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ABSTRACT

Objective: To evaluate the diagnostic accuracy of glial fibrillary acidic protein (GFAP) measured in dried plasma spots versus
conventional plasma- and serum-GFAP testing for assessment of disease severity in aquaporin-4 immunoglobulin G-positive
neuromyelitis optica spectrum disorder (AQP4-IgGt NMOSD).

Methods: A neuroimmunological prospective cohort of remission samples from 70 participants with the diagnoses AQP4-IgG*
NMOSD (n=19), myelin oligodendrocyte glycoprotein antibody-associated disease (MOGAD; n=9), relapsing-remitting mul-
tiple sclerosis (RRMS; n=28) and healthy controls (HC; n=14) from a single center were included. GFAP concentrations were
measured in frozen and thawed plasma and paired dried plasma spot (DPS) samples using an ultrasensitive proximity ligation—
based assay (nucleic acid-linked immuno-sandwich assay; NULISA). In NMOSD, GFAP was additionally quantified in paired
serum samples using a single-molecule array (Simoa) assay as a reference. Cross-matrix correlations, diagnostic performance,
and associations with neurological disability were evaluated.

Results: GFAP concentrations measured by NULISA correlated strongly between plasma and DPS samples across diagnostic
groups and healthy controls. In NMOSD, plasma GFAP measured by NULISA showed strong concordance with serum GFAP
quantified by Simoa. DPS-derived and plasma-derived GFAP demonstrated good diagnostic accuracy for AQP4-IgGt NMOSD
and was significantly associated with neurological disability as measured by the Expanded Disability Status Scale (EDSS).

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.
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Group-wise comparisons across plasma and DPS showed retained elevation of GFAP in AQP4-IgG* NMOSD compared with the

other diagnostic groups and healthy controls.

Interpretation: GFAP quantification using the NULISA platform is feasible in plasma and DPS samples and enables reliable
biomarker assessment in a potentially remote-compatible setting. DPS-derived GFAP measurements retained meaningful in-
formation on disability in NMOSD and may provide an analytical framework for future studies evaluating minimally invasive

capillary or self-sampling approaches.

1 | Introduction

In recent years, the development of blood-based biomarkers for
the assessment of disease activity and prognosis in neuroim-
munological disorders has advanced substantially. In multiple
sclerosis (MS), converging evidence has brought blood biomark-
ers close to routine clinical implementation. Specifically, serum
neurofilament light chain (sNfL) has emerged as a robust
marker of neuroaxonal injury with prognostic value [1], while
glial fibrillary acidic protein (GFAP), an astrocytic intermediate
filament protein, also holds promise for translation into clinical
practice as a marker of chronic neuroinflammation and progres-
sion independent of relapse activity [2].

In contrast to MS, fewer studies have investigated these bio-
markers in aquaporin-4 immunoglobulin G-positive neuro-
myelitis optica spectrum disorder (AQP4-IgG* NMOSD), an
autoantibody-mediated astrocytopathy characterized by se-
vere attacks and substantial disability accrual [3]. Available
data consistently indicate that GFAP is of particular relevance
in NMOSD, reflecting astrocytic damage and disease activity.
Elevated blood GFAP levels have been shown to distinguish
NMOSD from other neuroinflammatory disorders and to differ-
entiate relapse from remission states, underscoring its diagnos-
tic and disease-monitoring potential [4-7].

Recent work in Alzheimer's disease biomarker research has
demonstrated that protein biomarkers, including GFAP, can
be collected and quantified using minimally invasive blood
sampling approaches such as dried blood or plasma spots [8, 9].
These developments highlight an opportunity to improve ac-
cessibility to biomarker-based diagnostics and longitudinal
disease monitoring, particularly for patients with limited mo-
bility or restricted access to specialized care. However, despite
its strong biological rationale and clinical relevance, access
to GFAP testing in NMOSD in routine care remains limited,
and its use in remote or home-based settings is largely unex-
plored. Moreover, diagnostic gaps remain substantial in under-
resourced regions, including parts of the Global South, where
NMOSD is likely underdiagnosed and access to specialized di-
agnostic tools is limited [10-12]. This challenge is particularly
evident in parts of Africa, where NMOSD is likely substantially
underdiagnosed owing to limited structural access to diagnos-
tic infrastructure [13].

The novel ultra-sensitive proximity ligation-based assay termed
nucleic acid-linked immuno-sandwich assay (NULISA) plat-
form enables ultra-sensitive protein quantification in the atto-
molar range and may therefore be particularly suitable for dried
blood biomarker applications characterized by low analyte
abundance and matrix-related recovery effects [14].

Against this background, we investigated whether GFAP can be
reliably quantified from dried plasma spot (DPS) samples using
the NULISA platform. Specifically, we tested the hypotheses
that (i) GFAP quantification from DPS samples is technically
feasible using NULISA and evaluate its correlation to plasma
levels in paired samples, and (ii) DPS-derived GFAP levels re-
flect disease activity and exhibit diagnostic value for AQP4-IgG+
NMOSD compared with healthy individuals and patients with
other neuroimmunological diseases.

2 | Methods
2.1 | Clinical Cohort

This was a monocentric, observational study based on a single-
center neuroimmunological prospective cohort at Charité-
Universititsmedizin Berlin (BERLimmun; German Clinical
Trial Register DRKS00026761; [15]). The analytic workflow is
summarized in Figure 1. The present analysis included patients
diagnosed with AQP4-IgG* NMOSD (n=19), myelin oligoden-
drocyte glycoprotein antibody-associated disease (MOGAD;
n=9), and relapsing-remitting multiple sclerosis (RRMS; n =28)
from 29/11/2021 to 07/04/2025. In addition, we included healthy
control participants (HC; n=14) derived from the same study
between 6/12/2021 and 10/01/2023 to match the patient cohort
with respect to age and sex at the group level. Inclusion criteria
for patients comprised age>18years at study inclusion, provi-
sion of written informed consent, and clinically stable disease
under immunotherapy (anti-CD20 therapy or dimethyl fumarate
for RRMS) at the time of sampling, as confirmed by neurologi-
cal examination, brain and spinal magnetic resonance imaging
(MRI). Patients were considered clinically stable if they had
been free of clinical relapse or MRI activity for at least 6 months
prior to sampling and had received stable immunotherapy for at
least 6 months. NMOSD diagnoses were established according
to the international consensus criteria by Wingerchuk et al. [16],
RRMS was diagnosed according to the 2017 revised McDonald
criteria [16, 17]. MOGAD was diagnosed in accordance with
contemporary consensus recommendations, including the crite-
ria proposed by Banwell et al. [18]. MOGAD and NMOSD were
diagnosed with support from autoantibody quantification using
fixed cell-based assays [19, 20]. HC had no history of neurolog-
ical or inflammatory disease. All study participants underwent
a standardized clinical assessment at the time of biospecimen
collection. Recorded variables included basic demographics
(age, sex, and body mass index [BMI]), clinical history, autoan-
tibody titers and time since last clinical relapse to the date of
sample collection. Neurological disability was quantified using
the Expanded Disability Status Scale (EDSS). The study was ap-
proved by the Ethics Committee of Charité-Universitdtsmedizin
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Berlin (EA1/362/20), and all participants provided written in-
formed consent prior to inclusion.

2.2 | Blood Collection and DPS Preparation

Venous blood was collected by peripheral venipuncture from
study participants between November 2021 and April 2025.
Plasma was obtained from ethylenediaminetetraacetic acid
(EDTA) vacutainer tubes (Becton, Dickinson and Company,
Franklin Lakes, NJ, USA), kept on ice for 30 min, and centri-
fuged at 3000xg for 10min at 4°C. Serum was collected in
serum vacutainer tubes (Becton, Dickinson and Company), al-
lowed to clot for 30 min at room temperature, and centrifuged at
2000 % g for 10min at 4°C. Plasma and serum were aliquoted and
stored at —80°C until analysis.

For DPS preparation, biobanked plasma aliquots were thawed on
ice, and 50 uL of EDTA plasma was applied to dried blood analy-
sis filter cards (Ahlstrom Biosample Collection Cards; Ahlstrom,
Helsinki, Finland) using calibrated pipettes. Subsequently, the
spots were air-dried overnight at room temperature and stored
at room temperature for up to 1week prior to extraction and
analysis. Following DPS preparation, the remaining plasma
was re-frozen at —80°C and subsequently shipped on dry ice for
biomarker analysis. Pre-analytical handling was guided by pub-
lished stability data for dried blood spots in biobanking contexts
and data evaluating room temperature stability of proteins in
dried blood samples [21, 22].

2.3 | DPS Extraction

For DPS extraction, each filter disc was placed at the bottom of
an individual well of AcroPrep 24-well filter plates with Supor
EKV membrane (Cytiva, Marlborough, MA, USA) and a corre-
sponding elution plate was positioned beneath the filter plate.
Subsequently, 200uL of in-house NULISA sample extraction
buffer (Alamar Biosciences, Fremont, CA, USA) supplemented
with protease and phosphatase inhibitors was added to each well
of the filter plate. The plate stack was shaken for 1h at 1000 rpm

at room temperature, followed by centrifugation at 2200x g for
15min at 4°C to facilitate elution. The extracted volume was
then transferred to a labeled Eppendorf tube. For samples lo-
cated at the edges of the filter plate that yielded lower elution
volumes, an additional manual extraction step was performed
by squeezing the filter disc to recover remaining liquid.

2.4 | Biochemical Analysis

GFAP concentrations in plasma and paired DPS samples were
quantified using the novel NULISA singleplex GFAP absolute
quantification (AQ) assay, enabling absolute protein quantifi-
cation via a calibrator curve. This assay is an extension of the
NULISA proteomic platform [14]. Four assay plates were run.
Each plate included an eight-point calibration curve run in du-
plicate, blank wells measured in quadruplicate, 37 biological
samples measured in duplicate, and absolute GFAP concen-
trations were determined using the respective plate-specific
calibration curves. The analytical lower limit of quantification
was 0.319pg/mL, and the calibration range spanned 0.319 to
4990pg/mL. Assay performance was monitored using intra-
and inter-plate quality control metrics. Coefficients of variation
for calibrators, quality controls, and biological samples met pre-
defined acceptance criteria of <25%, and calibrator recovery
was within the acceptable range of within +25%. All samples
yielded concentrations within the calibration range and above
the assay lower limit of quantification.

Serum GFAP concentrations were measured using a single-
molecule array (Simoa) immunoassay on the Quanterix plat-
form. Following the analytical protocol previously described by
Schindler et al. [23], samples were analyzed in duplicate using
calibrator-based absolute quantification and standard quality
control procedures [23].

2.5 | Statistical Analysis

Baseline demographic and clinical variables were summa-
rized descriptively and compared across diagnostic groups.
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Continuous variables were assessed using Welch's one-way
ANOVA to account for unequal variances, followed by Games-
Howell post hoc tests where appropriate. For non-normally
distributed continuous variables, group comparisons were per-
formed using the Kruskal-Wallis test with Dunn's post hoc test
and Bonferroni correction for multiple comparisons. Categorical
variables were compared using Fisher's exact test.

For GFAP analyses, 24 DPS samples exhibiting predefined pre-
analytical extraction artifacts (e.g., pronounced edge effects or
manual recovery) were excluded prior to statistical evaluation.
Subsequently, 46 DPS samples (n=12 for NMOSD, n=7 for
MOGAD, n=17 for RRMS and n=10 for HC) entered all down-
stream analyses. GFAP concentrations across diagnostic groups
were compared using the nonparametric Kruskal-Wallis test fol-
lowed by Dunn's post hoc test with Bonferroni correction for mul-
tiple comparisons (o =0.05), as data were non-normally distributed
and sample sizes were small. Paired comparisons between matched
plasma and DPS GFAP measurements were performed using the
Wilcoxon matched-pairs signed-rank test. DPS-to-plasma GFAP
ratios were calculated for each paired sample, and median (IQR)
values were reported. The relationship between DPS and plasma
GFAP concentrations was further assessed using linear regres-
sion, including a model without intercept to estimate proportional
scaling. Regression coefficients () and 95% confidence intervals
(CI) were reported. Associations between GFAP concentrations
across matrices and platforms were assessed using Pearson's cor-
relation coefficient with linear regression lines for visualization.
The rank-order relationship between plasma and DPS GFAP con-
centrations was additionally evaluated using Spearman’s rank cor-
relation coefficient. Diagnostic performance of DPS-derived GFAP
for NMOSD was assessed using receiver operating characteristic
(ROC) curve analysis, reporting area under the curve (AUC), 95%
CI, and two-sided p values.

The association between DPS GFAP concentrations and neu-
rological disability was evaluated using linear regression with
DPS GFAP as the dependent variable and the EDSS as the

independent variable (DPS GFAP ~ EDSS). To account for po-
tential confounding by age, multivariable linear regression
models additionally including age as a covariate were performed
(DPS GFAP ~ EDSS + age). Unstandardized regression coeffi-
cients (), 95% CI, and two-sided p values were reported. A stan-
dardized effect size (SES) was calculated as SES = - SD(EDSS)/
SD(DPS GFAP). Regression lines with 95% CI were visualized
across the observed EDSS range.

All statistical tests were two-sided, and p <0.05 was considered
statistically significant. Statistical analyses and visualizations
were performed using R (version 4.4.3) and GraphPad Prism
version 10 (GraphPad Software, Boston, MA, USA).

3 | Results

3.1 | Baseline Demographic and Clinical
Characteristics

Baseline demographic and clinical characteristics are summa-
rized in Table 1. A total of 46 participants were included for data
analysis, comprising 12 NMOSD, 7 MOGAD, 17 RRMS, and 10
HC. Sex distribution did not differ among groups (Fisher's exact
test, p=0.22). Age differed across cohorts (Welch's ANOVA,
p=0.023), with NMOSD patients being older than MOGAD,
RRMS, and HC. BMI was comparable across groups (Welch's
ANOVA, p=0.39). Among disease cohorts, time since the last
clinical relapse did not differ between groups (Welch's ANOVA,
p=0.12). All patient groups were confirmed to have stable
disease based on clinical examination, brain and spinal MRI.
Disability as assessed by EDSS did not differ between disease
groups (Kruskal-Wallis, p=0.86). Current immunomodulatory
treatments reflected disease-specific management strategies.
AIINMOSD and MOGAD patients were treated with anti-CD20
monoclonal antibodies. Among RRMS patients, 53% received
dimethyl fumarate and 47% anti-CD20 therapy. All HC were
untreated.

TABLE 1 | Clinical and demographic characteristics of the study participants. Values are given as mean (SD) unless otherwise indicated. Sex

is expressed as the number of female and male participants. p values refer to overall group comparisons performed with Welch's one-way ANOVA

followed by Games-Howell post hoc tests for continuous variables, Kruskal-Wallis test with Dunn’s post hoc test for non-normally distributed

continuous variables and Fisher's exact test for categorical variables. No formal statistical comparison was performed for treatment categories, as

therapeutic regimens reflect disease-specific standards of care.

Characteristic HC (n=10) NMOSD (n=12) MOGAD (n=7) RRMS (n=17) P
Sex, F/M (n) 7/3 3/4 7/10 0.22
Age, years 38.1 (15.9) 48.9 (16.2) 29.7 (4.6) 38.9 (9.7) 0.023
BMI, kg m™2 22.8(3) 26.5(3.9) 26.3(6.9) 25.7(6.5) 0.39
Time since last relapse, months — 72.5(47.7) 41.0 (36.6) 41.2 (40.3) 0.12
EDSS, median (IQR) — 2(1.5-5) 2(2-3.5) 2(1.5-3.5) 0.86
Treatment, n (%) — — — —
Anti-CD20 therapy — 12 (100) 7 (100) 8(47) —
Dimethyl fumarate — — 9 (53) —
None 10 (100) — — —
4 Annals of Clinical and Translational Neurology, 2026



3.2 | DPS Extraction

DPS extraction was technically feasible and yielded analyz-
able samples across all specimens, although matrix-specific
constraints were observed. The Ahlstrom filter discs used for
DPS preparation exhibited high absorbency, leading to partial
retention of extraction buffer within the matrix and recovery
of approximately 25% of the initial input volume (~40-65uL
were eluted from 200uL input volume). Eluates were primarily
obtained by centrifugation using a filter plate. During the cen-
trifugation process, a plate-edge effect was observed for n=24
samples (34%), with reduced extraction efficiency in peripheral
wells of the filter plate. To optimize sample yield for this subset of
edge-position samples, additional manual recovery was required.
All n=24 (34%) samples exhibiting pronounced edge effects, re-
quiring manual recovery were excluded from downstream data
analyses. This led to sample exclusion of n=7 NMOSD (33.3% of
NMOSD), n=2 MOGAD (20% of MOGAD), n=11 RRMS (27.5%
of RRMS), and n=4 HC (26.7% of HC). Following extraction, du-
plicate GFAP measurements were performed using a 20uL input
volume per replicate.

3.3 | Correlation of Plasma and DPS GFAP Values
Over All Groups Across Matrices

To assess the comparability of GFAP concentrations between
plasma and DPS samples, paired GFAP measurements were

analyzed across all diagnostic groups. GFAP concentrations
were consistently lower in DPS than in matched plasma samples
across all individuals (n=46), as demonstrated by a Wilcoxon
matched-pairs signed-rank test (p <0.001; median paired differ-
ence —21.3 pg/mL; Figure 2A). Despite this systematic difference
in absolute concentrations, rank-order agreement between ma-
trices was high, with a strong Spearman correlation (p=0.82,
p<0.001).

DPS-derived GFAP concentrations were substantially lower
than plasma values, with a median DPS-to-plasma ratio of 0.18
(IQR 0.16-0.20), corresponding to an approximately fivefold
reduction. Linear regression analysis demonstrated a slope of
0.16 (95% CI 0.14-0.17), indicating a consistent proportional re-
lationship between DPS and plasma GFAP concentrations.

All samples were within the calibration curve range
(4990-0.319 pg/mL; 100-0.0064 pM) and above the assay
lower limit of quantification (LLoQ), including the DPS
samples. The median coefficient of variation (CV) across all
duplicate samples was 2.7%, indicating excellent intra-assay
precision. When mean values of duplicate measurements were
used to assess the linear relationship between matrices, GFAP
concentrations in plasma and DPS showed a strong positive as-
sociation across diagnostic groups, including RRMS, NMOSD,
MOGAD, and HC (r=0.91, p<0.001; Figure 2B). These find-
ings indicate that although DPS-derived GFAP concentrations
are, due to pre-analytical factors including sample dilution
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Comparability of GFAP measurements across matrices and assay platforms. (A) Paired comparison of GFAP concentrations mea-

sured in plasma and DPS samples (n =46). GFAP concentrations were consistently lower in DPS than in matched plasma samples (Wilcoxon matched-

pairs signed-rank test, p<0.001; median paired difference —21.3 pg/mL), while rank-order agreement between matrices remained high (Spearman

p=0.82, p<0.001). (B) Correlation between mean duplicate GFAP concentrations measured in plasma and DPS across diagnostic groups (RRMS,
NMOSD, MOGAD, and HC), demonstrating a strong linear association (Pearson r=0.91, R>=0.83, p <0.001). (C) Cross-platform correlation of GFAP
concentrations in NMOSD (n=10) measured by Simoa (Quanterix) in serum and NULISA in plasma and DPS samples. Lines indicate linear regres-

sion fits; Pearson correlation coefficients (r), and two-tailed p values are shown.
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during extraction, systematically lower than plasma values,
relative differences and rank-order consistency between ma-
trices are preserved.

3.4 | Cross-Platform Correlation of GFAP
Quantification in AQP4-IgG* NMOSD

To assess cross-platform comparability of GFAP measure-
ments in NMOSD, paired serum, plasma, and DPS samples
were analyzed using Simoa (Quanterix) and NULISA plat-
form (n=10). GFAP concentrations measured in serum by
Simoa showed strong correlations with plasma GFAP quan-
tified by NULISA (r=0.98, p<0.001) and with DPS-derived
GFAP measured by NULISA (r=0.97, p<0.001). Plasma and
DPS GFAP concentrations quantified by NULISA were like-
wise strongly correlated (r=0.98, p <0.001). Together, these
results demonstrate high cross-platform and cross-matrix
concordance of GFAP measurements in AQP4-IgG* NMOSD
(Figure 2C).

3.5 | GFAP Is Elevated in NMOSD Across Plasma
and DPS

To test differences in GFAP levels across diagnostic groups, group
comparisons were performed using the Kruskal-Wallis test fol-
lowed by Dunn's multiple-comparisons test. GFAP concentra-
tions measured in DPS and plasma differed significantly across
the four diagnostic groups (NMOSD, MOGAD, RRMS, and HC;
DPS: Kruskal-Wallis H=21.53, p<0.001; plasma: H=21.87,
p<0.001). In DPS samples, GFAP concentrations were higher in

the NMOSD group compared with MOGAD (p=0.0027), RRMS
(p=0.0032), and HC (p=0.0019) (Figure 3A). Similarly, plasma
GFAP concentrations were elevated in NMOSD compared with
MOGAD (p=0.002), RRMS (p=0.003), and HC (p<0.001)
(Figure 3B). No differences were observed among the remaining
diagnostic groups (all p>0.9).

To evaluate the diagnostic performance of GFAP for NMOSD,
ROC curve analyses were performed. DPS-derived GFAP
concentrations discriminated NMOSD from other neuro-
logical controls with good accuracy (AUC=0.8333, 95% CI
0.6751-0.9915, p<0.001; Figure 4A). For this comparison, a
DPS GFAP cut-off of 6.04 pg/mL yielded a sensitivity of 83.3%
(95% CI 55.2%-97.0%) and specificity of 79.4% (95% CI 63.2%-
89.7%), while a higher threshold of 6.66 pg/mL increased spec-
ificity to 97.1% (95% CI 85.1%-99.9%) at a sensitivity of 66.7%.
A similar discriminatory performance was observed in a re-
stricted comparison between NMOSD and HC demonstrating
good diagnostic accuracy (AUC=0.8667, 95% CI 0.7051-1.000,
p=0.0037; Figure 4B). In this setting, a DPS GFAP cut-off of
6.04pg/mL yielded a sensitivity of 83.3% (95% CI 55.2%-97.0%)
and specificity of 90.0% (95% CI 59.6%-99.5%), whereas a higher
threshold of 6.58 pg/mL achieved complete specificity (100%) at
a sensitivity of 66.7%.

Comparable diagnostic performance was observed for plasma-
derived GFAP concentrations. Plasma GFAP discriminated
NMOSD from other neurological controls with good accuracy
(AUC=0.8173, 95% CI 0.6899-0.9447, p<0.0001; Figure 4C)
and differentiated NMOSD from healthy controls with very good
diagnostic performance (AUC=0.8835, 95% CI 0.7682-0.9987,
p<0.0002; Figure 4D).
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and p <0.001, respectively). No other intergroup differences were detected (all p>0.9). **p <0.01, ***p <0.001.
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Diagnostic performance of GFAP measured in plasma and DPS for NMOSD. (A) ROC curve for DPS GFAP distinguishing NMOSD

(n=12) from other neurological controls (n=34), showing good accuracy (AUC =0.8333; 95% CI 0.6751-0.9915; p <0.001). (B) ROC curve for DPS
GFAP distinguishing NMOSD (n=12) from healthy controls (n=10). DPS GFAP showed good discriminatory accuracy (AUC =0.8667; 95% CI
0.7051-1.000; p=0.0037). (C) ROC curve for plasma GFAP distinguishing NMOSD (n=12) from other neurological controls (n=34), demonstrating
good discriminatory accuracy (AUC =0.8173; 95% CI 0.6899-0.9447; p <0.0001). (D) ROC curve for plasma GFAP differentiating NMOSD (n=12)
from healthy controls (n=10), demonstrating very good discriminatory performance (AUC =0.8835; 95% CI 0.7682-0.9987; p <0.0002).

3.6 | Association of DPS GFAP With Clinical
Disease Severity in NMOSD

To investigate whether DPS GFAP levels reflect the level of
disability in AQP4-IgG* NMOSD, we analyzed the association
between DPS-derived GFAP concentrations and EDSS scores.
Generalized additive models did not indicate substantial nonlin-
earity of the association. In univariable linear regression, DPS
GFAP levels were associated with EDSS (8=1.88pg/mL per
EDSS point, 95% CI 0.88-2.89, p=0.0019), corresponding to a
large standardized effect size (SES=0.80; Figure 5A). A similar
association was observed for plasma GFAP. Plasma GFAP con-
centrations were positively associated with EDSS ($=9.01pg/
mL per EDSS point, 95% CI 1.2-16.81; p=0.0263), with a
moderate-to-large standardized effect size (SES=0.51).

To account for potential confounding by age, multivariable
linear regression models including age as a covariate were per-
formed. After adjustment for age, the association between DPS
GFAP and EDSS remained statistically significant, although
modestly attenuated (adjusted §=1.47pg/mL per EDSS point,
95% C1 0.38-2.56, p=0.014; SES=0.62).

In contrast, no significant associations between DPS GFAP lev-
els and EDSS were observed in MOGAD (unadjusted §=-0.50,
95% CI —1.26 to 0.27, p=0.16; age-adjusted 3=-0.45, 95% CI
—1.04 to 0.14, p=0.10) or RRMS (unadjusted $=0.85, 95% CI
—0.66 to 2.35, p=0.24; age-adjusted f=0.75, 95% CI —0.84 to
2.34, p=0.31), with small to moderate effect sizes (Figure 5B,C).

4 | Discussion

In this study, we investigated whether GFAP can be quantified
from DPS samples and retain clinical relevance in NMOSD.
Using an ultra-sensitive proximity ligation-based immuno-
assay, we assessed analytical feasibility, concordance with
conventional venous blood matrices, disease specificity, and
associations with neurological disability. Reliable biomarker
quantification from DPS represents an essential analytical pre-
requisite for future minimally invasive sampling approaches,
including capillary or self-sampling devices. Establishing such
approaches for biomarker assessment is clinically relevant in
NMOSD, a rare but severe autoantibody-mediated astrocytopa-
thy in which access to specialized care, repeated venipuncture,
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autoantibody diagnostics and longitudinal biomarker monitor-
ing remain challenging, particularly outside specialized referral
centers [3, 16].

GFAP is a well-established marker of astrocytic injury and has
emerged as a key blood-based biomarker in AQP4-IgG* NMOSD.
Multiple independent studies have consistently demonstrated

FIGURES5 | Association between DPS GFAP concentrations and dis-
ability across diagnostic groups. Scatter plots show the relationship be-
tween DPS GFAP concentrations and EDSS in (A) AQP4-IgG* NMOSD,
(B) MOGAD, and (C) RRMS. Solid lines represent linear regression fits
with shaded areas indicating 95% confidence intervals. In AQP4-IgG*
NMOSD, DPS GFAP was positively associated with EDSS in both un-
adjusted (8=1.88 pg/mL per EDSS point, 95% CI 0.88-2.89; p=0.0019;
SES=0.80) and age-adjusted models (=147, 95% CI 0.38-2.56;
p=0.0138; SES=0.62). No statistically significant associations were
observed in MOGAD or RRMS in either unadjusted or age-adjusted
analyses.

elevated circulating blood GFAP levels in NMOSD compared
with other neuroinflammatory diseases, as well as associations
with disease activity and neurological disability [4-7, 23]. In
agreement with this body of evidence, we observed significantly
higher GFAP concentrations in DPS and plasma in NMOSD
than in MOGAD, RRMS, and HC, whereas no relevant differ-
ences were detected among non-NMOSD disease groups. These
findings further support the specificity of GFAP as a biomarker
reflecting astrocytic pathology rather than generalized neuroin-
flammation, consistent with the distinct pathophysiological
mechanisms underlying NMOSD compared with other demye-
linating disorders [24].

A central contribution of this study is the demonstration that
DPS sampling preserves biologically meaningful GFAP in-
formation in NMOSD, MOGAD, and MS. Although absolute
GFAP concentrations were systematically lower in DPS than
in plasma due to preanalytical factors related to extraction
efficiency and dilution, this difference followed a consistent
proportional pattern, with a median DPS-to-plasma ratio of
approximately 0.18, corresponding to an approximately five-
fold reduction. Linear regression analysis further supported
this relationship, demonstrating a slope of 0.16 between DPS
and plasma GFAP concentrations. Despite these systematic
differences in absolute levels, strong correlations and pre-
served rank-order relationships were observed across ma-
trices. Importantly, the preservation of NMOSD-associated
GFAP elevations across both DPS- and plasma-derived
GFAP measurements quantified by NULISA suggests that
DPS-based measurements retain biologically meaningful di-
agnostic group differences despite lower absolute analyte con-
centrations. Notably, the same pattern of significantly elevated
GFAP concentrations in NMOSD compared with MOGAD,
RRMS, and healthy controls was consistently observed across
both matrices. These findings support the concept that DPS-
derived GFAP primarily reflects preserved relative disease-
associated differences and rank-order relationships rather
than absolute concentrations directly interchangeable with
conventional plasma or serum measurements. In line with
this, ROC analyses demonstrated that DPS-derived GFAP re-
tained good discriminatory performance for distinguishing
AQP4-IgG*t NMOSD from other diagnostic groups comparable
to plasma-derived GFAP. Similar observations were recently
reported for GFAP and other protein biomarkers in dried
blood or plasma spot matrices obtained by minimal-invasive
capillary sampling in Alzheimer's disease research using
Simoa [8, 9]. In addition, we observed strong cross-platform
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concordance between blood GFAP measurements obtained
using the NULISA and Simoa technology. This supports the
analytical robustness of proximity ligation-based GFAP quan-
tification in DPS. The ultra-sensitive analytical performance
of the NULISA platform, enabling protein quantification in
the attomolar range, is likely of particular importance for
DPS-based biomarker assessment, where dilution and matrix-
related extraction effects may substantially reduce analyte
concentrations.

DPS-derived GFAP levels were, similar to plasma GFAP, strongly
associated with neurological disability as measured by EDSS in
NMOSD, with large standardized effect sizes and a linear rela-
tionship. The association remained significant after adjustment
for age, indicating that the observed relationship was not solely
driven by age, a known determinant of circulating GFAP levels
[25, 26]. This suggests that DPS GFAP reflects disease-specific
burden and cumulative astrocytic injury, in line with previous
reports linking circulating serum GFAP to disability and dis-
ease severity in NMOSD [5, 7, 23].

A reliable DPS-based GFAP assessment may have particular
relevance for disease monitoring in NMOSD. GFAP elevations
have been shown to precede or accompany clinical relapses, in-
cluding evidence from the N-MOmentum trial [4]. In addition,
growing evidence suggests that NMOSD may exhibit ongoing
tissue damage and subclinical disease activity outside clinically
manifest relapses, including progressive retinal neuroaxonal
loss and structural CNS changes associated with blood GFAP
[27-29]. While the present study was not designed to assess sub-
clinical activity, the current findings establish the analytical
feasibility and clinical relevance of DPS-derived GFAP measure-
ments, providing a foundation for future longitudinal inves-
tigations using minimally invasive capillary sampling. Such
sampling approaches have the potential to reduce resource-
intensive steps associated with conventional venipuncture.
Compared with conventional plasma analytics, DPS offers sim-
plified sample handling and capillary-based collection, which
may improve accessibility for frequent or short-interval moni-
toring for patients with impaired mobility, and in settings where
repeated venipuncture, cold-chain logistics, and outpatient vis-
its are difficult to realize. From a broader perspective, these
features are globally particularly relevant for NMOSD, where
delayed diagnosis and limited availability to biomarker-based
diagnostics remain major challenges in many regions, including
parts of the Global South [11, 12]. This challenge is particularly
evident in parts of Africa, where a recent review summarizing
more than 600 published cases suggests that NMOSD remains
substantially under-recognized, likely owing to limited access
to neurological care and biomarker testing [13]. The need for
accessible and low-cost diagnostic strategies is therefore espe-
cially pronounced in such settings. Scalable approaches such as
capillary DPS may help narrow such diagnostic gaps, consistent
with recent work showing that dried blood spot-based meth-
ods can improve global access to AQP4-IgG testing [30]. The
present study, however, was performed under controlled labo-
ratory conditions using biobanked frozen and thawed plasma
and DPS samples, both derived by conventional venipuncture,
and does not directly demonstrate feasibility in decentralized,
home-based settings. Future studies evaluating capillary sam-
pling workflows under prospective real-world conditions will

be necessary to determine the practical clinical utility and scal-
ability of minimally invasive DPS-based GFAP assessment in
such settings.

Several limitations should be considered when interpreting
these findings. These include the relatively small sample size
and age differences between disease groups. The NMOSD
group was older than the other groups. As age influences circu-
lating GFAP levels, residual confounding cannot be excluded.
However, the association between plasma GFAP and EDSS
remained statistically significant after adjustment for age. A
limitation relates to pre-analytical variability in DPS process-
ing, with a substantial proportion of samples excluded due to
extraction-related effects, including plate edge variability and
incomplete recovery. This indicates current limitations in work-
flow robustness. Potential mitigation strategies include optimi-
zation of elution and extraction protocols, avoidance of edge
wells during plate processing, and use of less absorbent collec-
tion materials, which were not systematically evaluated in this
study. The relatively small DPS subgroup limits the robustness
and generalizability of the diagnostic performance analyses,
and the incremental value over established plasma- or serum-
based GFAP measurements should therefore be interpreted cau-
tiously. Additionally, all NMOSD patients were clinically stable
and receiving B-cell-depleting therapy, a context in which even
lower GFAP levels would be expected [31]. DPS sampling was
performed under controlled conditions, and minimally invasive
capillary sampling was not evaluated. To address this limitation
in future studies, minimally invasive capillary sampling should
be used as for example, recently validated for GFAP quantifi-
cation in the context of Alzheimer's disease [9]. Furthermore,
the cross-sectional design precludes conclusions regarding tem-
poral dynamics, including assessments of subclinical disease
activity in NMOSD. Larger prospective, longitudinal, and multi-
center studies will be required to further validate this approach.
Specifically, studies incorporating capillary sampling in relapse-
associated and relapse-free intervals together with complemen-
tary MRI- and optical coherence tomography-based measures of
subclinical tissue injury will be important to further define the
temporal dynamics and clinical utility of DPS-derived GFAP as-
sessment in NMOSD.

In conclusion, our findings demonstrate that GFAP can be quan-
tified from DPS samples using NULISA AQ and preserves di-
agnostic and clinical relevance in NMOSD. DPS-based GFAP
assessment represents a promising strategy for biomarker eval-
uation in NMOSD, with potential future applications using
minimally invasive capillary blood sampling for diagnosis
and disease monitoring. While further methodological refine-
ment and longitudinal evaluation—including validation using
capillary-derived samples—are required before clinical imple-
mentation, this approach may contribute to more accessible and
frequent biomarker assessment in NMOSD and related astrocy-
topathic disorders.
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