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Abstract
Purpose A prospective and controlled observational study was performed to determine if the central nervous system injury 
markers glial fibrillary acidic protein (GFAp), neurofilament light (NfL) and tau concentrations changed in response to a 
saturation dive.
Methods The intervention group consisted of 14 submariners compressed to 401 kPa in a dry hyperbaric chamber. They 
remained pressurized for 36 h and were then decompressed over 70 h. A control group of 12 individuals was used. Blood 
samples were obtained from both groups before, during and after hyperbaric exposure, and from the intervention group after 
a further 25–26 h.
Results There were no statistically significant changes in the concentrations of GFAp, NfL and tau in the intervention 
group. During hyperbaric exposure, GFAp decreased in the control group (mean/median − 15.1/ − 8.9 pg·mL−1, p < 0.01) 
and there was a significant difference in absolute change of GFAp and NfL between the groups (17.7 pg·mL−1, p = 0.02 
and 2.34 pg·mL−1, p = 0.02, respectively). Albumin decreased in the control group (mean/median − 2.74 g/L/ − 0.95 g/L, 
p = 0.02), but there was no statistically significant difference in albumin levels between the groups. In the intervention group, 
haematocrit and mean haemoglobin values were slightly increased after hyperbaric exposure (mean/median 2.3%/1.5%, 
p = 0.02 and 4.9 g/L, p = 0.06, respectively).
Conclusion Hyperbaric exposure to 401 kPa for 36 h was not associated with significant increases in GFAp, NfL or tau 
concentrations. Albumin levels, changes in hydration or diurnal variation were unlikely to have confounded the results. 
Saturation exposure to 401 kPa seems to be a procedure not harmful to the central nervous system.
Trial registration ClinicalTrials.gov NCT03192930.
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CV  Coefficients of variation
DCS  Decompression sickness
GFAp  Glial fibrillary acidic protein
Hb  Haemoglobin
Hct  Haematocrit
kPa  Kilopascal
msw  Meters of seawater
NfL  Neurofilament light
SwAF  Swedish armed forces
tau  Protein tau
UCH-L1  Ubiquitin carboxy-terminal hydrolase L-1
VGE  Venous gas emboli
QC  Quality control

Introduction

Divers are repeatedly exposed to increased ambient pres-
sures and both caisson and tunnel workers might have to 
work in a compressed air environment, typically exposed to 
1.5–7 times normal atmospheric pressure (Le Péchon 2010). 
The hyperbaric environment is potentially dangerous to the 
human body and adverse effects can manifest both during 
and after exposure.

Divers are often exposed to increased partial pressures of 
oxygen. By maintaining the oxygen fraction in the breath-
ing gas above what would constitute a normoxic partial 
pressure, the uptake of inert gas is reduced and the time 
needed for decompression reduced. However, increased par-
tial pressures of oxygen have toxic effects, mainly affecting 
the lungs and the central nervous system. The toxic effect 
of oxygen on the central nervous system (CNS) depends 
mainly on its partial pressure, time of exposure, and individ-
ual susceptibility. Toxicity could be aggravated by exercise, 
hypothermia, immersion in water or hypercarbia (Edmonds 
2016a). Oxygen toxicity becomes increasingly noticeable at 
partial pressures exceeding 150 kPa, equivalent to a depth of 
about 60 m of seawater (msw) when breathing air (Hamilton 
1989). Symptoms of oxygen toxicity are facial twitching, 
nausea, dizziness, tinnitus, tunnel vision and generalized 
seizures (Edmonds 2016b).

Nitrogen affects the nervous system when its partial pres-
sure increases, which typically manifests as changed behav-
iour, impaired intellectual performance, and deteriorating 
neuromuscular function. The symptoms usually become 
apparent as the nitrogen pressure exceeds 300 kPa, equiv-
alent to a depth of about 30msw when breathing air, and 
gradually worsen with increasing pressure. Factors, such as 
compression rate and level of carbon dioxide as well as anxi-
ety and stress, accentuate the effects (Bennet 2003).

While diving using air as breathing gas, nitrogen will 
accumulate in the body due to the increased ambient pres-
sure. Deep, extended or repeated diving could result in 

considerable uptake of nitrogen. When the diver returns 
towards the surface and ambient pressure decreases, nitrogen 
will leave the tissues and enter the blood before finally being 
exhaled through the lungs. At this stage, supersaturation can 
lead to formation of inert gas bubbles in both blood and tis-
sues, which is common after diving. Intravascular inert gas 
bubbles form mainly in the venous system and are referred 
to as venous gas emboli (VGE) (Francis 2003). The amount 
of VGE is positively correlated with decompression speed 
(Germonpré 2017), but there is a considerable individual 
variability in the amount of VGEs observed in divers after 
similar decompression regimens (Papadopoulou 2018). Inert 
gas bubbles are considered to be the cause of decompression 
sickness (DCS). Analyses of large groups of divers show that 
DCS is more common when the VGE load is high. (Nishi 
2003, Eftedal 2007). Still, divers may exhibit a high VGE 
load without any signs of DCS and divers without detectable 
VGE can develop DCS.

Saturation diving is a technique developed to handle the 
risk of DCS in conjunction with prolonged or deep dives. In 
contrast to usual diving, where each session begins and ends 
at the surface, in saturation diving, the divers remain under 
pressure for long periods of time, usually days to weeks. 
The inert gas pressures in the divers’ tissues are, during this 
period, in equilibrium with the ambient inert gas pressure 
and they are, hence, saturated (Powell 2014).

Though neurological impairment is evident during expo-
sure to increased partial pressures of nitrogen and oxygen, 
and in connection to DCS involving the central nervous sys-
tem, possible neurological long-term effects of uneventful 
diving remain to be fully elucidated (Grønning and Aarli 
2011). Experienced saturation divers have, when compared 
to non-diving controls, been found to have more subjectively 
reported problems with memory and concentration, as well 
as more neurological symptoms when objectively examined 
(Todnem 1990,1991), but confounding factors (e.g., DCS) 
exist and causality between hyperbaric exposure per se and 
neuropsychological sequelae remains to be unequivocally 
proven. There are reports of objectively confirmed impaired 
memory function among both saturation divers with subjec-
tive forgetfulness (Taylor 2006) and experienced recreational 
divers without a history of DCS (Hemelryck 2014). Assess-
ment of cognitive function using neuropsychological tests 
showed a correlation between frequent recreational diving 
in cold water and decreased cognitive performance (Slosman 
2004) and worse visual–motor performance and short-term 
memory has been reported among recreational divers (Bale-
stra 2016). In contrast, another study comparing professional 
divers to matched controls found no difference in neuropsy-
chometric test results (Cordes 2000), and a 12-year longitu-
dinal study on professional non-saturation divers concluded 
that divers without a history of DCS did not show signs of 
impaired nervous system function (Bast-Petrersen 2015).
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It is unknown to what extent factors, such as increased 
hydrostatic pressure or higher than normal oxygen and 
nitrogen partial pressures, influence neurons in the CNS. 
If there is a cumulative effect on the CNS due to multiple 
exposures to a hyperbaric environment, it should be pos-
sible to measure acute effects after provocative dives, even 
if those effects are subclinical and do not give rise to any 
subjective symptoms.

We speculated that a saturation dive would infer neu-
ronal stress and possibly be harmful to the CNS, which 
eventually could translate into long-term neurological 
sequelae. To test the hypothesis that a saturation dive 
might cause injury to the CNS, we selected a number of 
CNS-specific molecules in blood, Glial fibrillary acidic 
protein (GFAp), Neurofilament light protein (NfL) and 
tau protein (tau), the concentrations of which are known 
to increase in response to different types of brain trauma, 
including mild traumatic brain injury (Zetterberg 2016), 
and neuronal stress (Evered 2018, Sato 2018). Our aim 
was to analyse the concentrations of these proteins in 
blood among individuals exposed to an increased ambi-
ent pressure and compare the results with those obtained 
in unexposed individuals.

GFAp has a molecular weight of 50 kDa and is expressed 
mainly in astrocytes in the CNS. Elevated levels of GFAp in 
blood have been reported after traumatic brain injury (Zet-
terberg 2016, Gill 2018) and after intracerebral haemorrhage 
(Foerch 2012). However, a change in GFAp concentration 
is also claimed to reflect astrocytic plasticity in response to 
neuronal stress and increased neuronal metabolic and immu-
nologic activity (Wang 2009, Brenner 2014, Femenia 2018).

NfL is a structural axonal protein, with a molecular 
weight of 68 kDa, found mainly in myelinated subcortical 
axons. NfL levels in blood are increased in patients with 
traumatic brain injury (Shahim 2016, Zetterberg 2016), 
axonal injury due to multiple sclerosis (Khalil 2018), and 
sports-related concussion (Shahim 2018), but even unevent-
ful anaesthesia has been associated with increased blood 
levels of NfL (Evered 2018).

Tau is a microtubule-binding protein present in neuronal 
axons, mainly in the cortex, with a molecular weight of 
55–62 kDa, which is thought to be a marker of both axonal 
damage and neuronal plasticity in response to stress. Tau 
could be both passively released as a result of cell death 
but also actively secreted in connection to increased neu-
ronal activity (Sato 2018). Increased levels of tau have been 
reported in the context of dementia, brain injury (Zetter-
berg 2016, Mattson 2017), cerebral concussion (Shahim 
2014, Zetterberg 2016) and boxing (Neselius 2012, Zetter-
berg 2006), but also after less evident neuronal trauma as 
protracted apnea (Gren 2016) and uneventful anaesthesia 
(Evered 2018). A small pilot study found elevated tau levels 
in blood after diving (Rosén 2019). However, another small 

pilot study found no increase in tau levels in cerebrospinal 
fluid among divers with DCS (Shahim 2015).

We had the possibility to analyse GFAp, NfL, and tau 
using a 4-plex Single molecule (Simoa) assay, in which also 
ubiquitin carboxy-terminal hydrolase L1 (UCH-L1) was 
included. This is a cytoplasmic neuronal protein present in 
the CNS, the peripheral nervous system, the neuroendocrine 
system, endothelial and smooth muscle cells. Increased con-
centrations of UCH-L1 have been reported in patients with 
traumatic brain injury but the analytical performance of the 
biomarker in the 4-plex assay is variable (Zetterberg 2016).

Materials and methods

The study was prospective, controlled and observational. It 
was conducted in accordance with the Declaration of Hel-
sinki, approved by the regional ethical committee in Gothen-
burg, Sweden (Dnr 022-17), registered at ClinicalTrials.gov 
(NCT03190252) and carried out at the naval base in Karlsk-
rona, Sweden, as two separate but identical trials, between 
March 17th and 23rd 2017, and between January 11th and 
17th 2018, while the Swedish armed forces (SwAF) per-
formed validation tests of a decompression table to be used 
during submarine rescue. Written consent was obtained from 
all subjects before participation in the study.

The intervention group consisted of 14 Swedish Navy 
submariners participating in the SwAF submarine rescue 
training. The control group consisted of 12 people who 
either had passed a dive medical examination or were 
employed as Swedish Navy mariners. None of the control 
subjects undertook any diving activities during the study.

Data concerning gender, age, weight, height and current 
medication were collected from all subjects and baseline 
venous blood samples taken (sample 1, between 09:20 and 
14:00). The intervention groups were compressed in a dry 
hyperbaric chamber to 401 kPa, equivalent to a depth of 
30msw, and remained at that pressure for 36 h. They were 
then decompressed at a rate of 0.5 m/h for 30 h, thereafter 
0.375 m/h for 40 h. After 70 h of decompression, normal 
atmospheric pressure was reached and the subjects left the 
hyperbaric chamber, at which point they had then been 
subject to an increased ambient pressure for 106 h. The 
oxygen partial pressure inside the chamber was kept at or 
near 50 kPa at depth, which was accomplished by increas-
ing the amount of nitrogen in the breathing gas. During 
decompression, the oxygen partial pressure was maintained 
at 50 kPa until 15msw (251 kPa) was reached. At that pres-
sure, the breathing gas was switched to air and the decom-
pression speed was reduced. During night hours, lights in 
the hyperbaric chamber were turned off and subjects in the 
intervention group lay in their beds. Some subjects in the 
control group were part of the ships rota of duties including 
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night service. The start of compression of the interven-
tion group was defined as 0 h. Venous blood samples were 
obtained from all subjects in both groups at 33–34 h (sam-
ple 2, between 06:10 and 08:00) and at 104–108 h (sample 
3, between 05:30 and 09:40). For practical reasons, some 
samples in the control group had to be obtained shortly 
before the hyperbaric exposure ended at 106 h. Blood sam-
ples taken from the intervention group at 33–34 h were col-
lected by a research nurse who was pressurized to 401 kPa 
and after sampling decompressed to atmospheric pressure. 
Sample 3 was obtained from the intervention group directly 
after the hyperbaric exposure had ended. About 25–26 h 
after the hyperbaric exposure ended, a venous blood sam-
ple was collected from subjects in the intervention group 
(sample 4, between 08:00 and 09:10). At 105 h, when the 
intervention group reached a pressure equivalent to 3msw 
(131 kPa), research personnel entered the chamber to moni-
tor the subjects for VGE using precordial Doppler ultrasound 
(DBM9008, Techno Scientific Inc, Ontario, Canada). After 
the final decompression, repeated precordial Doppler ultra-
sound examinations were carried out until more than 3 h 
had elapsed.

All samples were analysed for GFAp, NfL, tau, UCH-L1 
and albumin. They were collected in gel tubes (Vacuette 
no. 454420, Hettish Labinstrument AB, Sweden) and cen-
trifuged for 10 min at 2200 rpm and 20° centigrade (Sorvall 
ST 8 / 8R Centrifuge, Thermo Scientific, Germany). Directly 
afterwards, aliquots of 500 μL serum were frozen on dry ice 
and then stored at − 78° centigrade until analyzed. GFAp, 
NfL, tau and UCH-L1 concentrations were measured using 
the Human Neurology 4-Plex A assay on an HD-1 Simoa 
instrument according to instructions from the manufacturer 
(Quanterix, Billerica, MA, USA).

For quality control (QC) samples with GFAp concen-
trations of 113.1 pg·mL−1 and 88.8 pg·mL−1, coefficients 
of variation (CVs) were 4.4% and 4.2%, respectively, for 
QC samples with NfL concentrations of 13.8 pg·mL−1 and 
7.5 pg·mL−1, CVs were 4.6% and 5.7% and for quality con-
trol (QC) samples with tau concentrations of 1.5 pg·mL−1 
and 23.9 pg·mL−1, CVs were 9.0% and 6.2%, respectively. 
The results of UCH-L1 analyses were discarded due to an 
unacceptably high level of imprecision as CVs were 105.6% 
and 21.7% for QC samples with UCH-L1 concentrations of 
2.8 pg·mL−1 and 11.0 pg·mL−1, respectively.

Albumin concentration was measured using an immuno-
turbidimetric method on Elecsys (Roche Diagnostics, Pen-
zberg, Germany).

In the intervention group, samples 1–3 were taken in dou-
blets and each extra sample was analysed using a hand-held 
blood analyser (i-STAT ® 1, Abbott Point of Care Inc, IL, 
USA), which determined haematocrit (Hct) conductomet-
rically and provided a calculated haemoglobin (Hb) value 

based on the Hct value. All samples for Hct and Hb taken 
during hyperbaric exposure (sample 2) had to be discarded, 
as potential VGE induced by decompression of the samples 
interfered with the results of the measured conductivity.

Statistics

Statistical results for GFAp, NfL and tau were compiled 
using  SAS® v9.3 (Cary, NC, USA) in collaboration with an 
independent statistical company (Statistiska Konsultgrup-
pen, Gothenburg, Sweden). Concentrations of GFAp, NfL 
and tau were presented as both mean (± standard deviation) 
and median (min;max) values. Differences between base-
line and sample 2–4 were presented as absolute (pg·mL−1) 
changes. Fisher’s non-parametric permutation test was used 
for analyses of absolute changes within groups as well as for 
comparison of absolute changes between the two groups.

Statistical analyses for Hb, Hct and albumin were per-
formed using IBM  SPSS® v24 (IBM, Armonk, NY, USA). 
Concentrations of albumin, Hb and Hct were presented as 
both mean (± standard deviation) and median (min;max) 
values. Within each group, absolute values of sample 2–4 
were compared to baseline values using Wilcoxon signed-
rank test. For comparison of albumin values between groups, 
Mann–Whitney U test was used.

In all comparisons, a two-sided p value of 0.05 or lower 
was considered statistically significant.

Missing data

There were no missing data for GFAp, NfL or tau. In the 
intervention group, data on Hct were missing for one sub-
ject at baseline due to sampling error, on albumin for two 
subjects in sample 2, and for one subject in sample 3. In 
the control group, data on albumin were missing for two 
subjects at baseline and for one subject in samples 2 and 3. 
All missing data on albumin were caused by lack of sample 
volume.

Results

Demographics

There were significant differences in body mass index (BMI) 
and age between subjects in the two groups. Subjects in the 
control group had higher BMI and were older. The propor-
tion of subjects taking medicines was the same for both 
groups, but type of medication diverged. In the intervention 
group, one subject used antihistamines, another paracetamol 
and a third contraceptives and metformin. One subject in the 
control group had cardiac medication and two subjects used 
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antidepressants. Results for demographic data are shown in 
Table 1.

GFAp

There was no difference between the groups in GFAp con-
centration at baseline. In the intervention group, there were 
no statistically significant changes in the concentration 
of GFAp at any point. GFAp concentration in the control 
group was significantly reduced in samples collected at the 
same time as the hyperbaric exposure was ongoing (mean/
median, − 15.1/ − 8.9 pg·mL−1, p < 0.01). As a consequence, 
the differences in absolute change between the groups were 
statistically significant at this point (17.7 pg·mL−1, p = 0.02). 
GFAp concentration then increased in the control group, and 
after hyperbaric exposure, there was no difference between 
the groups. Results for changes in GFAp are shown in 
Tables 2, 3 and Fig. 1.  

NfL

There was no difference between the groups in NfL concen-
tration at baseline. In the intervention group, an increase 
in NfL concentration was seen during hyperbaric exposure 
(mean/median 1.01/1.24 pg·mL−1, p = 0.06), after which 
NfL concentrations decreased. Concentration of NfL did not 
change significantly in the control group but the observed 
mean concentration was decreased. The difference in abso-
lute NfL concentration changes between the groups was 

statistically significant during hyperbaric exposure of the 
intervention group (2.34 pg·mL−1, p = 0.02) but not when 
decompression had ended (1.62 pg·mL−1, p = 0.07). There 
were no significant changes in the intervention group. 
Results for changes in NfL are shown in Tables 2, 3 and 
Fig. 2.

Tau

There was no difference between the groups in tau concen-
tration at baseline. Variations in mean and median tau con-
centrations during the study did not reach statistical signifi-
cance in either group. Results for changes in tau are shown 
in Tables 2, 3 and Fig. 3. 

Haematocrit and haemoglobin

Directly after hyperbaric exposure, Hct had increased sig-
nificantly (mean/median 2.3%/1.5%, p = 0.02) in the inter-
vention group, whereas an increase in mean Hb that did not 
reach statistical significance was seen (4.9 g/L, p = 0.06). 
Hct and Hb were not assessed in the control group. Results 
for changes in Hct and Hb are shown in Table 4.

Albumin

There was no difference in albumin concentration between 
the groups at baseline. In the intervention group, there 
were no significant changes in albumin concentration, 

Table 1  Demographics and 
baseline variables

For categorical variables n (%) is presented
For continuous variables Mean (Standard deviation) / Median (Min; Max) / n = is presented
For comparison between groups Fisher’s Non-Parametric Permutation test was used

Variable Intervention group (n = 14) Control group (n = 12) p value

Gender
 Female 1 (7.1%) 0 (0.0%)
 Male 13 (92.9%) 12 (100.0%)

Age 29.9 (8.5)
27.5 (21.0; 51.0)
n = 14

45.1 (10.1)
47.5 (29.0; 58.0)
n = 12

 < 0.01

BMI 24.9 (1.9)
24.7 (21.3; 28.7)
n = 14

26.9 (2.8)
27.3 (23.0; 32.6)
n = 12

0.04

Medication
 No medication 11 (78.6%) 9 (75.0%)
 Acetylsalicylic acid, Enalapril, 

Simvastatin and Esomeprazole
0 (0.0%) 1 (8.3%)

 Antihistamine 1 (7.1%) 0 (0.0%)
 Paracetamol 1 (7.1%) 0 (0.0%)
 SSRI 0 (0.0%) 2 (16.7%)
 Contraceptives and Metformin 1 (7.1%) 0 (0.0%)
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Table 2  Changes in GFAp, NFL and tau – comparisons within groups

Mean (Standard deviation) / Median (Min; Max) / (Bootstrapped (10,000 replicates) 95% Confidence interval for mean) / are presented. 
For comparison of changes within groups the Fisher’s Non-Parametric Permutation test for matched pairs was used

Intervention group (n = 14) Control group (n = 12)

Absolute value Absolute value

Sample 1
Before exposure

GFAP (pg/mL) 62.1 (33.0)
56.7 (25.7; 150.2)

63.2 (24.8)
61.9 (20.3; 113.4)

NfL (pg/mL) 8.29 (4.86)
6.22 (4.2; 19.01)

8.69 (5.02)
7.18 (4.12; 21.13)

Tau (pg/mL) 0.25 (0.23)
0.20 (0.01; 0.88)

0.34 (0.62)
0.16 (0.01; 2.28)

Absolute value Absolute change 
compared to 
baseline

p value 
within 
group

Absolute value Absolute change 
compared to 
baseline

p value 
within 
group

Sample 2
At 33–34 h of 

hyperbaric 
exposure

GFAP (pg/mL) 64.7 (30.4)
63.7 (25.4; 133.9)

2.60 (17.50)
4.76 (− 33.61; 

31.38)
(-6.44; 11.12)

0.58 48.1 (23.7)
49.4 (1; 93.2)

 − 15.1 (18.8)
 − 8.9 (− 62.2; 3.8)
(− 26.1; -6.2)

 < 0.01

NfL (pg/mL) 9.30 (4.69) 7.58 
(4.31; 20.47)

1.01 (1.80) 1.24 
(− 3.57; 4.42) 
(0.05; 1.88)

0.06 7.36 (3.16) 7.8 (1; 
13.07)

 − 1.33 (3.68)
0.15 (-11.98; 1.16)
(− 3.60; 0.26)

0.25

Tau (pg/mL) 0.365 (0.35) 0.26 
(0.01; 1.12)

0.11 (0.34) 0.01 
(− 0.19; 1.11) 
(− 0.03; 0.30)

0.26 0.20 (0.21) 0.16 
(0.01; 0.75)

 − 0.14 (0.66)
0.02 (− 2.16; 0.39)
(− 0.54; 0.11)

0.81

Absolute value Absolute change 
compared to 
baseline

p value 
within 
group

Absolute value Absolute change 
compared to 
baseline

p value 
within 
group

Sample 3
At 104–108 h
After hyperbaric 

exposure

GFAP (pg/mL) 63.0 (25.3)
64.1 (26.9; 121.9)

0.97 (17.81)
 − 5.80 (− 28.3; 

32.28) (− 7.96; 
9.75)

0.84 67.7 (38.3)
58.4 (30.8; 174.8)

4.44 (22.76)
1.34 (− 21.46; 

61.44)
(− 6.86; 17.98)

0.56

NfL (pg/mL) 8.79 (4.21)
6.73 (4.38; 18.14)

0.49 (1.46) 0.914
(− 2.40; 2.47) 

(− 0.280; 1.18)

0.22 7.57 (3.37) 6.87 
(3.52; 16.16)

 − 1.12 (3.33)
 − 0.17 (− 11.44; 

0.92)
(− 3.16; 0.13)

0.22

Tau (pg/mL) 0.23 (0.22) 0.10 
(0.01; 0.79)

 − 0.02 (0.29) − 0.05 
(− 0.50; 0.78)

(− 0.16; 0.13)

0.77 0.15 (0.06)
0.16 (0.01; 0.25)

 − 0.18 (0.62)
0 (− 2.12; 0.14)
(− 0.56; 0.03)

0.41

Absolute value Absolute change 
compared to base-
line

p value 
within 
group

Sample 4
At 131–132 h
After hyperbaric 

exposure

GFAP (pg/mL) 53.3 (28.0)
57.2 (17; 119.5)

 − 8.80 (23.76)
 − 7.11 (− 66.88; 

35.75)
(− 21.48; 2.66)

0.19

NfL (pg/mL) 7.96 (3.66) 6.78 
(4.22; 16.97)

−0.33 (1.87) 0.05 
(− 4.19; 2.7) 
(− 1.31; 0.57)

0.52

Tau (pg/mL) 0.34 (0.32)
0.23 (0.01; 1.22)

0.09 (0.35)
0 (− 0.26; 1.21)
(− 0.06; 0.28)

0.50

neither during nor after hyperbaric exposure. Albumin 
concentration had decreased significantly in the control 
group when sampled concurrently with the hyperbaric 

exposure (mean/median − 2.74 g/L/ − 0.95 g/L, p = 0.02). 
There was, however, no statistically significant difference 
between the two groups at any point. Results for changes 
in albumin are shown in Table 4.
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Venous gas emboli

No VGE were detectable using precordial Doppler 
ultrasound.

Conclusion

In the present study, hyperbaric exposure to 401 kPa dur-
ing 36 h was not associated with statistically significant 
increases in GFAp, NfL or tau concentrations in serum. 
Oxygen partial pressure never exceeded 50 kPa during 
exposure and the decompression regimen employed was 
selected to be conservative, without any need for oxygen 

breathing during the ascent (Gennser 2019). The nitrogen 
partial pressure reached levels that would be expected to 
mildly affect the CNS. By keeping known pertinent factors 
at or below levels where they would be expected to cause 
harmful effects, study subjects were kept as safe as possi-
ble although the environmental conditions were sufficient 
to induce neurological stress.

Tau, GFAp, and NfL are established as markers of brain 
injury after trauma and cerebral apoplexia, but they have also 
been reported to increase in conjunction with far less trau-
matising neurological stressors, such as protracted apnea, 
deep diving, and uneventful anaesthesia. Furthermore, both 
GFAp and tau are claimed to be secreted in response to 
increased neuronal activity and stress. It is plausible that 

Table 3  Changes in GFAp, NfL and tau – comparison between groups

Mean (Standard deviation) / Median (Min; Max) / (Bootstrapped (10,000 replicates) 95% Confidence interval for mean) are presented. Calcula-
tion of confidence interval for continuous variables (absolute change) is based on bootstrapping of 1000 replicates picking the 2.5 and 97.5 per-
centiles of the 10,000 mean differences as confidence interval. For difference in change between groups Mean (95% CI) is presented. For com-
parison between groups the Fisher’s Non-Parametric Permutation Test was used

Intervention group (n = 14) Control group (n = 12)

Sample 1
Before exposure

Absolute value Absolute value p value

GFAP (pg/mL) 62.1 (33.0)
56.7 (25.7; 150.2)

63.2 (24.8)
61.9 (20.3; 113.4)

0.92

NfL (pg/mL) 8.29 (4.86)
6.22 (4.2; 19.01)

8.69 (5.02)
7.18 (4.12; 21.13)

0.84

Tau (pg/mL) 0.25 (0.23)
0.20 (0.01; 0.88)

0.34 (0.62)
0.16 (0.01; 2.28)

0.83

Variable Absolute change Absolute change Absolute difference in mean 
change between exposed and 
controls

p value

Sample 2
At 33–34 h of 

hyperbaric 
exposure

GFAP (pg/mL) 2.60 (17.50)
4.76 (− 33.61; 31.38)
(− 6.44; 11.12)

 − 15.1 (18.8)
 − 8.9 (− 62.2; 3.8)
(− 26.1; − 6.2)

17.7 (4.6; 31.8) 0.02

NfL (pg/mL) 1.01 (1.80) 1.24 (− 3.57; 4.42) 
(0.05; 1.88)

 − 1.33 (3.68)
0.15 (− 11.98; 1.16)
(− 3.60; 0.26)

2.34 (0.44; 4.76) 0.02

Tau (pg/mL) 0.11 (0.34)
0.01 (− 0.19; 1.11)
(− 0.03; 0.30)

 − 0.14 (0.66) 0.02 (− 2.16; 0.39) 
(− 0.54; 0.11)

0.25 (− 0.07; 0.72) 0.27

Variable Absolute change Absolute change Absolute difference in mean 
change between exposed and 
controls

p value

Sample 3
At 104–108 h
After hyper-

baric exposure

GFAP (pg/mL) 0.97 (17.81) − 5.80 (− 28.3; 
32.28) (− 7.68; 10.08)

4.44 (22.76) 1.34 (− 21.46; 
61.44) (-6.55; 18.01)

 − 3.47 (− 19.21; 11.63) 0.68

NfL (pg/mL) 0.49 (1.46) 0.91 (− 2.40; 2.47) 
(− 0.28; 1.18)

 − 1.12 (3.33) -0.17 (-11.44; 
0.92) (− 3.14; 0.13)

1.62 (− 0.00; 3.91) 0.07

Tau (pg/mL)  − 0.02 (0.29) − 0.05 (− 0.50; 
0.78) (− 0.16; 0.13)

 − 0.18 (0.62) 0 (− 2.12; 0.14) 
(− 0.55; 0.03)

0.16 (− 0.13; 0.59) 0.52
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the CNS is affected, prior to clinical symptoms becoming 
evident, by increased ambient pressures, increased nitro-
gen and oxygen partial pressures, or a combination of these 
and, hence, these potentially neurological harmful exposures 
could result in elevated levels of tau, GFAp and NfL.

During hyperbaric exposure, an increase in NfL concen-
tration was seen in the intervention group, but it did not 

reach statistical significance. At the same time, mean, but 
not median, NfL concentration decreased in the control 
group, which resulted in a statistically significant difference 
in NfL absolute change between the groups at that point. 
Like NfL, GFAp concentration decreased in samples col-
lected from the control group, while the intervention group 

Fig. 1  GFAp levels (pg/mL) 
before, during and after hyper-
baric exposure

Fig. 2  NfL levels (pg/mL) 
before, during and after hyper-
baric exposure
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was pressurized, causing a statistically significant difference 
in absolute GFAp change between the groups.

A strength of the study was that samples were collected 
during subject exposure to 401 kPa. It was thereby possible 
to obtain analyses devoid of VGE, at a point when the sub-
jects were influenced by hydrostatic and gas pressures alone. 
Decompression of samples collected from the intervention 
group during hyperbaric exposure might have generated 
VGE in the test tubes, but the size and structure of GFAp, 
NfL, and tau molecules make it most unlikely that they could 
have been degraded or deformed by gas bubbles. There was 
no neuronal tissue in the venous blood samples which pre-
cluded further increase in GFAp, NfL, and tau concentration 
in the test tubes during decompression.

After completed decompression, no VGE was found in 
any of the subjects. Although there is a known variability 
in VGE formation after diving, the lack of VGE in our 
study most likely could be explained by a conservative 
decompression regimen. In the absence of observed VGE, 
changes in GFAp, NfL and tau would likely have been 
caused by increased ambient pressure alone.

The results from this study contrasted with results from 
a small pilot study on 10 divers, where tau concentration 
had increased significantly, but NfL and GFAp concentra-
tions were unchanged after repeated diving during four 
days to at most between 52 and 90 m (Rosén 2019). How-
ever, hyperbaric exposure to 401 kPa followed by slow 
decompression is a qualitatively different exposure com-
pared to repeated and deep diving and the results could be 
consistent with each other. In the diving study, subjects 
used trimix, a breathing gas containing oxygen, helium 
and nitrogen, and partial pressures of oxygen were kept 

at 130 kPa, whereas in the present study, the breathing 
gases were oxygen and nitrogen with the partial pres-
sure of oxygen never exceeding 50 kPa. Factors, such as 
helium or oxygen partial pressures, might have caused 
the increased tau value seen in the aforementioned diving 
study, in which the decompression stress was also greater. 
Contrary to the present study, in the diving study, Dop-
pler detectable VGE was present after most of the dives. 
Additionally, immersion in water causes redistribution of 
blood flow, which could potentially change cerebral per-
fusion and cerebral gas pressures, and thereby affect the 
release of GFAp, NfL, and tau into the blood. It is possible 
that the hyperbaric exposure and decompression regimen 
employed in this study was not sufficiently challenging to 
affect the CNS in such a way that serum GFAp, NfL or 
tau concentrations were increased, given that the oxygen 
partial pressure was kept below what is considered a toxic 
level, and the decompression stress appeared mild.

Samples taken during and after hyperbaric exposure were 
collected at approximately the same time of day, which 
excludes diurnal variation as a cause. Diurnal variation 
of Hct and albumin has been reported to be < 3% (Sennels 
2011, Andersen 2015). It is also unlikely that the decrease in 
GFAp and NfL in the control group represented an impaired 
circadian rhythm, as this phenomenon was seen neither in 
the intervention group nor later. It seems implausible that 
the lower GFAp and NfL concentrations could be explained 
by age or BMI but unknown confounding factors and selec-
tion bias may have affected the results. Measurement error 
is improbable as the internal quality control samples gave 
the expected values.

Fig. 3  Tau levels (pg/mL) 
before, during and after hyper-
baric exposure
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It is possible that level of hydration did influence the 
measured concentrations of GFAp, NfL, and tau. Hb, Hct 
(Matomäki 2018) and albumin (Miller 2019) have been used 
to assess hydration status. Prolonged exposure to increased 
ambient pressure may result in decreased Hb levels (Hofsø 
2005, Luczynski 2019) that return to prior levels after ces-
sation of exposure, which could influence estimation of 
hydration status. The study was conducted at a naval base 
in Sweden. Hospital laboratory facilities were too far away to 
make centrifugal measurement of Hct possible. The i-STAT 
blood analyser was chosen to measure Hb and Hct because 
it was portable. The important fact that i-STAT determined 
Hct conductometrically was, unfortunately, not recognised 
until the study was actually carried out. Consequently, all 
Hct samples taken during hyperbaric exposure had to be 

discarded, as potential VGE induced by decompression of 
the samples interfered with the results of the measured con-
ductivity. This error could have been avoided with better 
planning and is an obvious shortcoming of the study that 
should be avoided in the future.

Mean Hct and Hb values obtained in the intervention 
group had increased after hyperbaric exposure but the 
change was only significant for Hct. Valid albumin meas-
urements from both studied groups were available before, 
during and after hyperbaric exposure. There were never 
any significant differences in albumin values between the 
groups, but the spurious decrease in albumin in the control 
group at the time when the intervention group was exposed 
to hyperbaric pressure makes a relative dehydration in the 
intervention group possible. Measured albumin values are 

Table 4  Changes in Haemoglobin, Haematocrit and Albumin – comparisons within and between groups

For continuous variables Mean (Standard deviation) / Median (Min; Max) / (95% Confidence interval for mean) / n = are presented
Within each group, absolute values for haemoglobin and haematocrit were compared to baseline using Wilcoxon signed-rank test. For compari-
son of albumin values between groups Mann–Whitney test was used

Sample Variable Intervention group (n = 14) Control group (n = 12) p value 
between 
groupsAbsolute value p value 

within 
group

Absolute value p value 
within 
group

Sample 1
Before exposure

Albumin g/L 46.84 (3.66)
46.25 (41.7; 54.2)
(44.72; 48.95)
n = 14

47.62 (2.86)
47.25 (43.90; 51.90)
(45.57; 49.67)
n = 10

0.41

Haemoglobin g/L 158.00 (13.06)
161.50 (136.0; 190.0)
(150.46; 165.54)
n = 14

Haematocrit (%) 45.61 (2.76)
46.00 (40.0; 49.0)
(43.95; 47.28)
n = 13

Sample 2
At 33–34 h of hyperbaric expo-

sure

Albumin g/L 45.78 (3.97)
46.65 (40.0; 53.1)
(43.26; 48.31)
n = 12

0.53 44.88 (2.942)
46.30 (39.10; 49.20)
(42.91; 46.86)
n = 11

0.02 0.39

Sample 3
At 104–108 h
After hyperbaric exposure

Albumin g/L 46.69 (3.81)
46.60 (40.6; 54.3)
(44.39; 48.99)
n = 13

0.81 45.79 (2.59)
46.20 (39.40; 48.50)
(44.05; 47.53)
n = 11

0.19 0.42

Haemoglobin g/L 162.86 (7.62)
161.50 (150.0; 180.0)
(158.46; 167.26)
n = 14

0.06

Haematocrit (%) 47.86 (2.25)
47.50 (44.0; 53.0)
(46.56; 49.16)
n = 14

0.02

Sample 4 At 131–132 h After 
hyperbaric exposure

Albumin g/L 46.02 (3.19)
45.20 (42.1; 52.7)
(44.18; 47.87)
n = 14

0.12
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by many hospital laboratories reported to be 10–15% lower 
if taken during bed rest. During the present study, subjects 
in the intervention group were mainly inactive in a hyper-
baric chamber while subjects in the control group moved as 
usual. This may have biased the albumin results giving com-
paratively lower albumin results in the intervention group, 
which would point to a larger actual difference in albumin 
values between the groups than measured. Due to the lack of 
Hct measurements during hyperbaric exposure assessment 
of hydration was less precise, but the small increase in Hct 
after exposure and the unchanged albumin values among 
exposed individuals make it improbable that significant 
dehydration confounded the results. Differences between 
the groups during hyperbaric exposure were predominantly 
due to the decrease in GFAp and NfL in the control group. 
If dehydration was present among individuals in the inter-
vention group, a significant increase in GFAp, NfL, and tau 
would have been expected, which was not the case.

There were a few GFAp, NfL, and tau values, most nota-
bly in the intervention group, that differed considerably from 
the median. It is unclear if they were caused by measurement 
errors or physiological diversity. These values represented 
1–2 individuals in the control group and 1–3 individuals in 
the intervention group, respectively, depending on protein 
analysed. As a result, the distribution of results was partly 
skewed but as both mean and median values were reported 
and a non-parametric statistical technique used, dispropor-
tionate weight to outliers was averted.

The study was carried out during naval training. Hence, 
the number of eligible study subjects was limited and the 
hyperbaric regimen predetermined. The small number of 
subjects was a weakness of the study. There is a possibility 
that an effect did exist and that a larger study would have 
yielded statistically significant results.

In conclusion, hyperbaric exposure to 401 kPa for 36 h 
followed by slow decompression over 70 h was not associ-
ated with statistically significant increases in GFAp, NfL 
or tau concentrations. Diurnal variation, changes in albu-
min levels or hydration were considered unlikely to have 
confounded the results but the lack of information about 
Hct made assessement of hydration status during hyperbaric 
exposure less precise. A larger study with an appropriate 
control group and measurement of Hct levels during hyper-
baric exposure is needed to validate these results. Future 
studies on divers both with and without DCS would be desir-
able to establish the role of GFAp, NfL, and tau in hyper-
baric research. Nevertheless, in view of the presented results, 
saturation exposure to 401 kPa seems to be a procedure not 
harmful to the CNS.
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