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Abstract

Objectives: Glial fibrillary acidic protein (GFAP) is a
promising biomarker that could potentially contribute to
diagnosis and prognosis in neurological diseases. The
biomarker is approaching clinical use but the reference
interval for serum GFAP remains to be established, and
knowledge about the effect of preanalytical factors is also
limited.

Methods: Serum samples from 371 apparently healthy
reference subjects, 21-90 years of age, were measured by a
single-molecule array (Simoa) assay. Continuous reference
intervals were modelled using non-parametric quantile
regression and compared with traditional age-partitioned
non-parametric reference intervals established according to
the Clinical and Laboratory Standards Institute (CLSI)
guideline C28-A3. The following preanalytical conditions
were also examined: stability in whole blood at room tem-
perature (RT), stability in serum at RT and -20 °C, repeated
freeze-thaw cycles, and haemolysis.

Results: The continuous reference interval showed good
overall agreement with the traditional age-partitioned refer-
ence intervals of 25-136 ng/L, 34-242 ng/L, and 5-438 ng/L
for the age groups 20-39, 40-64, and 65-90 years, respec-
tively. Both types of reference intervals showed increasing
levels and variability of serum GFAP with age. In the pre-
analytical tests, the mean changes from baseline were 2.3%
(95% CI: —2.4%, 6.9%) in whole blood after 9 h at RT, 3.1%
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(95% CI: -4.5%, 10.7%) in serum after 7 days at RT, 10.4%
(95% CI: —6.0%, 26.8%) in serum after 133 days at —20 °C, and
10.4% (95% CI: 9.5%, 11.4%) after three freeze-thaw cycles.
Conclusions: The study establishes age-dependent refer-
ence ranges for serum GFAP in adults and demonstrates
overall good stability of the biomarker.

Keywords: glial fibrillary acidic protein (GFAP); pre-
analytical; reference range; serum; stability.

Introduction

Glial fibrillary acidic protein (GFAP) is a type-III intermediate
filament found primarily in astrocytes. It has been investi-
gated as a promising biomarker of neurological disease,
especially in the field of traumatic brain injury (TBI) [1].
Studies show that blood GFAP levels reflect the clinical
severity of TBI [2] and may be superior to other serum bio-
markers (e.g. S100B, UCH-L1, and NfL) in discriminating
patients with and without abnormal head CT following a mild
TBI [3-5]. Evidence also suggests a prognostic potential of
blood GFAP in stroke [6-10], neurodegenerative diseases
[11-14], and neuroinflammatory diseases such as multiple
sclerosis [15-18].

Most of the initial studies on GFAP measured the
biomarker in cerebrospinal fluid (CSF) where levels in
healthy individuals are approximately 100 times higher than
in blood and well within the detection range of conventional
immunoassays [19]. However, the development of more
advanced immuno assays in the last decade such as the ultra-
sensitive single molecule array (Simoa) has enabled the
measurement of GFAP in blood samples even at the low
levels found in some healthy individuals [3]. The use of
blood instead of CSF has obvious advantages and makes the
biomarker much more accessible for clinical use. To our
knowledge, no age- and gender-specific reference ranges in
healthy individuals have been defined, and only a few
studies have examined the preanalytical properties of blood
GFAP [14, 20-25].

Therefore, the aim of this study was to establish age-
and gender-specific reference intervals for serum GFAP
using both non-parametric quantile regression and the
traditional non-parametric method described by the Clinical
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and Laboratory Standards Institute (CLSI) guideline C28-A3
[26], and to examine key pre-analytical properties of blood
GFAP.

Materials and methods

The study was performed at our international accredited hospital lab-
oratory at the Department of Clinical Biochemistry at Aarhus University
Hospital, Denmark (DS/EN ISO/IEC 15189), between January and June
2022.

Sample collection

Reference interval study: The reference subjects were recruited among
two groups: (1) blood donors aged 17-65 years from Aarhus University
Hospital’s blood bank, and (2) outpatients >65 years of age in the
hospital’s blood sampling units.

Danish blood donors are volunteers, between 17 and 65 years of
age at enrolment, and have to fulfil strict health requirements. The
blood samples were collected prior to blood donation by the laboratory
technicians in the blood bank.

To recruit subjects >65 years, elderly outpatients referred to our
blood sampling units for other biochemical tests were screened by a
systematic interview after obtaining verbal consent for additional
blood sampling. Subjects were excluded if self-reported to suffer from
diabetes, dementia, current or previous stroke, brain disease or being
referred from the departments of neurology, neurosurgery, or psychiatry.
The blood samples were drawn by the laboratory technician doing the
routine samples who also performed the systematic interview.

Preanalytical tests: Blood samples were collected from three age
groups, approx. 30 years (n=3), 50-60 years (n=3), and >80 years
(n=4), in the hospital’s outpatient blood sampling units and selected
inpatient wards after obtaining verbal consent for additional blood
sampling.

Sample handling

All blood samples were drawn from the antecubital vein using Vacuette®
SAFETY Blood Collection Set (Greiner Bio-One, Kremsmiinster, Austria)
and BD Vacutainer® serum clot activator tubes (Becton Dickinson,
Lyngby, Denmark). All samples were anonymised and transported by
hand to the laboratory, only accompanied by information on age and
gender of the reference subjects. They were allowed to clot for at least
30 min before being centrifuged at 3,000 g for 5 min at 20 °C + 1 °C (room
temperature, RT) and subsequently frozen at —20 °C. For details about the
timing of centrifugation and freezing, see below.

Reference interval study: All samples from reference subjects were
kept at RT, centrifuged within 7 h of collection, and subsequently
stored at —20 °C for a maximum of 2 months before analysis.

Preanalytical tests: The preanalytical stability of GFAP was assessed
in (1) whole blood at RT, (2) serum at RT, (3) serum at —20 °C, and (4)
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serum after repeated freeze-thaw cycles, using an adaptation to The

CRESS checKklist for reporting stability studies by the EFLM [27].

(1) The stability in whole blood at RT was tested by collecting five
serum tubes from 10 patients and storing them at RT for 1, 2, 5, 7, or
9 h before centrifugation and freezing.

(2) The stability in serum at RT was tested in samples from 10 patients
that were centrifuged within 1 h, aliquoted and stored at RT for 0,
1, 23, 5, or 7 days before freezing.

(3) The stability in serum at —20 °C was tested by preparing three
serum pools of different GFAP levels and aliquoting each into four
tubes, of which one was analysed immediately and the rest after
storage at —20 °C for 1, 2, or 4.5 months.

(4) Freeze-thaw stability was tested in four serum pools that were
aliquoted and subjected to 1, 2, or 3 cycles of —20 °C/RT.

The effect of haemolysis was assessed in a dose-respond study as
recommended by the CLSI approved Guideline EP0O7 [28]. Six serum
pools with three different GFAP levels (low, medium, and high) were
prepared. Haemolysate was prepared from whole blood using an
adaptation to the Meites method [29]. Briefly, the erythrocytes from
5 mL of EDTA plasma was washed four times with 5 mL of isotonic
saline. After centrifugation and discarding of the supernatant, the
cells were diluted with demineralized water to a final volume of 5 mL,
incubated at RT for 30 min and frozen at —20 °C overnight. After
thawing, the sample was centrifuged again, and the H-index of
the supernatant fluid determined using the Siemens Atellica Solution
(Siemens Healthcare Diagnostics Products GmbH, Marburg, Germany).
Dilution series with decreasing levels of haemoglobin (Hb) were pre-
pared by spiking each serum pool with haemolysate to a concentration
of 800 mg/dL and making 1:1 serial dilutions to obtain six samples with
Hb in the range of 0-400 mg/dL.

GFAP assay

GFAP was measured using the Simoa GFAP Discovery Kit on the HD-1
Analyzer (Quanterix Corp., Billerica, MA) following the manufacturer’s
instructions. The assay is a 2-step digital immunoassay providing single
molecule sensitivity by capturing and detecting immunocomplexes on
singulated microbeads in arrays of femtoliter wells. According to the
manufacturer, the lower limit of detection is 0.211 ng/L and the lower
limit of quantification 0.686 ng/L. The calibration range is 0-1,000 ng/L
and the dynamic range 0—4,000 ng/L. The stated within run coefficient
of variation (CV) of three serum panels with mean concentrations
31.75 ng/L, 317.6 ng/L, and 2,282 ng/L is 6.3, 10.9, and 8.2%, respec-
tively, and the between run CV 5.7, 13.0, and 13.6%. Two in-house made
serum controls were used as internal controls. All samples were thawed
at RT and analysed in singles by trained laboratory technicians blinded
to data.

Statistical analysis

Reference interval study: Continuous reference intervals were
modelled using non-parametric quantile regression as described by
Holmes et al. [30] and compared to a traditional non-parametric
method with age-partitioning as described in the CLSI guideline
C28-A3 [26].

Quantile regression is robust to the shape of an empirical distri-
bution and resistant to outliers. In this study, the package
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quantregGrowth in R (version 4.1.3) was used with penalized splines
and (n-1)-fold cross-validation. The 95%-confidence intervals were
determined using the sandwich formula built into the quantregGrowth
package [31, 32].

Figure 1 shows the effect of different smoothing values (A) in
the penalized spline function on the estimated continuous reference
interval curves of the quantile regression. Small values of A resulted in
overfitting, whereas changing the value in the range of 1-40 had
almost no visible effect on the reference interval. Using (n-1)-fold
cross-validation, the optimum A value was found to be 4.4.

To determine the traditional age-partitioned reference intervals,
the data distribution was assessed by an QQ plot and Shapiro-Wilk
test. Statistically significant outliers were detected by the Dixon D/R
ratio. The decision to partition in age or gender groups was done
according to the recommendations of Lahti et al. [33]. The age groups
were predefined based on the demography of neurodegenerative
disease patterns [34].

Apart from the quantile regression in R, the statistical analysis
was carried out using Analyse-it 4.65.3 software for Microsoft Excel
(Microsoft, Redmond, WA).

Preanalytical tests: The maximum permissible difference (MPD) for
the preanalytical studies was established following the Milan hierar-
chy for analytical performance as recommended by the CRESS
checklist [27]. The MPD could not be determined from outcome data
from the literature due to lack of such available data. The MPD was
therefore based on biological variation data [35]. The maximum
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allowable bias was calculated as +0.25 x (CV{? + CVg)"? = +10.2% and
the allowable total error as + 1.65(0.5 x CVy) + bias = +18.2% [36].

Results
Analytical performance

Across the entire study period from February to June 2022, the
intermediate precision of the low (average level 103.0 ng/L,
n=28) and high (average level 1,398 ng/L, n=26) quality
controls (QCs) was 13.1 and 14.2%, respectively. The reference
samples were analysed in a total of seven runs with a between
run CV for the low (n=14) and high (n=14) QCs of 10.6 and
14.1%, respectively. The preanalytical test samples were
analysed in a single batch, except for the —20 °C condition,
with a within run CV for the low (n=8) and high QCs (n=6)
of 5.3 and 4.4%, respectively. The samples stored at —20 °C
were analysed in four runs with a between run CV for the
low (n=14) and high QCs (n=12) of 9.3 and 10.9%, respec-
tively. There was one change of lot number during the study
period, potentially affecting the —20 °C storage experiment at
day 133.
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Figure 1: The effect of different smoothing values (A) on the continuous reference interval curves.
The green, red, and black curves are the 97.5th, median, and 2.5th centiles, respectively.
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Figure 2: Continuous and age-partitioned reference intervals for
serum GFAP.

Mean GFAP level (black line) and 95% reference limits (blue lines)
from the continuous model with 95% confidence intervals calculated
using the sandwich formula (shaded areas) are shown together with
age-partitioned non-parametric reference intervals (solid purple
lines) with 90% confidence intervals (dashed purple lines). The level
of each individual is demonstrated by dots.

Reference interval study

A total of 371 reference subjects (165 males and 206 females)
aged 21-90 years were included in the study. Of these, 254
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were blood donors between 21 and 65 years of age and 117
were outpatients between 66 and 90 years of age. Figure 2
and Table 1 show the continuous reference intervals as well
as the traditional age-partitioned non-parametric reference
intervals.

In establishment of the age-partitioned non-parametric
reference intervals, two measurements were identified as
outliers by applying Dixons D/R on the predefined age
groups. After removal of these, Lahti’s recommendations
applied on the age group 18-39 years vs. 40-64 years
and 40-64 years vs. 65-90 years, respectively, led to parti-
tioning of all three age groups. There was no statistically
significant gender difference.

Preanalytical tests
Stability

Table 2 and Figure 3 show the results of the preanalytical
stability studies. In all the tested conditions the individual
samples remained within the allowable total error, except
for one of the serum samples stored at RT which showed a
24.9% decrease after 1 day and a 19.2% increase after 7 days
compared to the baseline value. The mean change from
baseline remained within the maximum allowable bias of
10.2% for all tested conditions except for after 133 days
at —20 °C and after 3 freeze-thaw cycles.

The mean change from baseline after storage of (1)
whole blood at RT for 9 h before centrifugation was 2.3%
(95% CI: —2.4%, 6.9%), (2) serum at RT for 7 days 3.1% (95%

Table 1: 5-year reference interval estimates from the continuous model and traditional age-partitioned reference intervals for serum GFAP.

Age, years Reference interval quantile regression?, Reference interval
ng/L age-partitioned, ng/L
[90% ClI]

n 2.5th 97.5th n 2.5th 97.5th
20-24 26 26 135 123° 25 [9.5-34] 136 [115-143]
25-29 48 27 137
30-34 22 29 137
35-39 29 31 138
40-44 34 34 148 124 34 [31-41] 242 [145-354]
45-49 23 37 166
50-54 33 39 192
55-59 17 40 226
60-64 17 38 269
65-69 35 33 320 122 5.3 [1.2-59] 438 [272-547]
70-74 29 27 379
75-79 31 17 446
80-84 17 6.0 522
85-90 10 0 606

Based on point estimates determined at the mid-point of each respective age-bin. "Two outliers were removed for the age-partitioned reference

interval.
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Table 2: Stability of GFAP in whole blood and serum under different storage conditions.

Results, PD%? [95% Cl] Instability equation

Baseline median
value, ng/L [range]

Number of

samples

Storage condition

Tybirk et al.:

0.0022x
=0.126

y
R2
y

y =0.0028x
R?=0.663

3.1 [-4.5, 10.7]

7 days

2.3[-2.4,6.9]

5 days
1.4 [-4.3,7.1]

9h

2.9[-1.6,7.5]

3 days
-1.4[-7.1, 4.3]

133 days®

7h

-0.1[-2.9, 2.7]

2 days
-0.6 [-5.7, 4.6]

5h
57 days

2.4 [-1.6, 6.4]

1 day
-4.3[-12.2, 3.6]

42 days

114 [52-299737]
102 [48-273928]

10
10

Whole blood at RT®

Serum at RT

Serum GFAP reference interval and preanalytical properties

0.0003x
R% = 0.044

155 [47-810]

3 pools

Serum at -20 °C

10.4 [-6.0, 26.8]

3 cycles

-7.8[-18.4,2.7]

2 cycles

-7.7 [-13.5, -2.0]

1 cycle

0.0386x
R?=0.978

y=

140 [76-453]

4 pools

Freeze-thaw cycles

10.4[9.5, 11.4]

8.6 [-3.4, 20.5]

5.5[-2.9, 13.8]

3pD%, percentage deviation compared to baseline value. °RT, room temperature. ‘Based on only two pools as analysis of the third failed.
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CI: -4.5%, 10.7%), and (3) serum pools at —20 °C for 133 days
10.4% (95% CI: —6.0%, 26.8%). (4) Repeated freeze-thaw
cycles led to a steady increase in GFAP up to a mean increase
of 10.4% (95% CI: 9.5%, 11.4%) after 3 cycles.

Haemolysis

The GFAP concentration in the original six serum pools
were between 53.4 and 215 ng/L. The mean concentrations
of Hb in the serial dilutions were 11.6, 28.6, 53.2, 101.5,
200.0 and 386.9 mg/dL. There was no consistent trend in
the effect of haemolysis except that most samples showed a
slight positive change from baseline which did not increase
with increasing Hb concentration. One sample showed a
deviation from baseline of 27.5% at a Hb concentration of
103 mg/dL, but this measurement was rated as an outlier as
the other samples in the serial dilution had a maximum
deviation of 7.5%. The rest of the samples remained within
the total allowable error. The mean change from baseline
for the samples with highest Hb concentration (mean
386.9 mg/dL) was 4.3% (range —6.2%, 19.2%).

Discussion

In the present study we establish age-specific reference
intervals for serum GFAP, both as continuous reference
intervals and as traditional age-partitioned reference in-
tervals, using the commercially available GFAP kit on the
Simoa HD-1 platform. Moreover, we report on key pre-
analytical properties of the biomarker.

One of the strengths of this study is the determination
of a continuous reference interval using non-parametric
quantile regression. The continuous interval shows good
overall agreement with the traditional age-partitioned in-
tervals but one of the main advantages is that it avoids large
jumps between intervals of different age groups as often seen
with age-partitioned intervals and also evident in our data.
These jumps may result in misclassification of individuals
close to age group partitions, a misclassification that is often
difficult to realise for clinicians, especially as age patrtitions
are not reported along with the lab results in many laboratory
information systems. Other advantages of non-parametric
continuous reference intervals include robustness to outliers
and no requirement of any assumptions about the empirical
distribution or arbitrary age partitions. A disadvantage of the
method is less transparency in the way the reference ranges
are determined compared to the traditional non-parametric
approach and the fact that many laboratory information
systems cannot yet handle continuous reference intervals. A
solution to the latter could be calculating discrete e.g. 1-, 5-, or
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Figure 3: Percentage deviations (PD%) in GFAP compared to baseline level in different conditions.

(A and B) whole blood at RT, (C and D) serum at RT, (E and F) serum at —20 °C, and (G and H) repeated freeze-thaw cycles. (A), (C), (E) and (G)
Individual sample data and instability equation calculation (black line) using the least squares method with confidence intervals for the slope
(dashed lines). The change in the high and low QCs between runs is also displayed (dotted lines) for the —20 °C stability experiment. (B), (D),
(F) and (H) Means with 95% confidence intervals. Red dotted lines represent the maximum permissible difference (MPD) for total error and bias

based on biological variation.
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10-year reference intervals based on point estimates deter-
mined at the mid-point of each respective age-bin as shown
in Table 1.

To our knowledge, there are no previous reports on a
reference interval for serum GFAP, but >20 studies so far have
measured GFAP in groups of healthy control subjects using
the Simoa technology: The reported median concentration
among younger healthy controls <65 years in most studies
is in the range of 55-71 ng/L [1, 17, 18, 37-44], whereas two
larger studies looking at older healthy controls (n=61 with
mean age 65.5 years and n=508 with mean age 82.2 years)
found mean concentrations of 183.1 and 196 ng/L, respec-
tively [12, 45]. This agrees well with the reference ranges
established in the present study.

The preanalytical tests show excellent stability for
all examined preanalytical variables, except for prolonged
freezing (133 days at —20 °C) and three freeze-thaw cycles.
In both cases the observed mean change form baseline was
10.4% and thus just outside the established MPD for bias of
10.2%. Inter-run variability may have affected the —20 °C
stability experiment, though, as baseline and experimental
conditions were measured in separate Simoa runs. In fact,
the observed variation followed roughly the same pattern
of increases/decreases as the level of our two QCs between
runs (Figure 3E) and could thus have been caused by
analytical imprecision across plates and change of lot
number for the final measurement.

To our knowledge, only two previous studies have
examined the effect of delayed storage and processing on
serum GFAP. One study found GFAP levels to be stable in
4-5 °C refrigerated whole blood and serum samples for at
least 72 h [24]. Another recent study reported good stability
in whole blood for 24 h at RT and in serum for 24 h at RT
and 2 weeks at 2-8 °C and -20 °C [21], in good agreement
with another study by the same group on stability in EDTA
plasma [22]. We have found no reports about prolonged
storage at RT > 24 h or at —20 °C > 2 weeks. Regarding freeze-
thaw stability, one study reported increased GFAP levels
(13%) in EDTA plasma after four freeze-thaw cycles [22],
whereas five others studies have reported stable levels
in serum and/or plasma for three [23], four [21, 25] and five
freeze/thaw cycles [14, 20], respectively. The accepted
maximum deviation in the studies ranged from 10 to 20%,
but most studies found mean deviations of <10%. Thus,
although we found a mean change slightly higher than
that, GFAP can probably be considered quite robust
against freeze-thaw cycles. We are not aware of previous
studies examining the effect of haemolysis on GFAP levels.

DE GRUYTER

Our study has some limitations. GFAP was measured in
serum only, but three studies (n=8 [25], n=10-12 [22], and
n=20 [46]) using the Simoa technology have found compa-
rable concentrations in paired serum and EDTA plasma
samples, while one study (n=10) found slightly lower con-
centrations in EDTA plasma (87.1% [84.5-92.1]) [21]. Large
differences between EDTA plasma and serum are therefore
unlikely. Another limitation is that the included reference
subjects comprise two distinct cohorts of younger blood
donors <65 years and older outpatients >65 years, respec-
tively. Danish blood donors must fulfil certain health re-
quirements and may thus be healthier on average than the
background population, whereas the older cohort consist-
ing of outpatients may have a higher degree of morbidity
than the background population. It cannot be ruled out that
this combination has exaggerated the effect of age on GFAP.
As there seems to be a slight increase in GFAP levels already
from the age of 50 years, though, it most likely cannot ac-
count for the entire rise seen with age. Moreover, the
observed age-dependent effect is similar to that seen in
healthy controls in other studies [14, 17, 37, 38, 45, 47] and
for other serum neurobiomarkers such as NfL [34].

The observed increase in GFAP levels with age is very
important to consider in future studies looking at clinical
cut-off values for different diseases. We also observed a
larger variability with age which could have implications for
the clinical use of the biomarker in diseases with relatively
small differences between patients and healthy subjects
such as psychiatric diseases [1] where it may be easier to
establish cut-offs for younger compared to older individuals.
A positive association between plasma GFAP and amyloid-3
deposition on PET has been reported in several studies,
which is present already well before clinical Alzheimer’s
symptoms develop [13, 47-49]. Since amyloid deposition
increases with age [50], the observed higher GFAP level and
variability with age in our study might be due to preclinical
disease. The higher prevalence of preclinical disease in older
compared to younger individuals is a general issue when
establishing reference ranges.

In conclusion, the present study establishes age-
dependent reference intervals for serum GFAP in adults,
showing an age-dependent increase in levels, and demon-
strates overall good stability of the biomarker.

Acknowledgments: The authors sincerely thank Charlotte
Ngrby Pedersen and laboratory technicians Katrine Bremer
for organizing the collection and analysis of blood samples,
and the technicians in the blood bank and blood sampling
unit for their assistance in collecting the reference samples.



DE GRUYTER

Research funding: This study was funded by the Department
of Clinical Biochemistry, Aarhus University Hospital.
Author contributions: All authors have accepted respon-
sibility for the entire content of this manuscript and
approved its submission.

Competing interests: Authors state no conflict of interest.
Informed consent: Informed consent was obtained from all
individuals included in this study.

Ethical approval: The local Institutional Review Board
deemed the study exempt from review.

References

10.

11.

. Abdelhak A, Foschi M, Abu-Rumeileh S, Yue JK, D’Anna L, Huss A,

et al. Blood GFAP as an emerging biomarker in brain and spinal
cord disorders. Nat Rev Neurol 2022;18:158-72.

. Huebschmann NA, Luoto TM, Karr JE, Berghem K, Blennow K,

Zetterberg H, et al. Comparing glial fibrillary acidic protein (GFAP)
in serum and plasma following mild traumatic brain injury in
older adults. Front Neurol 2020;11:1054.

. Korley FK, Yue JK, Wilson DH, Hrusovsky K, Diaz-Arrastia R,

Ferguson AR, et al. Performance evaluation of a multiplex assay
for simultaneous detection of four clinically relevant traumatic
brain injury biomarkers. ] Neurotrauma 2019;36:182-7.

. Okonkwo DO, Puffer RC, Puccio AM, Yuh EL, Yue JK, Diaz-

Arrastia R, et al. Point-of-care platform blood biomarker testing of
glial fibrillary acidic protein versus 5100 calcium-binding protein
B for prediction of traumatic brain injuries: a transforming
research and clinical knowledge in traumatic brain injury study. |
Neurotrauma 2020;37:2460-7.

. Czeiter E, Amrein K, Gravesteijn BY, Lecky F, Menon DK,

Mondello S, et al. Blood biomarkers on admission in acute
traumatic brain injury: relations to severity, CT findings and care
path in the CENTER-TBI study. EBioMedicine 2020;56:102785.

. Puspitasari V, Gunawan PY, Wiradarma HD, Hartoyo V. Glial

fibrillary acidic protein serum level as a predictor of clinical
outcome in ischemic stroke. Open Access Maced | Med Sci 2019;
7:1471-4.

. Liu G, Geng]J. Glialfibrillary acidic protein as a prognostic marker

of acute ischemic stroke. Hum Exp Toxicol 2018;37:1048-53.

. Kedziora ), Burzynska M, Gozdzik W, Kubler A, Kobylinska K,

Adamik B. Biomarkers of neurological outcome after aneurysmal
subarachnoid hemorrhage as early predictors at discharge from
an intensive care unit. Neurocritical Care 2021;34:856-66.

. Zheng YK, Dong XQ, Du Q, Wang H, Yang DB, Zhu Q, et al.

Comparison of plasma copeptin and multiple biomarkers for
assessing prognosis of patients with aneurysmal subarachnoid
hemorrhage. Clin Chim Acta 2017;475:64-9.

Petzold A, Keir G, Kerr M, Kay A, Kitchen N, Smith M, et al. Early
identification of secondary brain damage in subarachnoid
hemorrhage: a role for glial fibrillary acidic protein. |
Neurotrauma 2006;23:1179-84.

Heller C, Foiani MS, Moore K, Convery R, Bocchetta M, Neason M,
et al. Plasma glial fibrillary acidic protein is raised in progranulin-
associated frontotemporal dementia. ) Neurol Neurosurg
Psychiatry 2020;91:263-70.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Tybirk et al.: Serum GFAP reference interval and preanalytical properties —— 1837

Benussi A, Ashton NJ, Karikari TK, Gazzina S, Premi E, Benussi L,
et al. Serum glial fibrillary acidic protein (GFAP) is a marker of
disease severity in frontotemporal lobar degeneration. ) Alzheim
Dis 2020;77:1129-41.

Asken BM, Elahi FM, La Joie R, Strom A, Staffaroni AM,
Lindbergh CA, et al. Plasma glial fibrillary acidic protein levels
differ along the spectra of amyloid burden and clinical disease
stage. ] Alzheim Dis 2020;78:265-76.

Oeckl P, Halbgebauer S, Anderl-Straub S, Steinacker P, Huss AM,
Neugebauer H, et al. Glial fibrillary acidic protein in serum is
increased in Alzheimer’s disease and correlates with cognitive
impairment. ) Alzheim Dis 2019;67:481-8.

Abdelhak A, Huss A, Kassubek J, Tumani H, Otto M. Serum GFAP
as a biomarker for disease severity in multiple sclerosis. Sci Rep
2018;8:14798.

Ayrignac X, Le Bars E, Duflos C, Hirtz C, Maleska Maceski A, Carra-
Dalliere C, et al. Serum GFAP in multiple sclerosis: correlation
with disease type and MRI markers of disease severity. Sci Rep
2020;10:10923.

Hogel H, Rissanen E, Barro C, Matilainen M, Nylund M, Kuhle J,
et al. Serum glial fibrillary acidic protein correlates with multiple
sclerosis disease severity. Mult Scler 2020;26:210-9.

Saraste M, Bezukladova S, Matilainen M, Sucksdorff M, Kuhle J,
Leppert D, et al. Increased serum glial fibrillary acidic protein
associates with microstructural white matter damage in
multiple sclerosis: GFAP and DTI. Mult Scler Relat Disord 2021;
50:102810.

Petzold A. Glial fibrillary acidic protein is a body fluid biomarker
for glial pathology in human disease. Brain Res 2015;1600:
17-31.

Abdelhak A, Hottenrott T, Morenas-Rodriguez E, Suarez-Calvet M,
Zettl UK, Haass C, et al. Glial activation markers in CSFand serum
from patients with primary progressive multiple sclerosis:
potential of serum GFAP as disease severity marker? Front Neurol
2019;10:280.

van Lierop Z, Verberk IMW, van Uffelen KW/, Koel-

Simmelink MJA, In ’t Veld L, Killestein J, et al. Pre-analytical
stability of serum biomarkers for neurological disease:
neurofilament-light, glial fibrillary acidic protein and contactin-
1. Clin Chem Lab Med 2022;60:842-50.

Verberk IMW, Misdorp EO, Koelewijn J, Ball A}, Blennow K,

Dage JL, et al. Characterization of pre-analytical sample handling
effects on a panel of Alzheimer’s disease-related blood-based
biomarkers: results from the Standardization of Alzheimer’s
Blood Biomarkers (SABB) working group. Alzheimer’s Dementia
2022;18:1484-97.

Ondruschka B, Woydt L, Bernhard M, Franke H, Kirsten H,
Loffler S, et al. Post-mortem in situ stability of serum markers of
cerebral damage and acute phase response. Int | Leg Med 2019;
133:871-81.

Rezaii PG, Grant GA, Zeineh MM, Richardson KJ, Coburn ML,

Bet AM, et al. Stability of blood biomarkers of traumatic brain
injury. ) Neurotrauma 2019;36:2407-16.

Ashton NJ, Suarez-Calvet M, Karikari TK, Lantero-Rodriguez J,
Snellman A, Sauer M, et al. Effects of pre-analytical procedures
on blood biomarkers for Alzheimer’s pathophysiology, glial
activation, and neurodegeneration. Alzheimer’s Dementia 2021;
13:e12168.

CLSI. Defining, establishing, and verifying reference intervals in
the clinical laboratory; approved guideline. CLSI document



1838 —— Tybirk et al.: Serum GFAP reference interval and preanalytical properties

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

EP28-A3c, 3rd ed. Wayne, PA: Clinical and Laboratory Standards
Institute; 2008.

Cornes M, Simundic AM, Cadamuro J, Costelloe S), Baird G,
Kristensen GBB, et al. The CRESS checklist for reporting stability
studies: on behalf of the European Federation of Clinical
Chemistry and Laboratory Medicine (EFLM) Working Group for the
Preanalytical Phase (WG-PRE). Clin Chem Lab Med 2020;59:
59-69.

CLSI. Interference testing in clinical chemistry. CLSI guideline
EPO7, 3rd ed. Wayne, PA: Clinical and Laboratory Standards
Institute; 2018.

Meites S. Letter: reproducibly simulating hemolysis, for
evaluating its interference with chemical methods. Clin Chem
1973;19:1319.

Holmes DT, van der Gugten )G, Jung B, McCudden CR. Continuous
reference intervals for pediatric testosterone, sex hormone
binding globulin and free testosterone using quantile regression.
J Mass Spectrom Adv Clin Lab 2021;22:64-70.

Muggeo VMR, Sciandra M, Tomasello A, Calvo S. Estimating
growth charts via nonparametric quantile regression: a practical
framework with application in ecology. Environ Ecol Stat 2013;20:
519-31.

Muggeo VMR, Torretta F, Eilers PHC, Sciandra M, Attanasio M.
Multiple smoothing parameters selection in additive regression
quantiles. Stat Model Int ) 2021;21:428-48.

Lahti A, Petersen PH, Boyd JC, Rustad P, Laake P, Solberg HE.
Partitioning of nongaussian-distributed biochemical reference
data into subgroups. Clin Chem 2004;50:891-900.

Hviid CVB, Knudsen CS, Parkner T. Reference interval and
preanalytical properties of serum neurofilament light chain in
Scandinavian adults. Scand ] Clin Lab Invest 2020;80:291-5.
Hovden Christensen S, Vinter Bgdker Hviid C, Tranberg Madsen A,
Parkner T, Winther-Larsen A. Short-term biological variation of
serum glial fibrillary acidic protein. Clin Chem Lab Med 2022;60:
1813-19.

Fraser CG, Petersen PH. Quality goals in external quality
assessment are best based on biology. Scand ] Clin Lab Invest
Suppl 1993;212:8-9.

Aktas O, Smith MA, Rees WA, Bennett JL, She D, Katz E, et al.
Serum glial fibrillary acidic protein: a neuromyelitis optica
spectrum disorder biomarker. Ann Neurol 2021;89:895-910.
Chang X, Huang W, Wang L, ZhangBao J, Zhou L, Lu C, et al. Serum
neurofilament light and GFAP are associated with disease
severity in inflammatory disorders with aquaporin-4 or myelin
oligodendrocyte glycoprotein antibodies. Front Immunol 2021;
12:647618.

McCrea M, Broglio SP, McAllister TW, Gill J, Giza CC, Huber DL,
et al. Association of blood biomarkers with acute sport-related
concussion in collegiate athletes: findings from the NCAA and

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

DE GRUYTER

Department of Defense CARE Consortium. JAMA Netw Open 2020;
3:e1919771.

McDonald S), O’Brien WT, Symons GF, Chen Z, Bain J, Major BP,
et al. Prolonged elevation of serum neurofilament light after
concussion in male Australian football players. Biomark Res
2021;9:4.

Schindler P, Grittner U, Oechtering J, Leppert D, Siebert N,
Duchow AS, et al. Serum GFAP and NfL as disease severity and
prognostic biomarkers in patients with aquaporin-4 antibody-
positive neuromyelitis optica spectrum disorder. )
Neuroinflammation 2021;18:105.

van der Plas E, Long JD, Koscik TR, Magnotta V, Monckton DG,
Cumming SA, et al. Blood-based markers of neuronal injury in
adult-onset myotonic dystrophy type 1. Front Neurol 2021;12:
791065.

Zeitlberger AM, Thomas-Black G, Garcia-Moreno H, Foiani M,
Heslegrave A), Zetterberg H, et al. Plasma markers of
neurodegeneration are raised in Friedreich’s Ataxia. Front Cell
Neurosci 2018;12:366.

Giza CC, McCrea M, Huber D, Cameron KL, Houston MN,
Jackson JC, et al. Assessment of blood biomarker profile after
acute concussion during combative training among US military
cadets: a prospective study from the NCAA and US Department of
Defense CARE Consortium. JAMA Netw Open 2021;4:2037731.
Stevenson-Hoare J, Heslegrave A, Leonenko G, Fathalla D,
Bellou E, Luckcuck L, et al. Plasma biomarkers and genetics in the
diagnosis and prediction of Alzheimer’s disease. Brain 2022;
awac128. https://doi.org/10.1093/brain/awac128.

Quanterix. Simoa® GFAP* Discovery Kit HD-1/HD-X Data Sheet;
2018. Available from: https://www.quanterix.com/wp-content/
uploads/2020/12/Simoa_GFAP_Data_Sheet_HD-1_HD-X_Rev03.
pdf [Accessed 31 Aug 2022].

Chatterjee P, Pedrini S, Stoops E, Goozee K, Villemagne VL,
Asih PR, et al. Plasma glial fibrillary acidic protein is elevated in
cognitively normal older adults at risk of Alzheimer’s disease.
Transl Psychiatry 2021;11:27.

Pereira JB, Janelidze S, Smith R, Mattsson-Carlgren N,
Palmqvist S, Teunissen CE, et al. Plasma GFAP is an early marker
of amyloid-p but not tau pathology in Alzheimer’s disease. Brain
2021;144:3505-16.

Verberk IMW, Thijssen E, Koelewijn J, Mauroo K, Vanbrabant J,
deWilde A, etal. Combination of plasma amyloid beta((1-42/1-
40)) and glial fibrillary acidic protein strongly associates with
cerebral amyloid pathology. Alzheimer’s Res Ther 2020;12:
118.

Rodrigue KM, Kennedy KM, Devous MD, Sr., Rieck )R, Hebrank AC,
Diaz-Arrastia R, et al. B-Amyloid burden in healthy aging: regional
distribution and cognitive consequences. Neurology 2012;78:
387-95.


https://doi.org/10.1093/brain/awac128
https://www.quanterix.com/wp-content/uploads/2020/12/Simoa_GFAP_Data_Sheet_HD-1_HD-X_Rev03.pdf
https://www.quanterix.com/wp-content/uploads/2020/12/Simoa_GFAP_Data_Sheet_HD-1_HD-X_Rev03.pdf
https://www.quanterix.com/wp-content/uploads/2020/12/Simoa_GFAP_Data_Sheet_HD-1_HD-X_Rev03.pdf

	AU_Coversheet_Forlagets_udgivne_version_template(3).pdf
	10.1515_cclm-2022-0646.pdf
	Serum GFAP – reference interval and preanalytical properties in Danish adults
	Introduction
	Materials and methods
	Sample collection
	Reference interval study
	Preanalytical tests

	Sample handling
	Reference interval study
	Preanalytical tests

	GFAP assay
	Statistical analysis
	Reference interval study
	Preanalytical tests


	Results
	Analytical performance
	Reference interval study
	Preanalytical tests
	Stability
	Haemolysis


	Discussion
	Acknowledgments
	References


