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Abstract

Objectives: Glial fibrillary acidic protein (GFAP) is a
biomarker of astrocytic activation associated with neuro-
degenerative diseases, neuroinflammatory disorders, and
traumatic brain injury. However, the lack of standardized
methods for quantifying GFAP across different immuno-
assay platforms poses challenges for its clinical imple-
mentation. This study aimed to compare the analytical
performance of multiple commercially available and in-
house immunoassays for GFAP quantification in plasma and
cerebrospinal fluid (CSF) to assess their agreement and po-
tential interchangeability.
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Methods: We conducted a method comparison using four
plasma GFAP immunoassays (Simoa, Ella, Alinity, and MSD)
and four CSF GFAP assays (ELISA, Ella, Alinity and MSD).
Anonymized leftover plasma and CSF samples were analyzed
across platforms. Sample sizes for the pairwise comparisons
ranged from 23 to 52 for plasma and 34 to 51 for CSF. Pairwise
comparisons were performed using Spearman correlation,
Bland-Altman analysis, and Passing—Bablok regression to
assess systematic and proportional biases. Outliers were
identified and excluded to ensure robust statistical evaluation.
Results: Strong correlations were observed across all plat-
forms (Spearman’s r=0.827-0.927 for plasma; r=0.937-0.958
for CSF). However, significant systematic and proportional
biases were present in several comparisons, preventing
direct interchangeability of results. In plasma, Simoa
consistently reported higher GFAP concentrations compared
with Ella and Alinity, while Alinity overestimated levels
relative to Ella. Similarly, in CSF, ELISA tended to underes-
timate GFAP concentrations compared with Alinity, MSD,
and Ella, with the largest discrepancy observed between
ELISA and MSD.

Conclusions: Despite strong correlations, substantial
method-dependent biases indicate that GFAP measurements
across different immunoassay platforms need to be stan-
dardized to ensure harmonization and reliable clinical
application of GFAP as a biomarker.
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Introduction

Glial fibrillary acidic protein (GFAP) is a type-III intermediate
filament protein predominantly expressed by astrocytes in
the central nervous system (CNS) [1]. Beyond its physiological
roles, such as providing structural support to astrocytes and
contributing to the maintenance of the blood-brain barrier,
GFAP expression is upregulated in response to neuronal
injury, serving as a marker of astrocytic activation following
CNS damage [2]. Due to the close proximity of CSF to the brain
parenchyma, GFAP concentrations in CSF are significantly
higher than in blood, with levels approximately 100 times
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greater in CSF. Consequently, fluctuations in GFAP levels
might be more readily detected in CSF than in blood, although
large changes can also be observed in plasma despite its lower
absolute concentrations [3, 4]. Moreover, the correlation be-
tween plasma and CSF GFAP levels has been reported to be
only moderate [5, 6]. This has been partly attributed to the
limited long-term stability of GFAP in CSF [7], particularly in
scenarios involving multiple freeze—thaw cycles. Another
proposed explanation is the hypothesis that GFAP released
through astrocytic end-feet in direct contact with the vascular
structures may contribute more directly to blood GFAP levels,
bypassing the CSF compartment altogether [5, 8].

Given the concentration differences between CSF and
plasma, measuring GFAP in blood was historically chal-
lenging. However, recent advancements in detection tech-
nologies over the past decade have enabled the measurement
of low-abundance, brain-derived proteins in blood that were
previously undetectable using conventional enzyme-linked
immunosorbent assays (ELISA) [9, 10]. These innovations
have facilitated the detection of low abundant proteins in
blood, such as GFAP, using highly sensitive immunoassay
platforms, including single-molecule array (Simoa) [11], Ella
Simple Plex [12], Meso Scale Discovery (MSD) (e.g., MESO
QuickPlex® SQ) [13]. Furthermore, as laboratories worldwide
strive to implement blood GFAP assays in routine clinical
practice, the need for high-throughput, fully automated im-
munoassays that can be seamlessly integrated into clinical
chemistry laboratories has become increasingly important. In
line with this, Abbott has developed a GFAP assay compatible
with the Alinity platform [14], offering a potential solution for
large-scale clinical chemistry laboratories, and many more
assays, including those from Fujirebio [15], are on the way.
These assays have the potential to aid clinicians in biomarker-
supported diagnostic algorithms and assist in the differential
diagnosis of complex neurological disorders.

With the availability of sensitive assays, many studies
have demonstrated elevated GFAP levels in both CSF and
blood across a variety of neurological conditions, including
neurodegenerative diseases (e.g., Alzheimer’s disease (AD) [5]),
neuroinflammatory disorders (e.g., multiple sclerosis [16]),
and traumatic brain injury (TBI) [17]. Overall, GFAP serves as a
valuable biomarker for supporting clinical diagnosis across a
broad spectrum of neurological disease contexts.

Given its growing clinical relevance and the increasing
availability of assays for quantifying GFAP in biological
fluids, the need for standardization and comparative data to
evaluate immunoassay platforms and assess their agree-
ment has become increasingly important. While Simoa is
widely utilized and integrated into routine laboratory
practice, the assessment and adoption of alternative
methods and platforms are crucial for ensuring result
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harmonization. Although commercially available immuno-
assay instruments are based on the fundamental principles
of sandwich immunoassays, the absence of certified refer-
ence materials, variations in antibody pair selection, assay
design, the use of different calibrators, and instrument-
specific characteristics pose challenges for standardizing
result interpretation across laboratories using different
methodologies. To address these limitations, this study pre-
sents a method comparison across multiple currently
available immunoassay platforms for both plasma (Simoa,
Ella, Alinity, MSD) and CSF (ELISA, Ella, Alinity, MSD),
providing a comprehensive evaluation of their agreement.

Materials and methods
Study design

Anonymized leftover plasma and CSF samples, originally
obtained for routine analyses at the Neurochemistry and
Clinical Chemistry Laboratories at Sahlgrenska University
Hospital, were used for method comparison experiments. Due
to differences in assay availability and sample volume con-
straints at the time of analysis, a unified pooled sample set
could not be used across all pairwise comparisons. Instead, we
collected separate sets of leftover samples for each compari-
son. These sets were selected to cover a comparable range and
distribution of GFAP concentrations. The variation in sample
numbers reflects practical limitations, including assay
scheduling requirements and differences in leftover sample
availability over time. Before conducting the method com-
parison analyses, we visually assessed the range and distri-
bution of GFAP concentrations for the same assays used in
multiple pairwise comparisons (plasma and CSF) to provide
an overview of absolute GFAP concentrations across datasets
prior to outlier exclusion (Supplementary Figures 1-3).

Ethics approval and consent to participate

The collection of anonymized samples at the Clinical
Chemistry Laboratory, Sahlgrenska University Hospital, was
carried out in compliance with the ethical guidelines
approved by the Ethics Committee at the University of
Gothenburg (EPN140811).

Study participants and sample collection

In this study, only anonymized leftover and randomly
collected samples were used, with no access to clinical or
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demographic data. The detailed number of samples used in
each specific experiment can be found in the corresponding
section of this manuscript. To separate plasma from whole
blood, samples underwent an initial centrifugation at
2,000xg for 10 min. Prior to analysis, an additional centri-
fugation step was performed for Ella, MSD, and Simoa as-
says, while the centrifugation protocol for Alinity was
verified against the kit insert. CSF samples were collected in
polypropylene tubes, centrifuged at 1,800xg for 10 min
at 14°C, and the supernatant was stored at -20°C
for a maximum of one week until biomarker analysis.
At the time of analysis, samples were vortexed before
measurement.

Immunoassays and the number of samples
included in each pairwise comparison

Different platforms were utilized to compare plasma and
CSF GFAP levels using various numbers of paired samples
for pairwise comparisons. For both matrices, the following
assays were utilized: the Simple Plex Human GFAP (2nd
Gen) Assay Cartridge on the Ella platform (Bio-Techne), the
GFAP assay included in Abbott’s mild traumatic brain
injury (mTBI) panel alongside UCH-L1 on the Alinity plat-
form (Abbott), and the S-PLEX Human GFAP Kit on the
MESO QuickPlex SQ® platform (MSD). Additionally, plasma
GFAP was measured using the Simoa® GFAP Discovery Kit
on the HD-X platform (Quanterix), while CSF GFAP levels
were also assessed using an in-house developed ELISA [18]
on the Sunrise microplate reader (Tecan Trading AG). For
plasma GFAP, method comparisons were performed across
four immunoassays, with the following pairwise compari-
sons: Ella vs. Simoa (n=104), Alinity vs. Ella (n=40), Simoa vs.
MSD (n=35), and Simoa vs. Alinity (n=39). For CSF GFAP,
comparisons included ELISA vs. Alinity (n=54), ELISA vs.
MSD (n=36), and ELISA vs. Ella (n=53). After excluding
outliers, the statistical analysis included: Alinity vs. Ella
(n=38), Simoa vs. Alinity (n=39), Simoa vs. MSD (n=34), and
Ella vs. Simoa (n=102) for plasma GFAP, while for CSF GFAP,
the comparisons were ELISA vs. Alinity (n=48), ELISA vs.
MSD (n=34), and ELISA vs. Ella (n=51). Additionally,
following the identification of results below the lower limit
of quantification (LLoQ) for Ella and their potential impact
on the pairwise comparisons, values below the LLoQ were
excluded from the final statistical analysis. Consequently,
the updated analysis included 23 samples for the Alinity vs.
Ella comparison and 52 samples for the Ella vs. Simoa
comparison.
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The technical specifications of
immunoassays used for GFAP quantification

For both plasma and CSF method comparison, we evaluated
multiple immunoassay platforms to assess analytical per-
formance and agreement. The immunoassays used in this
study are summarized in Table 1, including key assay spec-
ifications such as assay technology, measurement range,
lower limit of quantification (LLoQ), and lot numbers.

Statistical analysis

Statistical analysis was performed using GraphPad Prism
software version 9.5.1 (San Diego, USA) and MedCalc statis-
tical software version 23.1.3 (MedCalc Software Ltd,
Belgium). For each immunoassay platform, data distribution
was assessed, and outliers were identified separately for
plasma and CSF measurements, using Tukey’s fences [19] — a
method based on the interquartile range (IQR) — prior to
statistical analysis. Following assessment of data normality
using the D’Agostino-Pearson test, non-parametric tests
were used for further analyses. Bland-Altman [20] plots (%
difference vs. average, where % difference=100*(assay 1 —
assay 2)/average of the two assays), Passing—Bablok [21]
regression analysis, and Spearman correlation were
employed for method comparison. Fixed bias was defined to
be present if the 95 % confidence interval (CI) of the intercept
did not include 0, while proportional bias was defined to be
present if the 95 % CI of the slope did not include 1 [22].

Results

Spearman correlation analysis across the entire cohort
demonstrated strong, positive correlations between all
plasma and CSF GFAP assays, while pairwise comparisons
revealed the presence of proportional bias, fixed bias, or
both (Table 2).

Method comparison of plasma assays

A strong correlation was observed between the Alinity and
Ella assays (rs=0.839, p<0.0001). Bland-Altman analysis indi-
cated a mean difference of 113.8 % (95 % CI: 107.6-119.9 %),
with limits of agreement ranging from 85.8 % (95 % CI: 75.1-
96.5%) to 141.7% (95% CI: 131.0-152.4 %). These results
indicate that Alinity consistently reported higher GFAP
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concentrations compared with Ella. Passing—Bablok regres-
sion revealed proportional bias only, with a slope of 3.778
(95% CI: 2.693-5.515) and an intercept of 0.696 (95 %
CI: —13.466 to 8.651), indicating that the difference between
methods increased with higher GFAP concentrations (Ta-
ble 2, Figure 14A).

Similarly, a robust correlation was observed between
the Simoa and Alinity assays (rs=0.927, p<0.0001). Bland-
Altman analysis showed a mean difference of 149.6 % (95 %
CI: 146.7-152.6 %), with limits of agreement from 131.7 %
(95 % CI: 126.6-136.8 %) to 167.5% (95 % CIL: 162.4-172.6 %),
reflecting that Simoa consistently reported higher GFAP
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concentrations than Alinity. Passing—Bablok regression
revealed proportional bias only, with a slope of 0.1268 (95 %
CI: 0.1039-0.1479) and an intercept of 2.2134 (95%
CI: -0.2616-5.7071), indicating that the discrepancy between
the assays increased at higher GFAP concentrations (Table 2,
Figure 1B).

The comparison between Simoa and MSD assays
demonstrated a strong correlation (r;=0.914, p<0.0001). Bland-
Altman analysis indicated a mean difference of —107.5 % (95 %
CL: —111.9 %—-103.0 %), with limits of agreement ranging
from —132.5% (95% CL -140.2 %——123.8 %) to —82.4 % (95 %
CI: -90.1 %—-74.7 %), demonstrating that Simoa systematically
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L 70k
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% E 1201 T Mean 2 40|
= 40 - woqof [ 113,8 £
> < 3l
30| Z 100
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20r r=0.839 80 | J_ 858 10l
104 ‘ ‘ | p<0.0001 obh o
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B
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< s0f < . 300
g 140 s L
207 £ T -1.96 SD
il EAREY 131,7 100
r=0.927 :
oty p 50000 ) N S T S S R 0 by s S
0 100 200 300 400 500 600 700 0 50 100 150 200 250 300 350 400 0 100 200 300 400 500 600 700
Simoa Mean of Simoa and Alinity Simoa

Figure 1: Method comparison of plasma assays: Alinity vs. Ella and Alinity vs. Simoa each row shows the correlation plot (left), Bland-Altman plot
(middle), and Passing-Bablok regression (right) for each pairwise comparison. (A) Left: Correlation plot of plasma GFAP concentrations measured by Ella
(x-axis) and Abbott Alinity (y-axis) assays, with values expressed in ng/L. The plot demonstrates a strong correlation (r=0.839, p<0.0001). A locally
estimated scatterplot smoothing (LOESS) curve with an 80 % span is applied to the trend line to enhance the visualization of the data distribution. (A)
Middle: Bland-Altman plot showing the percentage differences (y-axis) between Abbott Alinity and Ella assays against their mean concentrations (x-axis).
The solid blue line represents the mean bias, and the dashed brown lines indicate the limits of agreement (+1.96SD). The blue error bars represent the
95 % confidence intervals (CIs) for the limits of agreement, while the green error bar shows the 95 % CI for the mean bias. The mean difference of 113.8 %
(95 % CI: 107.6-119.9 %) is shown, with limits of agreement ranging from 85.8 % (95 % CI: 75.1-96.5 %) to 141.7 % (95 % CI:131.0-152.4 %). (A) Right:
Passing-Bablok regression plot with GFAP concentrations from Ella on the x-axis and Abbott Alinity on the y-axis, demonstrating proportional bias with a
slope of 3.778 (95 % CI: 2.693-5.515) and an intercept of 0.696 (95 % CI: —13.466-8.651). The solid blue line represents the fitted regression line, while the
shaded blue area indicates the confidence interval and the dashed brown line represents the identity line (y=x). (B) Left: Correlation plot of GFAP
concentrations measured by Simoa (x-axis) and Abbott Alinity (y-axis) assays, with values expressed in ng/L. The plot demonstrates a robust correlation
(r=0.927, p<0.0001). A locally estimated scatterplot smoothing (LOESS) curve with an 80 % span is applied to the trend line to better visualize the data
distribution. (B) Middle: Bland-Altman plot showing the percentage differences (y-axis) between Simoa and Abbott Alinity assays against their mean
concentrations (x-axis). The solid blue line represents the mean bias, and the dashed brown lines indicate the limits of agreement (+1.965D). The blue
error bars represent the 95 % confidence intervals (CIs) for the limits of agreement, while the green error bar shows the 95 % CI for the mean bias. The
mean difference of 149.6 % (95 % CI: 146.7-152.6 %) is highlighted, with limits of agreement from 131.7 % (95 % CI: 126.6-136.8 %) to 167.5 % (95 % CI:
162.4-172.6 %). (B) Right: Passing-Bablok regression plot with GFAP concentrations from Simoa on the x-axis and Alinity on the y-axis, highlighting
proportional bias with a slope of 0.1268 (95 % CI: 0.1039-0.1479) and an intercept of 2.2134 (95 % CI: —0.2616-5.7071). The solid blue line represents the
fitted regression line, while the shaded blue area indicates the confidence interval and the dashed brown line represents the identity line (y=x).
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reported lower GFAP concentrations compared with MSD.
Passing-Bablok regression identified a significant propor-
tional bias but no systematic bias, with a slope of 3.5509 (95 %
CI: 3.1935-3.9167) and an intercept of —36.8 (95 % CI: —87.9—
19.2), as the difference between assays became more pro-
nounced at higher GFAP concentrations (Table 2, Figure 2A).
Lastly, the comparison between the Simoa and Ella as-
says revealed a strong correlation (rs=0.827, p<0.0001).
Bland-Altman analysis reported a mean difference of
185.7% (95 % CI: 184.6-186.7 %), with limits of agreement
ranging from 178.3 % (95 % CI: 176.5-180.1 %) t0 193.0 % (95 %
CI: 191.2-194.8 %), indicating that Simoa consistently over-
estimated GFAP concentrations compared with Ella.
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Passing—Bablok regression identified proportional and sys-
tematic differences, with a slope of 36.031 (95 % CI: 30.923—
43.615) and an intercept of -64.712 (95% CI: -126.731
to —20.284), suggesting that the discrepancy between assays
increased with concentration and was present across the
entire range (Table 2, Figure 2B).

Method comparison of CSF assays
A strong correlation was observed between the ELISA and

Alinity assays in CSF samples (rs=0.937, p<0.0001). Bland-
Altman analysis indicated a mean difference of -117.0 %
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Figure 2: Method comparison of plasma assays: Simoa vs. MSD and Simoa vs. Ella. Each row shows the correlation plot (left), Bland-Altman plot (middle),
and Passing-Bablok regression (right) for each pairwise comparison. (A) Left: Correlation plot of GFAP concentrations measured by Simoa (x-axis) and
MSD (y-axis) assays, with values expressed in ng/L. The plot demonstrates a strong correlation (r=0.914, p<0.0001). A locally estimated scatterplot
smoothing (LOESS) curve with an 80 % span is applied to the trend line to enhance visualization of the data distribution. (A) Middle: Bland-Altman plot
showing the percentage differences (y-axis) between simoa and MSD assays against their mean concentrations (x-axis). The solid blue line represents the
mean bias, and the dashed brown lines indicate the limits of agreement (+1.965D). The blue error bars represent the 95 % confidence intervals (CIs) for
the limits of agreement, while the green error bar shows the 95 % CI for the mean bias. The mean difference of —107.5 % (95 % CI: —111.9 %--103.0 %) is
presented, with limits of agreement from —132.5 % (95 % CI: —140.2 %-—-123.8 %) to —82.4 % (95 % CI: —90.1 %-—-74.7 %). (A) Right: Passing-Bablok
regression plot with GFAP concentrations from Simoa on the x-axis and MSD on the y-axis, indicating proportional bias with a slope of 3.5509 (95 % CI:
3.1935-3.9167) and an intercept of —36.8 (95 % CI: —87.9-19.2). The solid blue line represents the fitted regression line, while the shaded blue area
indicates the confidence interval and the dashed brown line represents the identity line (y=x). (B) Left: Correlation plot of GFAP concentrations measured
by Ella (x-axis) and Simoa (y-axis) assays, with values expressed in ng/L. The plot demonstrates a strong correlation (r=0.827, p<0.0001). A locally
estimated scatterplot smoothing (LOESS) curve with an 80 % span is applied to the trend line to enhance visualization of the data distribution. (B) Middle:
Bland-Altman plot showing the percentage differences (y-axis) between Simoa and Ella assays against their mean concentrations (x-axis). The solid blue
line represents the mean bias, and the dashed brown lines indicate the limits of agreement (+1.96SD). The blue error bars represent the 95 % confidence
intervals (CIs) for the limits of agreement, while the green error bar shows the 95 % CI for the mean bias. The mean difference of 185.7 % (95 % CI: 184.6-
186.7 %) is shown, with limits of agreement from 178.3 % (95 % CI: 176.5-180.1 %) to 193.0 % (95 % CI: 191.2-194.8 %). (B) Right: Passing-Bablok
regression plot with GFAP concentrations from Ella on the x-axis and Simoa on the y-axis, highlighting proportional bias with a slope of 36.031(95 % CI:
30.923-43.615) and an intercept of —64.712 (95 % CI: —126.731--20.284). The solid blue line represents the fitted regression line, while the shaded blue
area indicates the confidence interval and the dashed brown line represents the identity line (y=x).



2454 —— Arslan et al.: Method comparison of GFAP immunoassays

(95% CI. -122.4 %—-111.7 %), with limits of agreement
ranging from -1532% (95% CL -162.4%--144.0%)
to —80.9% (95 % CI: —90.1 %—-71.6 %), showing that ELISA
reported lower GFAP concentrations than Alinity. Passing—
Bablok regression revealed both systematic and propor-
tional biases, with a slope of 4.0732 (95 % CI: 3.7084-4.4810)
and an intercept of —100.47 (95% CI: —220.81--4.67), indi-
cating that Alinity measurements were consistently higher
than ELISA, with the difference becoming more pronounced
at higher GFAP concentrations (Table 2, Figure 3A).

Similarly, a strong correlation was observed between the
ELISA and MSD assays in CSF samples (r,=0.949, p<0.0001).
Bland-Altman analysis showed a mean difference of —195.5 %
(95 % CI: —195.8 %—-195.1 %), with limits of agreement ranging
from —197.5 % (95 % CI: —198.1 %——196.9 %) to —193.4 % (95 %
CI: —194.0 %——192.8 %), with ELISA underestimating GFAP
levels relative to MSD. Passing-Bablok regression analysis
further confirmed a substantial proportional bias, with a
slope of 91.85 (95% CI: 80.65-106.10) and an intercept
of —820.19 (95% CI: —3421.94-1486.04), indicating that MSD
measurements were disproportionately higher than ELISA as
GFAP concentrations increased (Table 2, Figure 3B).

Lastly, a strong correlation was observed between the
ELISA and Ella assays in CSF samples (r;=0.958, p<0.0001).
Bland-Altman analysis indicated a mean difference
of -21.3% (95 % CI: —30.9 %—-11.6 %), with limits of agree-
ment ranging from —88.6 % (95 % CI: —105.2 %—-72.0 %) to
46.0% (95% CI: 29.4-62.6 %). Passing—Bablok regression
analysis showed only systematic bias, with a slope of 0.9698
(95 % CI: 0.9351-1.0158) and an intercept of 45.18 (95 % CI:
26.65-58.51) (Table 2, Figure 3C).

The regression equations obtained from the Passing—
Bablok regression analysis are presented in Table 3.

Discussion

In this study, we compared four different GFAP immunoas-
says for plasma and four for CSF, conducting pairwise
comparisons using distinct sample sets. Although Spear-
man’s r ranged from 0.827 to 0.958 across assays, our analysis
revealed substantial method-dependent biases in several
comparisons. Some assays exhibited a systematic bias,
characterized by a consistent offset across all concentra-
tions, whereas others demonstrated a proportional bias,
where discrepancies increased with higher GFAP levels.
Additionally, several comparisons revealed the presence of
both systematic and proportional biases, indicating assay-
specific differences in GFAP quantification.

To better understand the practical implications of these
findings, we examined the extent and nature of these biases
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in both plasma and CSF assay comparisons. Among the
plasma GFAP assay comparisons, both systematic and pro-
portional biases were observed only between Simoa and
Ella, while the remaining comparisons showed proportional
bias alone. These discrepancies have important implications
for biomarker standardization and clinical implementation.
In particular, the lack of agreement in absolute concentra-
tions — most evident in comparisons such as Simoa vs. Alinity
and Simoa vs. MSD - suggests that differences in antibody
specificity, epitope recognition, assay design (e.g., two-step
vs. three-step protocols), detection technologies, and cali-
bration strategies likely contribute to the observed vari-
ability. For instance, proportional biases that became more
pronounced at higher GFAP concentrations highlight dis-
parities in analytical sensitivity and dynamic range,
complicating the direct interchangeability of results across
assays. Simoa generally reported higher absolute concen-
trations than other assays — except in the comparison with
MSD, where MSD reported higher values — highlighting
variability even among high-sensitivity platforms. In CSF,
assay comparisons demonstrated that ELISA consistently
underestimated GFAP levels relative to Alinity, MSD, and
Ella, with the greatest discrepancy observed in ELISA vs.
MSD and the smallest in ELISA vs. Ella. Both systematic and
proportional biases were present, reinforcing that assay-
specific differences persist across matrices. These findings
collectively emphasize that GFAP measurements are not
directly interchangeable between platforms without
appropriate bias correction, which is essential for consistent
interpretation in clinical and research contexts.

Given these observed discrepancies, regression-based
harmonization might serve as a practical interim solution.
The regression equations derived from our method com-
parison using Passing-Bablok analysis may serve as provi-
sional tools to translate values between assays in the absence
of standardized calibration for GFAP. In this study, the
analysis revealed both proportional and fixed biases, and the
resulting equations could facilitate approximate cross-assay
comparisons under controlled conditions. However, the
applicability of these equations must be approached with
caution. Their validity is inherently dependent on the dis-
tribution and range of GFAP concentrations within the study
population; for instance, age-related elevations in GFAP,
particularly in older individuals, may introduce variability
that limits the generalizability of such transformations.
Additionally, our analyses were conducted exclusively using
plasma samples, meaning these equations are not directly
transferable to other matrices such as serum or lithium
heparin plasma without further validation. Importantly, due
to differences in antibody specificities and detection tech-
nologies among platforms, assay results may not be directly
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Figure 3: Method comparison of CSF assays: ELISA vs. Alinity, ELISAvs. MSD, and ELISA vs. Ella each row shows the correlation plot (left), Bland-Altman plot
(middle), and Passing-Bablok regression (right) for each pairwise comparison. (A) Left: In the correlation plot, GFAP concentrations measured by ELISA
(x-axis) and alinity (y-axis) are expressed in ng/L, demonstrating a strong correlation (r=0.937, p<0.0001). A locally estimated scatterplot smoothing (LOESS)
curve with an 80 % span is applied to the trend line to improve visualization of the data distribution. (A) Middle: Bland-Altman plot showing the percentage
differences (y-axis) between ELISA and Alinity assays against their mean concentrations (x-axis). The solid blue line represents the mean bias, and the dashed
brown lines indicate the limits of agreement (+1.965D). The blue error bars represent the 95 % confidence intervals (CIs) for the limits of agreement, while the
green error bar shows the 95 % CI for the mean bias. The mean difference of —117.0 % (95 % CI: —122.4 %--111.7 %) is shown, with limits of agreement
from —153.2 % (95 % CI: —162.4 %-—144.0 %) to —80.9 % (95 % CI: —90.1 %--71.6 %). (A) Right: Passing-Bablok regression plot with GFAP concentrations
from ELISA on the x-axis and Alinity on the y-axis, highlighting proportional bias with a slope of 4.0732 (95 % CI: 3.7084-4.4810) and an intercept of —100.47
(95 % CI: —220.81-—4.67). The solid blue line represents the fitted regression line, while the shaded blue area indicates the confidence interval and the dashed
brown line represents the identity line (y=x). (B) Left: In the correlation plot, GFAP concentrations measured by ELISA (x-axis) and MSD (y-axis) are expressed
in ng/L, demonstrating a strong correlation (r=0.949, p<0.0001). A locally estimated scatterplot smoothing (LOESS) curve with an 80 % span is applied to the
trend line to better visualize the data distribution. (B) Middle: Bland-Altman plot showing the percentage differences (y-axis) between ELISA and MSD assays
against their mean concentrations (x-axis). The solid blue line represents the mean bias, and the dashed brown lines indicate the limits of agreement
(£1.96SD). The blue error bars represent the 95 % confidence intervals (CIs) for the limits of agreement, while the green error bar shows the 95 % CI for the
mean bias. The mean difference of —195.5 % (95 % CI: —=195.8 %--195.1 %), is shown, with limits of agreement from —197.5 % (95 % CI: —198.1 %--196.9 %)
to —193.4 % (95 % CI: —194.0 %--192.8 %). (B) Right: Passing-Bablok regression plot with GFAP concentrations from ELISA on the x-axis and MSD on the
y-axis, highlighting proportional bias with a slope of 91.85 (95 % CI: 80.65-106.10) and an intercept of —820.19 (95 % CI: —3421.94-1486.04). The solid blue line
represents the fitted regression line, while the shaded blue area indicates the confidence interval and the dashed brown line represents the identity line (y=x).
(C) Left: In the correlation plot, GFAP concentrations measured by ELISA (x-axis) and Ella (y-axis) are expressed in ng/L, demonstrating a strong positive
correlation (r=0.958, p<0.0001). A locally estimated scatterplot smoothing (LOESS) curve with an 80 % span is applied to the trend line to better visualize the
data distribution. (C) Middle: Bland-Altman plot showing the percentage differences (y-axis) between ELISA and Ella assays against their mean concen-
trations (x-axis). The solid blue line represents the mean bias, and the dashed brown lines indicate the limits of agreement (+1.96SD). The blue error bars
represent the 95 % confidence intervals (CIs) for the limits of agreement, while the green error bar shows the 95 % CI for the mean bias. The mean difference
of —21.3% (95 % CI: —-30.9 %-—11.6 %) is shown, with limits of agreement from —88.6 % (—105.2 %-—72.0 %) to 46.0 % (29.4-62.6 %). (C) Right: Passing-
Bablok regression plot with GFAP concentrations from ELISA on the x-axis and Ella on the y-axis, highlighting proportional bias with a slope of 0.9698 (95 %
CI: 0.9351-1.0158) and an intercept of 45.18 (95 % CIL: 26.65-58.51). The solid blue line represents the fitted regression line, while the shaded blue area
indicates the confidence interval and the dashed brown line represents the identity line (y=x).

interchangeable. This lack of commutability increases the diagnostic or prognostic decisions. Therefore, we advise that
risk of misclassification, especially near clinically significant these regression models be used judiciously and primarily in
thresholds where even minor discrepancies can affect research settings. Until certified reference material (CRM)
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Table 3: Passing-Bablok regression equations for each pairwise com-
parison of plasma and CSF GFAP assays.

Pairwise comparison Regression equation

Plasma

Alinity vs. Ella Alinity=0.696+3.778*Ella
Simoa vs. Alinity Alinity=2.213+0.127*Simoa
Simoa vs. MSD MSD=-36.798+3.551*Simoa
Simoa vs. Ella Simoa=-64.712+36.031*Ella
CSF

ELISA vs. Alinity
ELISA vs. MSD
ELISA vs. Ella

Alinity=—100.469+4.073*ELISA
MSD=-820.195+91.848*ELISA
Ella=45.181+0.970*ELISA

CSF, cerebrospinal fluid; ELISA, enzyme-linked immunosorbent assay; MSD,
meso scale discovery; Simoa, single molecule array.

and traceable -calibrators are established for GFAP,
regression-based harmonization should be considered a
temporary and context-dependent solution. For clinical ap-
Pplications, particularly where established cutoffs exist (e.g.,
in mild TBI), we recommend using assay- and matrix-specific
reference values.

These considerations further underscore the complexities
involved in achieving cross-platform consistency and high-
light the influence of both technical and biological factors. As
noted in the Introduction, several factors — such as differences
in antibody selection, assay design, and calibrators — pose
challenges for cross-platform standardization of GFAP mea-
surements. Notably, in our study, the strongest correlation in
plasma pairwise comparisons was observed between the
Simoa and Alinity platforms (Spearman’s r=0.927), both of
which reportedly use antibodies derived from Banyan Bio-
markers. This finding supports the idea that using antibodies
from the same source may contribute to improved analytical
concordance. However, the correlation was not perfect, and
lower correlations were observed for other pairwise com-
parisons, such as Alinity vs. Ella (r=0.839) and Simoa vs. Ella
(r=0.827). These discrepancies suggest that, beyond antibody
origin, other technical differences — such as assay configura-
tion (e.g., two-step vs. three-step), calibrator materials, and
assay platforms (e.g., Simoa vs. chemiluminescent micropar-
ticle immunoassay) — may influence the overall agreement. In
contrast, GFAP concentrations measured in CSF showed
strong correlations across all assays, which may be attributed
to the simpler and more homogeneous nature of the CSF
matrix. One plausible explanation is that GFAP in CSF exists in
a more uniform form, allowing different antibody pairs to
recognize the target epitope with similar efficiency. Addi-
tionally, the lower total protein content and fewer interfering
substances in CSF likely contribute to the improved assay
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concordance observed in this matrix. Altogether, these find-
ings suggest that the biological matrix itself plays a significant
role in determining inter-assay comparability. They also
highlight the need for a multifaceted approach to assay
harmonization, including the use of standardized calibrators
and potentially matrix-specific validation strategies.

Our findings build on prior developments in GFAP
quantification, which have evolved from initial ELISA-based
measurements in CSF [10, 18] to the emergence of various
immunoassay platforms applicable to both CSF and blood [9,
10, 12, 16]. These advances have enabled detection across a
range of neurological conditions, including TBI [23], neuro-
immunological disorders [24], AD [25], and glioblastoma
multiforme [26, 27]. More recently, fully automated plat-
forms [15, 29] and point-of-care technologies [30] have
expanded the clinical potential of GFAP testing. However,
despite this progress, direct comparisons between assays
remain limited, and cross-platform differences in absolute
GFAP concentrations are increasingly recognized. In a
recent study [28], Fazeli et al. compared a newly developed
second-generation microfluidic immunoassay (Ella) with
Simoa and a homebrew Ella assay for serum samples,
reporting a substantial difference in absolute GFAP con-
centrations, with markedly higher levels detected by the
Simoa assay. Consistent with their findings, we also
observed a significant difference in absolute GFAP concen-
trations between Simoa and Ella, despite the two assays
showing a strong correlation in plasma samples.

Despite overall assay concordance, the presence of
notable systematic and proportional biases indicates that
these methods are not directly interchangeable. This lack of
interchangeability highlights the urgent need for standardi-
zation across GFAP assays. Establishing standardized refer-
ence materials and aligning calibration strategies across
assays will be essential to improve comparability and support
the clinical implementation of GFAP as a biomarker. A notable
example of successful biomarker standardization is the effort
to harmonize CSF amyloid-beta 1-42 (AP42) measurements
[31]. To minimize variability between different assays, the
European Commission’s Joint Research Centre (JRC), in
collaboration with the International Federation of Clinical
Chemistry and Laboratory Medicine (IFCC), established CRMs
specifically for CSF AB42 [31]. Applying a comparable strategy
to GFAP, including the creation of CRMs and assay recali-
bration, could be instrumental in mitigating systematic and
proportional biases across measurement platforms.

This study has several strengths and limitations. One
limitation is that, due to the availability of the assays included
in this comprehensive method comparison and constraints
related to sample volume, we were unable to use the same
samples for all pairwise comparisons. However, we
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addressed this by selecting similar samples with comparable
concentration ranges, and this approach was statistically
evaluated. While the CLSI EP09C guidelines recommend a
minimum of 40 samples for method comparison studies, some
pairwise comparisons in our study included fewer samples.
The lowest sample size used was 23, which we believe remains
acceptable, as our dataset adequately covered the measure-
ment range of the assays tested. Another limitation is the
absence of a direct comparison between the Alinity I TBI and
Vidas® TBI assays [32], both of which have received FDA
approval and CE marking for the evaluation of mTBI. While
these assays are increasingly used in clinical practice, logis-
tical and technical constraints prevented their inclusion in the
present analysis. Future studies directly comparing these two
commercially available platforms would be valuable for
assessing their analytical agreement and clinical applicability.
Lastly, we were unable to compare paired CSF and plasma
samples from the same individuals. As CSF GFAP is highly
sensitive to freeze-thaw cycles, such a comparison ideally
requires freshly collected samples, which were not available
in sufficient quantity for this study. On the other hand, a
major strength of this study is that, for the first time, multiple
commercially available plasma and CSF GFAP assays were
directly compared, revealing substantial biases in absolute
GFAP concentrations between different platforms. These
findings may contribute to future efforts in developing stan-
dardized reference materials, given the observed discrep-
ancies among assays. Although we were unable to use
identical sample sets across all comparisons, the distinct sets
we analyzed reflect the types of clinical samples commonly
received in routine laboratory practice for the measurement
of other neurobiomarkers, such as neurofilament light (NfL).

In conclusion, our findings demonstrate that commer-
cially available plasma and CSF GFAP assays correlate
strongly but exhibit both systematic and proportional biases,
emphasizing the need for standardization efforts. Harmo-
nization across different assays is essential to ensure reliable
longitudinal tracking of GFAP concentrations in clinical and
research settings, particularly when transitioning between
different platforms. The choice of platform depends on
multiple factors, including analytical performance, sensi-
tivity, sample volume requirements, and laboratory infra-
structure — areas that warrant further investigation. Until
cross-platform harmonization is achieved, assay-specific
reference ranges or transformation models would be
necessary. Future studies should focus on developing CRMs
and standardized calibration approaches to improve the
comparability of GFAP assays.
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