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Abstract

Objectives: Serum glial fibrillary acidic protein (GFAP) is
an emerging biomarker for intracerebral diseases and
is approved for clinical use in traumatic brain injury. GFAP
is also being investigated for several other applications,
where the GFAP changes are not always outstanding. It is
thus essential for the interpretation of GFAP to distinguish
clinical relevant changes from natural occurring biological
variation. This study aimed at estimating the biological
variation of serum GFAP.

Methods: Apparently healthy subjects (n=33) had blood
sampled for three consecutive days. On the second day,
blood was also drawn every third hour from 9 AM to 9 PM.
Serum GFAP was measured by Single Molecule Array
(Simoa™), Components of biological variation were esti-
mated in a linear mixed-effects model.

Results: The overall median GFAP value was 92.5 pg/mL
(range 34.4-260.3 pg/mL). The overall within— (CV;) and
between-subject variations (CV) were 9.7 and 39.5%. The
reference change value was 36.9% for an increase. No day-
to-day variation was observed, however semidiurnal vari-
ation was observed with increasing GFAP values between
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9 AM and 12 PM (p<0.00001) and decreasing from 12 to 9 PM
(p<0.001).

Conclusions: Serum GFAP exhibits a relatively low CV;but
a considerable CV; and a marked semidiurnal variation.
This implies caution on the timing of blood sampling and
when interpreting GFAP in relation to reference intervals,
especially in conditions where only small GFAP differences
are observed.

Keywords: biological variation; biomarkers; depressive
disorder; glial fibrillary acidic protein; individual; nervous
system diseases.

Introduction

Glial acidic fibrillary protein (GFAP) is an astrocyte cyto-
skeletal protein involved in maintenance of the blood-
brain-barrier and intercellular connections [1]. The protein
is considered a signature of astrocytes [2, 3] and is released
following astrocyte damage or activation making it an
promising biomarker of intracerebral injury and diseases
[1, 4]. However, the utility as a blood biomarker was chal-
lenged by the previously limited sensitivity of available
assays [3] and profound increases or breakage of the blood-
brain-barrier were required for assessment of GFAP in
blood [1, 3, 5]. Yet, with the development of ultra-sensitive
assays, such as the single molecule array (Simoa), GFAP
can now be measured at picomolar levels in blood,
enabling broad investigations of its biomarker potential.

Subsequently, blood levels of GFAP has been exten-
sively investigated in mild traumatic brain injury and are
applied in clinical practice [1, 3]. Furthermore, GFAP also
shows potential as a biomarker in intracerebral vascular
events [1, 3], neuro-inflammatory and neurodegenerative
disorders [3, 6], and in patients with depression where
initial studies have found increased GFAP levels in cere-
brospinal fluid [7] and serum [8].

While evidence for the biomarker potential of blood
GFAP measurements is growing, basic aspects of GFAP
regulation, pre-analytical and analytical issues remains to
be clarified [3]. In this context, the biological variation of
GFAP has not been investigated previously. Yet, multiple
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studies report age-dependent increases in GFAP, which
indicates a considerable between-subject variation [3,
9-11]. Especially in conditions where only subtle changes
in GFAP-levels are detected, the knowledge of biological
variation is important to consider when evaluating if an
observed change in GFAP-level is actually owing to
changes in disease or caused by random variation.

The current study aimed to establish estimates of the
biological variation of serum GFAP in healthy individuals,
and to define its reference change value (RCV) and the
index of individuality (II).

Materials and methods
Subjects

Apparently healthy subjects were enrolled between June and October
2018 at Aarhus University Hospital, Denmark. A detailed presentation
of the study population including in- and exclusion criteria has pre-
viously been described [12]. Briefly, subjects were included if they were
>18 years old and none of the following conditions were present:
pregnant, smoking, receiving medical treatment, suffering from
chronic infections or inflammations. Furthermore, acute infections,
night-shift work or crossing of time-zones in the week before sampling
lead to exclusion.

The study was approved by the Central Denmark Region Com-
mittees on Biochemical Research Ethics (1-10-72-452-17) and was
conducted in accordance with the Helsinki Declaration. All subjects
provided written confirmed consent.

Study design

The study was designed in accordance with the checklists for bio-
logical variation studies [13-15].

Blood were sampled by venepuncture at 9 AM in three consecu-
tive days. On the second day blood was also drawn over a 12 h period at
the following time points: 12, 3, 6, and 9 PM. All blood draws were
performed by a small team of laboratory technicians. Subjects
refrained from food and physical activity 1 h before blood sampling,
and from alcohol as well as hard physical activity (walking and low
intensity bicycling not included) during the duration of the study.

Laboratory analysis

The sample handling has been described previously [12, 16]. At each
time-point blood was collected in 10 mL serum tubes (BD vacutainer®)
and left to incubate for 30 min before centrifugation for 10 min at
1,800 g at room temperature (22-24 °C). Finally, they were frozen
at —80 °C until analysis.

GFAP quantification was performed on the Simoa™ HD-1 plat-
form (Quanterix©, Lexington, MA, USA), which applies single-
molecule enzyme-linked immunosorbent assays (digital ELISA) in
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detection of molecules at ultrasensitive levels [17]. The GFAP Discov-
ery kit (Quanterix©, Lexington, MA, USA) was used in accordance
with manufacturer’s instructions including a 4-fold dilution of the
samples. According to the manufacturer, the GFAP Discovery kit has a
dynamic range from 0-4,000 pg/mL (standard curve 0.211-
1,000 pg/mL) and limits of detection and quantification of 0.211 and
0.686 pg/mL, respectively.

The GFAP discovery kit analytical performance was tested
prior to the study applying internal quality controls fabricated in
the laboratory with serum from random patients spiked with serum
from patients with known elevated levels of GFAP (subarachnoid
haemorrhage). All samples in the present study were analysed on
half plates, with the internal quality controls located in the
beginning and end of the plate. The inter-serial precision was
18.4% (at a level of 154.0 pg/mL) and 16.5% (at a level of
1936.4 pg/mL).

All samples including controls were analysed in duplicates by the
same laboratory technician. All samples from each individual were
batch analysed. GFAP Discovery kits from the same lot were used for
all runs.

Statistical analysis

The data distribution of each subject was assessed by visual evalua-
tion and by the Shapiro-Wilk test. As data followed a In-normal dis-
tribution, it was In-transformed, and the results were presented as
median and range. A linear regression of the median value for each
blood drawing vs. the blood drawing number was performed to
evaluate the steady state of the subjects. Variance homogeneity of
within-subject variability was assessed by Brown-Forsythe test on the
In-transformed data. Potential outliers were investigated using the
Cochran’s C test for determining analytical and within-subject out-
liers, and the Dixon-Reed method for determining between subject
outliers [15, 18].

The analytical variation (CV,) was estimated according to Fraser
et al. from duplicates of every sample [18], whereas the within-subject
variation (CV;) and between-subject variation (CV;) were estimated
using linear mixed effects models with day, sample, and age as fixed
effects and subjects as a random effect. Age was included as a fixed
effect after using Pearson’s correlation on In-transformed data to
investigate the correlation of GFAP and age, because studies indicate
increasing GFAP with increasing age [9, 10]. For all the biological
variation estimates, 95% confidence intervals (CIs) were calculated
according to Roraas et al. [19].

Index of individuality (I) and number of samples required to
estimate an individual’s homeostatic set-point (n) within + 15% with
95% confidence were calculated with the equations proposed by
Fraser et al. [18]: II=+/(CV + CV,?)/CV and n=(z - +/(CVI2 + CV,%)/D)?
where z is the z-score and D is the desired percentage closeness to the
homeostatic set point. The reference change value (RCV) was calcu-
lated on In-transformed data as RCV=exp ( + z - /2 - 0) — 1, where
0=+/In (CV1, 4% + 1) [20].

For the comparisons of day-to-day and semidiurnal median
values, the Bonferroni correction was used to correct for multiple
comparisons. p<0.05 was considered significant.

Statistical calculations were performed in STATA 14 (StataCorp)
and GraphPad Prism 9.3.1 (GraphPad Software).
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Results
Subjects

A total of 33 apparently healthy subjects (70% women) with
a median age of 39 years (range 22-66) were enrolled. Due
to variable participation at different time-points (14 sub-
jects had blood drawn on all seven time-points (7 samples),
14 subjects had all blood draws except from the 6 to 9 PM
blood draws (5 samples), one participant had all samples
except for the 3, 6, and 9 PM blood draws (4 samples), and
four subjects participated only in the morning blood
drawings (3 samples)), 184 blood samples were collected.
Even though, no outliers were statistically detected on any
of the three levels investigated, one subject was excluded
from further analysis as this subject had a mean value of
GFAP well above the expected in healthy subjects
(>300 pg/mL). Exclusion of this subject did not influence
the variation estimates except for a minor decrease in CVg
(data not shown). Furthermore, for three samples no
GFAP-result was obtained due to analytical error, resulting
in a total of 174 samples. All individuals were in steady
state, and no heterogeneity of variance was detected.

Indices of variation

The overall median value of GFAP was 92.5 pg/mL (range
34.4-260.3) (Table 1). The individual median and range of
GFAP values for every subject are depicted in Figure 1.

Table 1: Components of biological variation.

GFAP
Number of subjects 32
Number of samples® 174
Median, pg/mL 92.5
Range, pg/mL 34.4-260.3
v, % 9.7 (7.6-11.8)
CVg, % 39.5 (31.7-47.3)
CVa, % 5.8 (5.1-6.5)
1P 0.29
RCVS, %
Increasing 36.9
Decreasing 26.9
Samples required, n >2

Values in parentheses are the 95% confidence intervals. *Number
of samples analyzed after exclusion of outliers; °Il, index of
individuality; “RCV, reference change value at 95% significance; °n,
required to estimate homeostatic set point within 15% with 95%
confidence. CV,, within-subject coefficient of variation; CVg,
between-subject coefficient of variation; CV,, analytical coefficient

of variation.
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Figure 1: Glial fibrillary acidic protein (GFAP) levels in apparently
healthy subjects ordered according to age with the youngest at the
bottom (22 years) and the oldest at the top (66 years).

Subjects are coloured according to the number of samples
contributed by the individual: blue, 7 samples; pink, 5-6 samples;
grey, 3—4 samples. The coloured vertical lines indicate the median
values and the horizontal lines shows the ranges. The black vertical
lines illustrate the mean value of duplicates for each measurement.

A significant increase in GFAP level with increasing
age was seen (r=0.50, p<0.0001) (Supplementary
Figure S1). The overall CV; was 9.7% (95% CI 7.6-11.8) and
the CV; was markedly higher at 39.5% (95% CI 31.7-47.3)
(Table 1). Accordantly, the IT was only 0.29. CV, was 5.8
(95% CI 5.1-6.5) and, thus, lower than the CV;. For an
increase in serum GFAP, the RCV was 36.9% at a 95%
significance level. More than two samples were found to be
required to estimate the homeostatic set-point +15% with
95% confidence.

If age was not considered a fixed effect in the mixed
model, a systematic effect of age was observed with in-
crease in CVg to 45.1% (95% CI 36.7-55.6). Sex had no effect
on the CV; (data not shown).

Day-to-day and semidiurnal ultradian
variation

Measurements from the 9 AM blood samples on three
consecutive days were used to estimate day-to-day
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variance, whereas the semidiurnal variance was calculated
from all the five measurements on day two (9 AM, 12, 3, 6,9
PM). Median values and variance components are shown in
Table 2. Regarding day-to-day variance, no systematic
difference was observed in GFAP levels between the three
days (p=0.6, Figure 2). For semidiurnal variation a statis-
tical significant increase between GFAP values at 9 AM and
12 PM (p<0.00001) was observed, and statistical significant
decreases from 12 to 9 PM (p<0.001), as well as from 12 to 3
PM (p<0.05) and 6-9 PM (p<0.005) were observed
(Figure 3).

The CV; of the day-to-day variation was smaller than
the overall CV; and less than half of the CV; of the semi-
diurnal variation (5.6% (95% CI 2.9-8.4) vs. 9.7% (95% CI
7.6-11.8) and 11.42 (95% CI 8.8-14.1), respectively). In
contrast, the CV; values were similar (Tables 1 and 2).

Discussion

In this study, we evaluated the biological variation of GFAP
and found a relatively low within-subject variation and a
moderate RCV. In contrast, the observed between-subject
variation was considerable, resulting in a low II. Further-
more, we found that GFAP exhibited semidiurnal variation,
whereas no day-to-day variation was observed.

The relatively low overall within-subject variation
observed (CV; 9.7%) implicates that the fluctuations of

Table 2: Day-to-day and semidiurnal components of biological
variation.

GFAP
Day-to-day
Number of subjects 32
Day 1 pg/mL 85.2
Day 2 pg/mL 85.5
Day 3 pg/mL 90.7
V), % 5.6 (2.9-8.4)
CVg, % 39.5 (31.6-47.4)
Semidiurnal
Number of subjects 29
12 PM, pg/mL 106.4
03 PM, pg/mL 101.2
06 PM, pg/mL 104.6
09 PM, pg/mL 109.0
V), % 11.4 (8.8-14.1)
CVg, % 38.9 (31.4-46.5)

Day-to-day and semidiurnal cfDNA levels are presented as medians.
Values in parentheses are the 95% confidence intervals. CV,, within-
subject coefficient of variation; CVg, between-subject coefficient of
variation.
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GFAP around a homeostatic set point in an individual
varies only modestly. This is comparable to other brain-
derived biomarkers such as the glial protein S100B (CV;
10.2%) and the neuron-specific enolase (NSE) (CV; 10.9%)
[21], however, higher than the CV; found for neurofilament
light chain (NfL) (CV; 3.1%) [16]. Thus, brain-derived pro-
teins seem to be rather tightly regulated.

In contrast, the between-subject variation (CVg 39.5%)
was substantially larger, which indicates that the homeo-
static set points vary among individuals. Consequently, we
reported a low II of only 0.29, reflecting a marked in-
dividuality of GFAP. As the II reflects the relationship be-
tween the within-subject and between-subject variation, a
low II indicates that conventional reference values are of
limited utility, because an individual’s normal GFAP-values
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Figure 2: Day-to-day levels of glial fibrillary acidic protein (GFAP).
Individual results (spots) are depicted.
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Figure 3: Within-day levels of glial fibrillary acidic protein (GFAP)
from the second day.

Individual results (spots) are depicted. Significant differences are
marked with *p<0.05, **p<0.005, ***p<0.0005.
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(around the homeostatic set point) will only span a small
proportion of the reference interval and changes that are
abnormal for this individual will not necessarily result in
values outside the reference range [15]. An II >1.4 indicates
great applicability of conventional reference intervals,
whereas an 11<0.6 indicates limited applicability [15, 18].
However, reference intervals divided into relevant sub-
groups (stratified on age, sex, ethnicity, etc.) may still be
useful [18]. We did find an even higher between-subject
variation if age was not considered a fixed factor, indi-
cating that partitioning on age would be of importance.
Conversely, we did not find an effect of sex. Even though
only ten men were included in the study, this has been
shown to be sufficient to conclude upon according to
Braga et al. [15]. Moreover, the finding is in agreement
with previous reports of no difference on sex [9]. Previ-
ously, we have shown a similarly low II for NfL [16] and
have established an age-divided reference interval [22],
and this approach may also be useable for GFAP. Never-
theless, instead of using reference intervals, another
approach could be to perform repeated measurements of
GFAP to evaluate the homeostatic set point of an indi-
vidual before concluding on the GFAP level. We found
that more than two measurements are required to eval-
uate the homeostatic set point of GFAP.

When monitoring GFAP-levels with serial measure-
ments, as for example proposed in cerebral insults [23], the
RCV is important to consider. The RCV is the combination of
the analytical and within-subject variation, and provides an
estimate on the minimum change required between two
serial measurements before a significant difference is
observed [18]. For GFAP, the RCV was higher, though com-
parable, to other brain-derived proteins such as NfL (24.3%)
[16], NSE (30.2%), and S100B (29.3%) [21]. A reduction of the
RCV would require a better analytical performance of the
GFAP assay, where a CV, of half the CVy is desirable [18]. In
conditions where a blatant rise in GFAP is observed, such as
intracerebral haemorrhage [3, 23], the II and RCV is of less
importance; however, in disorders such as multiple sclerosis
or depression where more discrete changes are observed
[8, 9], it has to be taken into consideration.

We found a semidiurnal variation with increasing
GFAP values until midday and thereafter decreasing levels.
This is in accordance with a previous study indicating a
diurnal variation with decreasing plasma GFAP levels
during the night (-12.1%) [24]. The findings may reflect a
circadian rhythm in the glycophatic drainage of GFAP from
the brain. Research indicates that the clearance of solutes
from the brain is dependent on arousal state [25], and a
circadian rhythm in cerebrospinal fluid has been observed
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for amyloid-B and tau proteins [26, 27] and amyloid-p in
blood [28]. Alternatively, the observed diurnal variation of
GFAP may reflect a diurnal rthythm of astrocyte activity.
GFAP is up-regulated in activated astrocytes [4, 29], and
there is evidence of astrocytes exhibiting a circadian clock
function e.g. with changes in glutamate metabolism [30].
No matter the reason for the semidiurnal variation, the
timing of blood sampling needs to be taken into consid-
eration in future studies, especially, in conditions where
only a small difference is expected.

The strengths of this study are the adherence to the
biological variation check-list [13-15] and the application
of a strict pre-analytical protocol to diminish the influence
of pre-analytical variation on the results. Furthermore, the
variation of the analytical phase was also minimized by
batch analysis performed by the same technician under a
standardised protocol. A limitation of the study was that
fewer subjects participated in the 6 and 9 PM blood draws,
making these estimates less certain. The relatively short
time period investigated may also be considered a limita-
tion, as it renders the monthly or seasonal biological
variation unknown. Studies involving less than one week
may potentially underestimate the within-subject varia-
tion, but often the within-subject variation is considered
constant [18]. In estimation of the overall biological vari-
ation, components of semidiurnal — and day-to-day vari-
ation were pooled. As such, the biological variation may
have been overestimated by the potential circadian
changes observed. However, the subjects were in steady
state, and the current clinical application of GFAP is in
emergency settings where repeated sampling is performed
within a short timeframe [1, 3, 23]. As such, the inclusion of
both variation components in the biological variation es-
timate reflects the clinical application more accurately
than day-to-day variation alone. Another limitation is the
fact that the samples had been stored (frozen) for three
years and the missing knowledge on long-term stability of
GFAP. However, all samples were treated equally. Finally,
only healthy individuals were included in the study, and
thereby no conclusions on the biological variation of GFAP
in diseased individuals can be made. However, it is
important to be familiar with the variation in healthy in-
dividuals as absence of the expected variation could be a
sign of disease [18].

Conclusions

Serum GFAP exhibits a relatively low within-subject varia-
tion with no day-to-day variation, but marked semidiurnal
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variation. Furthermore, GFAP displays a considerable
between-subject variation. Altogether, this warrants caution
when interpreting GFAP-levels in conditions where only
subtle changes are expected and may limit the utility of
ordinary reference intervals in such conditions.
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