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Abstract

Background and purpose

The astroglial protein GFAP is a blood biomarker indicative of intracerebral hemorrhage in
patients with acute stroke. Due to its brain specificity and the necessity of brain damage for
its detectability in blood, we hypothesized that GFAP could be an interesting marker in
cases with primary cerebral cause of death, e.g., traumatic brain injury.

Methods

All corpses scheduled for an autopsy in the Frankfurt Department of Forensic medicine
within a 15-month period were included in the study. Cases with a known history of brain dis-
ease in the 3 months before death were excluded. During autopsy, blood was collected and
GFAP serum levels were determined using a commercially available ELISA. The autopsy
protocols were reviewed for the presence of a primary cerebral or a primary non-cerebral
cause of death. Agony time was also determined.

Results

A total of 129 autopsy cases were included. GFAP concentrations did not differ between
cerebral (median 0.96 ug/l, IQR 5.03) and non-cerebral causes of death (1.21 pg/l, 3.58).
GFAP levels were found to be unaffected by hemolysis or post-mortem interval. GFAP lev-
els were found to be increased in cases with prolonged agony times (median 1.76 pg/l [IQR
4.70]) compared to short (0.58 pg/l [0.58]; p<0.001) and ultra-short agony times (0.21 pg/l
[0.12]; p = 0.002).

Conclusion

Post-mortem GFAP serum concentrations correlate with agony time and might therefore be
useful for the evaluation of the severity of brain damage in prolonged death. Elevated GFAP
serum levels do not indicate a primary cerebral cause of death.
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Introduction

Glial fibrillary acidic protein (GFAP) is an intermediate filament protein produced by astro-
cytes in order to maintain cell stability and shape.[1, 2] It is abundantly present in the brain
but was also identified in other tissues (such as bone marrow) in low quantity.[1-3] Healthy
individuals typically do not reveal detectable GFAP levels in their blood stream.[4, 5, 6] How-
ever, substantial damage to the CNS (i.e., damage associated with astroglial necrosis and cellu-
lar disintegration) causes rapid GFAP release into CSF which trespass into the blood stream
through an affected blood-brain barrier.[7] In particular, intracerebral hemorrhage [8, 9] and
traumatic brain injury[10, 11] are associated with strong GFAP elevations in serum. Ischemic
and hypoxic conditions also cause GFAP release.[12, 13] The amount of brain tissue destruc-
tion directly correlates with GFAP serum concentrations.[7, 9, 10] On the other side, GFAP is
not increased in mild cerebral injury not affecting the structural integrity of astrocytes.[5]
Moreover, transient cerebral ischemia does not cause higher GFAP concentrations, as long as
ischemic cell death and necrosis do not occur.[14] Previous studies showed that GFAP can be
detected in post mortem brain specimen, both from humans and rodents. [15, 16] Here,
GFAP expression is particularly present in areas of reactive astrogliosis after traumatic brain
injury and stroke. [11, 15].

In view of these findings, GFAP blood levels could be an interesting marker in forensic
medicine. We hypothesized that post-mortem GFAP levels will be high if a primary cerebral
event (either “intrinsic,” such as intracerebral or subarachnoid hemorrhage, or “extrinsic,”
such as traumatic brain injury) is the cause of death. However, until now, no data on the
GFAP release kinetics into the blood in the peri-mortal phase is available, and it is unclear
whether brain death per se (regardless of the underlying reason) provokes a GFAP elevation or
not. A prospective study was set up to investigate these issues.

Materials and methods

Study design

This prospective study was undertaken between January 2015 and April 2016 at the Depart-
ment of Neurology and the Department of Forensic Medicine, Hospital of the Goethe Univer-
sity, Frankfurt am Main, Germany. All procedures performed in studies involving human
participants were in accordance with the ethical standards of the institutional ethic committee
of the University Frankfurt, Germany (internal reference number: 216/13) and with the 1964
Helsinki declaration and its later amendments or comparable ethical standards. Need for con-
sent was waived by the ethics committee.

All corpses scheduled for a forensic autopsy in the institute were considered for study inclu-
sion. Exclusion criteria were (I) age of the deceased individual <18 years, (II) known brain dis-
ease in the medical history within 3 months before death, and (III) severely decomposed bodies.

The autopsy protocols were reviewed and the following parameters were prospectively doc-
umented: age, sex, medical history, immediate hospitalization before death, mean time span
from time-of-death to blood collection, resuscitation prior to death, and autopsy results. For
each case, the cause of death was determined on the basis of the autopsy examination, includ-
ing macro-morphological, histological, and toxicological analyses.

The primary endpoint of the study was the presence of a primary cerebral cause of death
(vs. a primary non-cerebral cause of death). A primary cerebral cause of death was determined
in case of brain pathologies (e.g. hemorrhage, traumatic brain injury, hypoxic brain damage)
that were considered to be the main cause of death in the final autopsy report. In a secondary
analysis we enriched the primary cerebral death group with all cases revealing macroscopic
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changes in brain integrity (such as cerebral edema and cerebral hemorrhage) and all cases in
which the brain was exposed to hypoxia or ischemia (i.e., respiratory cause of death, exsangui-
nation, multi-organ-failure, resuscitation).

Agony time was stratified into three subgroups[17, 18]: (I) ultra-short (a period of only a
few seconds) was assumed in cases with high-speed-trauma; (II) short (a period of a few sec-
onds up to a few minutes) was assumed in cases where drowning, mechanical asphyxia, and
shot-, stab- or cut-wounds led to death; (III) prolonged (a period lasting a few minutes up to
hours) was assumed in cases with intoxication or resuscitation.

Blood sampling and GFAP measurement

During autopsy, blood was drawn aseptically from the right cardiac chambers using syringes.
Blood was collected in standard forensic and toxicological glass tubes. Samples were centri-
fuged, and serum was stored in Eppendorf tubes at -80°C. Later on, samples were shipped on
dry ice.

GFAP serum levels were measured at Randox (North Ireland) with standardized ELISA kits
(for technical details: http://www.randoxresearch.com/elisa#gfap). The calibration range was
reported to be 0-107ng/ml, and the sensitivity was 0.29ng/ml. The intra-assay and inter-assay
precision was <8%. All persons involved in the measuring procedure of the samples were fully
blinded to the clinical data. Prior to GFAP measurement, the degree of hemolysis was assessed
visually with a semi-quantitative rating scale ranging from 1 to 5 (1 = no hemolysis, 5 = severe
hemolysis). In addition, hemolytic indices (a standard method for hemolysis interference eval-
uation) were determined on a clinical analyzer (for technical details: https://www.randox.com/
clinical-chemistry-analysers/).

Statistical analysis

Statistical analysis was performed using the SPSS statistical package Version 24 (Statistical
Package for the Social Sciences). Parametric and non-parametric data was determined by
using the Kolmogorov Smirnov Test. Comparisons between two groups were performed using
the t-test (tT) for parametric data, the Mann Whitney U-test (MWU) for non-parametric data,
and the chi-square (CQ) test for categorical variables. Comparisons between three groups
were made using the non-parametric Kruskal-Wallis-Test (KW). Post-hoc analyses were per-
formed by means of the Mann-Whitney U test (MWU). Correlation analyses were performed
by means of the non-parametric Spearman rank (S) test.

Results

The study comprised 129 autopsy cases. The mean age of the cohort was 58+19 years; 44 cases
(34%) were females. The mean time span between death and blood draw was 110+67 h. A pri-
mary cerebral cause of death was identified in 18 cases (14%). Hereof, 12 cases had traumatic
brain injury (4 car crash, 3 fall, 2 blunt force trauma, 1 gunshot, 1 train crash), 3 had subarach-
noid hemorrhage (3 ruptured aneurysm), 2 had intracerebral hemorrhage, and 1 had a sub-
dural hematoma. Within the group of cases with a non-neurological cause of death (n = 111),
40 cases died from a primary cardiac event, 28 died from a primary respiratory cause, 25 died
of intoxication, 11 died of exsanguination and 8 died of multi-organ failure. Forty-eight cases
(37%) were resuscitated immediately before death. Baseline variables of the study cohort are
depicted in Table 1.

The average brain weight was found to be in a range between 700g to 1900g (mean 1359
+187 g). Post-mortem examination indicated that 72 cases (56%) had cerebral edema, 19

PLOS ONE | https://doi.org/10.1371/journal.pone.0205323 October 10, 2018 3/11


http://www.randoxresearch.com/elisa#gfap
https://www.randox.com/clinical-chemistry-analysers/
https://www.randox.com/clinical-chemistry-analysers/
https://doi.org/10.1371/journal.pone.0205323

o ®
@ : PLOS | ONE Post-mortem serum levels of GFAP correlate with agony time

Table 1. Characteristics of the study population.

all cerebral cause of death non cerebral cause of death p
n (%) 129 (100) 18 (14.0) 111 (86.0)
Mean age, years (SD) 58.2 (19.2) 61.4 (24.0) 57.7 (18.4) 0.443
Men, n (%) 85 (65.9) 12 (66.7) 73 (65.8) 0.94
Mean BMI (SD) 26.74 (6.2) 26.2 (4.7) 26.8 (6.4) 0.927
Post mortem interval, h (SD) 110.4 (66.8) 112.9 (44.4) 110.0 (69.9) 0.338
Medical history / pre-existing conditions, n (%)
a. cerebrovascular disease (Intracerebral hemorrhage or ischemic stroke) 6 (4.7) 0 6 (5.4) 0.312
b. cardiovascular disease 43 (33.3) 6 (33.3) 37 (33.3) 0.999
c. pulmonary disease 21 (16.3) 3 (16.7) 18 (16.2) 0.962
d. diabetes mellitus 15 (11.6) 2 (11.1) 13 (11.7) 0.941
e. cancer 11 (8.5) 2 (11.1) 9 (8.1) 0.672
f. neurological disorders 23(17.8) 4(22.2) 19 (17.1) 0.6
g. drug abuse 35(27.1) 4(22.2) 31(27.9) 0.614
h. psychiatric disorders 20 (15.5) 1(5.6) 19 (17.1) 0.209
i. others 43 (33.3) 4(22.2) 39 (35.1) 0.281
Resuscitation, n (%) 48 (37.2) 5(27.8) 43 (38.7) 0.372
Resuscitation time, min (SD)* 73.5 (50.8) 57.5 (46.0) 74.8 (51.9) 0.594
Immediate hospitilization before death, n (%) 43 (33.3) 10 (55.6) 33(29.7) 0.031
Autopsy results
a. cerebral edema, n (%) 72 (55.8) 12 (66.7) 60 (54.1) 0.318
b. macroscopic cerebral hemorrhage, n (%) 19 (14.7) 15 (83.3) 4(3.6) <0.001
c. macroscopic changes in brain integrity (stroke, cancer), n (%) 31 (24.0) 13 (72.2) 18 (16.2) <0.001
d. pulmonary edema, n (%) 63 (48.8) 7 (38.9) 56 (50.5) 0.327
e. coronary heart disease and vascular sclerosis, n (%) 53 (41.1) 5(27.8) 48 (43.2) 0.216
f. myocardial disease (infarction or myopathy), n (%) 52 (40.3) 5(27.8) 47 (42.3) 0.243
g. vascular rupture, n (%) 17 (13.2) 3(16.7) 14 (12.6) 0.637
h. cancer, n (%) 9 (7.0) 1(5.6) 8(7.2) 0.799
i. fractures, n (%) 28 (21.7) 10 (55.6) 18 (16.2) <0.001
j. brain weight, g (SD) 1358.8 (186.5) 1349.3 (249.3) 1363.2 (176.1) 0.992
k. degree of hemolysis, 1 to 5 (SD) 3.0(1.2) 2.7 (1.6) 3.1(1.15) 0.378
L. others, n (%) 60 (46.5) 6(33.3) 54 (48.6) 0.201

* if known

https://doi.org/10.1371/journal.pone.0205323.t001

(15%) had macroscopic cerebral hemorrhage, and 31 (24%) had macroscopic changes in brain
integrity (Table 1).

We found a positive correlation between the degree of hemolysis and the time span from
death to blood draw (semi-quantitative determination: p<0.001, r = 0.391; hemolytic indices:
p<0.001, r = 0.476(S)). In contrast, no correlation was found between hemolysis and GFAP
serum levels (semi-quantitative determination: p = 0.264, r = -0.114; hemolytic indices:

p =0.245, r = -0.142(S)). Time to blood draw and GFAP levels did not correlate (p = 0.554,
r =0.05 (S)). GFAP values were found unaffected by age and were evenly distributed between
females and males (Table 1).

GFAP concentrations were obtained in 125 out of 129 samples (four samples gave errors).
Median GFAP value for the entire cohort was 1.16 pg/1 (IQR 3.87, minimum 0.00, maximum
76.25). There was no significant difference in GFAP levels between primary cerebral (median
0.96 pg/l, IQR 5.03, minimum 0.12, maximum 9.91) and non-cerebral causes of death
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(1.21 pg/l, 3.58, 0.00, 76.25; p = 0.749(MWU)). Similarly, GFAP levels did not differ between
cases with brain injury (including the cases with a primary cerebral cause of death, cases with
macroscopic brain damage and cases in which the brain was exposed to hypoxia or ischemia)
and cases without brain injury (1.02 ug/1 [3.24, 0.00, 76.25]; n = 91 vs. 1.39 g/l [4.94, 0.05,
38.0]; n = 34, p = 0.967 (MWU)). In addition, we examined GFAP concentrations separately
in cases with cerebral hemorrhage (n = 19, median 1.15pug/l, IQR 8.93, minimum 0.12, maxi-
mum 37.65) and those without (n = 102, median 1.13pg/], IQR 3.31, minimum 0.00, maximum
76.25). We were not able to identify differences between the two groups (p = 0.324(MWU)).
GFAP concentrations in the 43 cases with documented resuscitation did not differ significantly
from those without (p = 0.131(MWU)).

We examined the influence of agony time on GFAP levels (Fig 1). N = 6 cases were grouped
as having ultra-short agony time, n = 30 as having short agony time, and n = 93 as having pro-
longed agony time. GFAP concentrations were found low in cases with ultra-short agony times

(o)
*
*
(o)
O
. i e
Prolonged agony time Short agony time Ultra-short agony time
n=89 n=30 n=6
Agony time

Fig 1. Post-mortem GFAP serum concentrations of the study population stratified according to agony time. The boundaries of the
box indicate the 25" and 75 percentile, respectively. The whiskers indicate the 10™ and 90" percentile, respectively. Outliers (between 1.5
and 3 times the interquartile range) are marked with circles. Extreme values (> 3 times the interquartile range) are marked with asterisks.
The y-axis is on a logarithmic scale. GFAP concentrations: ultra-short agony times (median 0.21 pg/1 [IQR 0.12, minimum 0.03, maximum
0.89]; n = 6), short agony times (0.58 ug/1 [0.58, 0.00, 5.87]; n = 30), and prolonged agony times (1.76 pg/l [4.68, 0.00, 76.25], n = 89;
Kruskal Wallis p<0.001; post-hoc ultra-short versus prolonged agony times p = 0.002, short versus prolonged agony times p<0.001).

https://doi.org/10.1371/journal.pone.0205323.g001
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(0.21 pg/1[0.12, 0.03, 0.89]; n = 6), elevated in cases with short agony times (0.58 ug/1[0.58, 0.00,
5.87]; n = 30), and markedly increased in cases with prolonged agony times (1.76 pg/1 [4.68,
0.00, 76.25], n = 89; Kruskal Wallis p<0,001; post-hoc ultra-short versus prolonged agony times
p = 0,002(MWU), short versus prolonged agony times p<0,001(MWU)). We did not observe a
difference in GFAP levels between cases with a cerebral cause of death and non-cerebral cause
in any of the three agony time strata (Fig 2). This was also true for the brain injury group
(including the cases with macroscopic and hypoxic / ischemic brain damage, see above; Fig 3).

Discussion

Our prospective study revealed that the post-mortem serum concentration of the brain-spe-
cific astroglial protein GFAP is not an indicator of a neurological cause of death. Rather, we

100.00 ~
@
8
)
=
= 10.00 A
S
L. "
0 .
(-]
(]
1.00 1 * * l
.00 i
Prolonged agony time Short agony time Ultra-short agony time
n=12 n=77 n=4 n=26 n=2 n=4
Agony time

Fig 2. Post-mortem GFAP serum concentrations of the primary cerebral and the primary non-cerebral cause of death group
stratified according to agony time. GFAP concentrations of the cerebral cause of death group (grey bars): ultra-short agony times
(median 0.53 pg/l [minimum 0.12, maximum 0.89]; n = 2), short agony times (0.39 ug/1 [IQR 0.65, 0.12, 0.96]; n = 4), and prolonged
agony times (5.02 pg/1 [5.26, 0.21, 9.91], n = 12; Kruskal Wallis p = 0.003; post-hoc ultra-short versus prolonged agony times p = 0.051,
short versus prolonged agony p = 0.043). GFAP concentrations of the non-cerebral cause of death group (red bars): ultra-short agony
times (median 0.19 pg/1 [IQR 0.49 minimum 0.03, maximum 0.59]; n = 4), short agony times (0.60 pg/1[0.57, 0.00, 5.87]; n = 26), and
prolonged agony times (1.66 pg/l [4.21, 0.28, 76.25], n = 77; Kruskal Wallis p<0.001; post-hoc ultra-short versus prolonged agony times
p = 0.009, short versus prolonged agony p<0.001).

https://doi.org/10.1371/journal.pone.0205323.g002
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Fig 3. Post-mortem GFAP serum concentrations of the *brain injury group. Post-mortem GFAP serum concentrations of the *brain
injury group (including all cases with a primary cerebral cause of death, all cases having macroscopic changes in brain integrity [such as
cerebral edema and cerebral hemorrhage], and all cases in which the brain was exposed to hypoxia or ischemia [i.e., respiratory cause of
death, exsanguination, multi-organ-failure, resuscitation]) and the control group (without brain injury) stratified according to agony
time. GFAP concentrations of the brain injury group (grey bars): ultra-short agony times (median 0.35pg/1 [IQR 0.76, minimum 0.03,
maximum 0.83]; n = 4), short agony times (0.64ug/1 [0.51, 0.10, 5.87]; n = 18), and prolonged agony times (1.58ug/1 [3.91, 0.21, 76.25],

n = 69; Kruskal Wallis p = 0,018; post-hoc ultra-short versus prolonged agony times p = 0.032, short versus prolonged agony times

p = 0.041) GFAP concentrations of the control group (without brain injury; red bars): ultra-short agony times (median 0.19ug/l [IQR
0.27, minimum 0.05, maximum 0.32]; n = 2, p = 0.643), short agony times (0.33ug/1 [0.30, 0.12, 2.68]; n = 12), and prolonged agony
times (4.71pg/1 [7.33, 0.27, 38.00], n = 20; Kruskal Wallis p<0.001; post-hoc ultra-short versus prolonged agony times p = 0.040, short
versus prolonged agony times p<0.001).

https://doi.org/10.1371/journal.pone.0205323.g003

found that post-mortem GFAP increase in parallel with longer agony times. GFAP may pro-
vide insights into pathophysiological processes in the peri-mortal phase.

Our study did not provide evidence for differences in GFAP blood concentrations between
individuals with a cerebral and a non-cerebral cause of death. Even when the cerebral cause of
death group was enriched with the cases having macroscopic brain damages and the cases in
which the brain was exposed to hypoxia or ischemia, a difference in GFAP serum concentra-
tions was not observed. GFAP is released in case of intracerebral hemorrhage or massive trau-
matic brain injury (e.g., resulting from shooting) leading to death. However, it appears that
other circumstances in the peri-mortal phase also affect GFAP levels, which then mask any
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additional release from the brain. Perimortal processes are likely to affect blood brain barrier
integrity and disintegrate astroglial cells (regardless of any additional brain injury or additional
hypoxic or ischemic stress). This may explain the slightly higher GFAP values as compared to
healthy (living) controls. Indeed, it is conceivable that patients who undergo resuscitation or
who had sustained minimal circulation show increased GFAP values as a consequence of hyp-
oxic brain damage and blood-brain barrier dysfunction.[12] The release of astroglial proteins
was previously found to correlate with the extent of hypoxic brain damage.[12] Our finding
that GFAP levels are associated with the duration of the agony time supports this assumption.
Interestingly, individuals with very short agony times showed the lowest GFAP levels. Here, a
sudden circulation arrest can be assumed, leaving no time for the protein to be released out of
hypoxic cells into the CSF and the blood stream. Future studies may analyze the release of
astroglial proteins in the perimortal phase in more detail.

GFAP measurements in post-mortem serum samples have never been reported so far.
GFAP is a very robust protein that has been shown to be stable in whole blood for days. [6]1t
can be detected in post mortem brain specimens, both in human and rodents.[15, 16, 19, 20]
GFAP can be reliably determined if taken via a central venous line (e.g. in case of intensive
care patients).[6, 21, 22] Furthermore, it can be reliably measured by standard ELISA tech-
niques.[23] Although a correlation between the post mortem interval and level of hemolysis
was found, there was no correlation between GFAP levels and the level of hemolysis. Thus we
do not believe that hemolysis has critically interfered with our measurements. On the other
side, effects of putrefaction and decay on brain biomarkers are not well understood, and there
is no clear “time window” for valid GFAP determination after death. The fact that we were
able to obtain GFAP levels in a wide range (0-76 ug/1) points to a successful determination of
the protein. Indeed, other studies revealed GFAP levels in a comparable level.[8, 9, 10, 24].

Strength of this study was that the autopsy itself as well as blood sampling and GFAP mea-
surements were performed in a highly standardized matter and thus allowed good comparison
of inter-individual data. As a shortcoming, although we tried to account for technical difficul-
ties resulting from the post-mortem blood sample itself (including longer time intervals
between death and blood sampling), an interference of biochemical factors on the validity of
GFAP analysis cannot be entirely ruled out. We decided to take heart blood out of the right
cardiac chamber. Thus we were unable to compare blood specimens from different compart-
ments. In retrospect, the primary analysis was hampered by a certain overlap between cases
with a primary cerebral cause of death and cases having a primary non-cerebral cause of death
in terms of (primary or secondary) structural brain damage in autopsy. We tried to minimize
this drawback by enriching our cerebral cause of death group with all cases having macro-
scopic brain damage and all cases that were exposed to hypoxia and ischemia.

We renounced the analysis of astroglial proteins in CSF. Any severe brain injury will mas-
sively affect protein concentrations in the CSF. The collection of CSF was therefore not part of
our prospective investigational protocol. Validation by histopathological analysis of brain sam-
ples was not performed in our study. However, in view of our findings, immunohistochemical
analysis are urgently needed to study astrocytic injury and blood brain barrier dysfunction in
post mortem brain tissue in more detail, in order to compare the release kinetics of GFAP
under hypoxic (in terms of ‘primary non cerebral cause of death’) and traumatic (in terms of
‘primary cerebral cause of death’) conditions.

The primary intention of this study was to identify a biomarker that indicates a cerebral
cause of death. A search for GFAP in a blood spot found at a crime scene where a body or
corpse is missing could, therefore, help clarify whether a severe primary cerebral injury
existed.[25] However, according to the results of our study, pathophysiological events in the
peri-mortal phase also provoke GFAP release, thus making differentiation impossible.
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Nevertheless determination of the agonal interval is still part of active research in the current
forensic practice. Up to now no clear serological marker has been encountered to specify
length of agony time. Post mortem serological catecholamine levels and immunohistochemical
analysis of ubiquitin in the locus coeruleus have shown promising results. [17, 18] The astro-
glial protein S100B and the neuronspecific enolase (NSE) have recently been investigated with
regard to traumatic brain injury. [26] Post mortem serum levels of both markers were not ele-
vated in trauma cases compared to controls, but CSF levels of both biomarkers correlated with
length of survival time after trauma. [26] Future studies may now be performed to assess the
connection between astroglial proteins (including GFAP and S100B), NSE and agony time in
more detail.[27].

Author Contributions

Conceptualization: Christian Foerch.

Data curation: Benedict Breitling.

Formal analysis: Benedict Breitling, Christian Foerch.
Funding acquisition: Christian Foerch.
Investigation: Benedict Breitling, Christian Foerch.
Methodology: Robert Brunkhorst, Christian Foerch.
Project administration: Christian Foerch.
Resources: Christian Foerch.

Supervision: Marcel Verhoff, Christian Foerch.
Visualization: Christian Foerch.

Writing - original draft: Benedict Breitling.

Writing - review & editing: Christian Foerch.

References

1. EngLF (1985) Glial fibrillary acidic protein (GFAP): the major protein of glial intermediate filaments in
differentiated astrocytes. Journal of Neuroimmunology 8:203-214 PMID: 2409105

2. EngLF, Ghirnikar RS, Lee YL (2000) Glial fibrillary acidic protein: GFAP-thirty-one years (1969-2000).
Neurochemical Research 25:1439-1451 PMID: 11059815

3. KunisakiY, Bruns I, Scheiermann C, Ahmed J, Pinho S, Zhang D, et al. (2013) Arteriolar niches main-
tain haematopoietic stem cell quiescence. Nature 502:637—43 https://doi.org/10.1038/nature12612
PMID: 24107994

4. Brunkhorst R, Pfeilschifter W, Foerch C (2010) Astroglial proteins as diagnostic markers of acute intra-
cerebral hemorrhage-pathophysiological background and clinical findings. Transl Stroke Res 1:246—
251 https://doi.org/10.1007/s12975-010-0040-6 PMID: 24323552

5. Mayer CA, Brunkhorst R, Niessner M, Pfeilschifter W, Steinmetz H, Foerch C (2013) Blood levels of
glial fibrillary acidic protein (GFAP) in patients with neurological diseases. PloS one 8:€62101 hitps://
doi.org/10.1371/journal.pone.0062101 PMID: 23626774

6. Missler U, Wiesmann M, Wittmann G, Magerkurth O, Hagenstrom H (1999) Measurement of glial fibril-
lary acidic protein in human blood: analytical method and preliminary clinical results. Clin Chem
45:138-141 PMID: 9895354

7. Brunkhorst R, Pfeilschifter W, Foerch C (2010) Astroglial proteins as diagnostic markers of acute intra-
cerebral hemorrhage-pathophysiological background and clinical findings. Translational Stroke
Research 1:246-251 https://doi.org/10.1007/s12975-010-0040-6 PMID: 24323552

8. Foerch C, Niessner M, Back T, Bauerle M, De Marchis GM, Ferbert A et al. (2012) Diagnostic accuracy
of plasma glial fibrillary acidic protein for differentiating intracerebral hemorrhage and cerebral ischemia

PLOS ONE | https://doi.org/10.1371/journal.pone.0205323 October 10, 2018 9/11


http://www.ncbi.nlm.nih.gov/pubmed/2409105
http://www.ncbi.nlm.nih.gov/pubmed/11059815
https://doi.org/10.1038/nature12612
http://www.ncbi.nlm.nih.gov/pubmed/24107994
https://doi.org/10.1007/s12975-010-0040-6
http://www.ncbi.nlm.nih.gov/pubmed/24323552
https://doi.org/10.1371/journal.pone.0062101
https://doi.org/10.1371/journal.pone.0062101
http://www.ncbi.nlm.nih.gov/pubmed/23626774
http://www.ncbi.nlm.nih.gov/pubmed/9895354
https://doi.org/10.1007/s12975-010-0040-6
http://www.ncbi.nlm.nih.gov/pubmed/24323552
https://doi.org/10.1371/journal.pone.0205323

@° PLOS | ONE

Post-mortem serum levels of GFAP correlate with agony time

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

in patients with symptoms of acute stroke. Clin Chem 58:237-245 https://doi.org/10.1373/clinchem.
2011.172676 PMID: 22125303

Luger S, Witsch J, Dietz A, Hamann GF, Minnerup J, Schneider H et al. (2017) Glial Fibrillary Acidic
Protein Serum Levels Distinguish between Intracerebral Hemorrhage and Cerebral Ischemia in the
Early Phase of Stroke. Clin Chem 63:377-385 https://doi.org/10.1373/clinchem.2016.263335 PMID:
27881450

Papa L, Brophy GM, Welch RD, Lewis LM, Braga CF, Tan CN et al. (2016) Time Course and Diagnostic
Accuracy of Glial and Neuronal Blood Biomarkers GFAP and UCH-L1 in a Large Cohort of Trauma
Patients With and Without Mild Traumatic Brain Injury. JAMA Neurol 73:551-560 https://doi.org/10.
1001/jamaneurol.2016.0039 PMID: 27018834

Pelinka LE, Kroepfl A, Schmidhammer R, Krenn M, Buchinger W, RedI H et al. (2004) Glial fibrillary
acidic protein in serum after traumatic brain injury and multiple trauma. J Trauma 57:1006—1012 PMID:
15580024

Helwig K, Seeger F, Holschermann H, Lischke V, Gerriets T, Niessner M et al. (2017) Elevated Serum
Glial Fibrillary Acidic Protein (GFAP) is Associated with Poor Functional Outcome After Cardiopulmo-
nary Resuscitation. Neurocrit Care https://doi.org/10.1007/s12028-016-0371-6 PMID: 28054291

Herrmann M, Vos P, Wunderlich MT, de Brujin CH, Lamers KJ (2000) Release of glial tissue-specific
proteins after acute stroke: A comparative analysis of serum concentrations of protein S-100B and glial
fibrillary acidic protein. Stroke 31:2670-2677 PMID: 11062293

Waunderlich MT, Wallesch CW, Goertler M (2006) Release of glial fibrillary acidic protein is related to the
neurovascular status in acute ischemic stroke. European Journal of Neurology 13:1118-1123 hitps://
doi.org/10.1111/j.1468-1331.2006.01435.x PMID: 16987165

Hausmann R, Riess R, Fieguth A, Betz P (2000) Immunohistochemical investigations on the course of
astroglial GFAP expression following human brain injury. Int J Legal Med. 113(2): 70-5 PMID:
10741479

Hozumi |, Aquino DA, Norton WT (1990) GFAP mRNA levels following stab wound in rat brain. Brain
Res. 534(1-2):291—4 PMID: 2073590

Piette MH, Pieters SE, De Letter EA (2011) Evaluation of the agonal stress: can immunohistochemical
detection of ubiquitin in the locus coeruleus be useful? Int J Legal Med 125:333-340 https://doi.org/10.
1007/s00414-010-0434-8 PMID: 20396898

Wilke N, Janssen H, Fahrenhorst C, Hecker H, Manns MP, Brabant EG et al. (2007) Postmortem deter-
mination of concentrations of stress hormones in various body fluids—is there a dependency between
adrenaline/noradrenaline quotient, cause of death and agony time? Int J Legal Med 121:385-394
https://doi.org/10.1007/s00414-006-0132-8 PMID: 17206434

Chandana R, Mythri RB, Mahadevan A, Shankar SK, Srinivas Bharath MM (2009) Biochemical analysis
of protein stability in human brain collected at different post-mortem intervals. Indian J Med Res
129:189-199 PMID: 19293447

Harish G, Venkateshappa C, Mahadevan A, Pruthi N, Bharath MM, Shankar SK (2011) Effect of storage
time, postmortem interval, agonal state, and gender on the postmortem preservation of glial fibrillary
acidic protein and oxidatively damaged proteins in human brains. Biopreserv Biobank 9:379-387
https://doi.org/10.1089/bio.2011.0033 PMID: 24836634

Magerkurth O (1996) Nachweis von saurem glialen Faserprotein (GFAP) in humanem Serum und erste
klinische Ergebnisse. Universitat Miinchen Dissertation (eDiss) http://nbn-resolving.de/urn:nbn:de:
bvb:19-16561

Nylen K, Csajbok LZ, Ost M, Rashid A, Blennow K, Nellgard B et al. (2007) Serum Glial Fibrillary Acidic
Protein Is Related to Focal Brain Injury and Outcome After Aneurysmal Subarachnoid Hemorrhage.
Stroke 38:1489-1494 https://doi.org/10.1161/STROKEAHA.106.478362 PMID: 17395862

Petzold A (2015) Glial fibrillary acidic protein is a body fluid biomarker for glial pathology in human dis-
ease. Brain research 1600:17-31 https://doi.org/10.1016/j.brainres.2014.12.027 PMID: 25543069
Katsanos AH, Makris K, Stefani D, Koniari K, Gialouri E, Lelekis M et al. (2017) Plasma Glial Fibrillary
Acidic Protein in the Differential Diagnosis of Intracerebral Hemorrhage. Stroke 48(9):2586-2588
https://doi.org/10.1161/STROKEAHA.117.018409 PMID: 28751552

Strasser S, Zink A, Kada G, Hinterdorfer P, Peschel O, Heckl WM et al. (2007) Age determination of

blood spots in forensic medicine by force spectroscopy. Forensic Sci Int 170:8—14 https://doi.org/10.
1016/j.forsciint.2006.08.023 PMID: 17095174

Sieber M, DreBler J, Franke H, Pohlers D, Ondruschka B (2018) Post-mortem biochemistry of NSE and
S100B: A supplemental tool for detecting a lethal traumatic brain injury? J Forensic Leg Med 55:65-73
https://doi.org/10.1016/j.jflm.2018.02.016 PMID: 29471249

PLOS ONE | https://doi.org/10.1371/journal.pone.0205323 October 10, 2018 10/11


https://doi.org/10.1373/clinchem.2011.172676
https://doi.org/10.1373/clinchem.2011.172676
http://www.ncbi.nlm.nih.gov/pubmed/22125303
https://doi.org/10.1373/clinchem.2016.263335
http://www.ncbi.nlm.nih.gov/pubmed/27881450
https://doi.org/10.1001/jamaneurol.2016.0039
https://doi.org/10.1001/jamaneurol.2016.0039
http://www.ncbi.nlm.nih.gov/pubmed/27018834
http://www.ncbi.nlm.nih.gov/pubmed/15580024
https://doi.org/10.1007/s12028-016-0371-6
http://www.ncbi.nlm.nih.gov/pubmed/28054291
http://www.ncbi.nlm.nih.gov/pubmed/11062293
https://doi.org/10.1111/j.1468-1331.2006.01435.x
https://doi.org/10.1111/j.1468-1331.2006.01435.x
http://www.ncbi.nlm.nih.gov/pubmed/16987165
http://www.ncbi.nlm.nih.gov/pubmed/10741479
http://www.ncbi.nlm.nih.gov/pubmed/2073590
https://doi.org/10.1007/s00414-010-0434-8
https://doi.org/10.1007/s00414-010-0434-8
http://www.ncbi.nlm.nih.gov/pubmed/20396898
https://doi.org/10.1007/s00414-006-0132-8
http://www.ncbi.nlm.nih.gov/pubmed/17206434
http://www.ncbi.nlm.nih.gov/pubmed/19293447
https://doi.org/10.1089/bio.2011.0033
http://www.ncbi.nlm.nih.gov/pubmed/24836634
http://nbn-resolving.de/urn:nbn:de:bvb:19-16561
http://nbn-resolving.de/urn:nbn:de:bvb:19-16561
https://doi.org/10.1161/STROKEAHA.106.478362
http://www.ncbi.nlm.nih.gov/pubmed/17395862
https://doi.org/10.1016/j.brainres.2014.12.027
http://www.ncbi.nlm.nih.gov/pubmed/25543069
https://doi.org/10.1161/STROKEAHA.117.018409
http://www.ncbi.nlm.nih.gov/pubmed/28751552
https://doi.org/10.1016/j.forsciint.2006.08.023
https://doi.org/10.1016/j.forsciint.2006.08.023
http://www.ncbi.nlm.nih.gov/pubmed/17095174
https://doi.org/10.1016/j.jflm.2018.02.016
http://www.ncbi.nlm.nih.gov/pubmed/29471249
https://doi.org/10.1371/journal.pone.0205323

o @
@ : PLOS | ONE Post-mortem serum levels of GFAP correlate with agony time

27. Scendoni R, Ferrante L, Stramazzotti D, Tagliabracci A (2016) Analysis of immunohistochemical
expression of inducible nitric oxide synthase for the evaluation of agonal time in forensic medicine. Int J
Legal Med 130:1639-1646 https://doi.org/10.1007/s00414-016-1402-8 PMID: 27329069

PLOS ONE | https://doi.org/10.1371/journal.pone.0205323 October 10, 2018 11/11


https://doi.org/10.1007/s00414-016-1402-8
http://www.ncbi.nlm.nih.gov/pubmed/27329069
https://doi.org/10.1371/journal.pone.0205323

