) the inclusion of pTau-181. It should be noted that none of the biomarker combinations were significantly better 
than their individual counterparts, according to DeLong’s test
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Plasma pTau181 and GFAP exhibited significant poten-
tial for differentiating between AD and bvFTD. This is in 
agreement with other studies from our and other groups 
and further strengthens their utility to be used in clini-
cal routine settings [19, 23, 24]. Notably, the differentia-
tion accuracy did increase when pTau181 was combined 
with GFAP in a logistic regression model, although not 
significant. Recently, a study involving a prospective 
memory cohort of 385 individuals utilized a blend of 
pTau181, GFAP, NfL, and APOE genotype to distinguish 
between FTD from non-FTD cases, achieving an AUC of 
0.87 [25]. Further, in a neuropathology cohort (n = 316), 
assessments of NfL, pTau181, and GFAP distinguished 
AD from FTD with notable accuracy (AUCs of 0.79, 0.96, 
and 0.81, respectively) [26]. No notable improvement was 
observed in our study when logistic regression models 
were applied to Aβ42/40 with either pTau181, GFAP, or 
NfL. Thus, our study especially supports the combination 
of pTau181 with GFAP. The combination of GFAP with 
other pTau variants (e.g. pTau217) might also further 
improve their diagnostic performance and specificity and 
should be investigated in future studies. In contrast to 
pTau181 and GFAP, NfL was not identified as a depend-
able biomarker for distinguishing between these condi-
tions. This can be attributed to the increase of blood NfL 
levels during both conditions and, thus, a lack of specific-
ity which is already known from previous studies [27].

Other than phosphorylation, recent studies describe 
specific tau-related aberrations unique to AD. Specifi-
cally, serum brain-derived tau was specifically increased 
in AD and was able to differentiate AD from bvFTD 
(AUC = 0.93) [28]. Further investigations highlighted 
distinctive variations in the abundance of the third 
and fourth repeats in the microtubule-binding region 
(MTBR) of tau in AD compared to FTLD, suggesting 
AD-specific tau abnormalities beyond phosphorylation 
and their potential as biomarkers differentiating AD from 
primary tauopathies [29]. Combination of this novel tau 
variants with GFAP might further improve their differ-
ential diagnostic potential which should be addressed in 
future studies.

Limitations
A notable limitation of our study is the relatively small 
cohort size, as well as the absence of CSF biomarker data 
for some participants in both the AD and NNC groups. 
A power analysis was conducted based on the compos-
ite biomarker score from the benchmark IP-MS assay 
to determine an adequate sample size for detecting dif-
ferences between AD and control groups. However, 
this power analysis did not extend to our newly devel-
oped assay, and thus the study may still be underpow-
ered to detect smaller effects specific to the new assay. 
The focus of our study was on evaluating the combined 

performance of assays and biomarkers in differentiating 
AD and bvFTD, prioritizing the breadth of initial assess-
ments over replication. Due to the specialized nature of 
this study and the resources required, particularly sam-
ples from paticipants with bvFTD, and analysis carried 
out over different laboratories, a replication study was 
not feasible within the scope of this project. Further-
more, this study did not explore the correlation between 
plasma Aβ42/40 and CSF Aβ42/40 ratios or the accumu-
lation of amyloid plaques in the brain. This correlation is 
a vital determinant in evaluating the accuracy of assays 
in reflecting cerebral amyloid pathology. It is also worth 
noting that our measurements with the Simoa assay were 
conducted using the 3-plex configuration. However, 
comparative analyses in existing literature suggest that 
the 4-plex Simoa assay is more effective for determining 
Aβ42/40 ratios in plasma [30]. Therefore, incorporating 
the 4-plex Simoa assay might have offered a more appro-
priate comparison for our purposes.

Conclusions
In summary, we introduced an IP-MS assay for Aβ42/40 
that demonstrates comparable accuracy to the Shimadzu 
composite score in distinguishing AD from control 
groups. The novel assay outperformed both the Shi-
madzu Aβ42/40 ratio and the Simoa Aβ42/40 assay. Our 
findings suggest that Aβ levels alone do not provide addi-
tional diagnostic value in differentiating AD from bvFTD. 
Notably, the synergistic use of pTau181 and GFAP 
emerges as a potent combination for the blood-based dif-
ferential diagnosis of AD and bvFTD.
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