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Abstract
(Cousin N, Goutay J, Girardie P, Favory R, Drumez E, Mathieu D, Poissy J, Parmentier E, Duburcq. Effects of high oxygen 
tension on healthy volunteer microcirculation. Diving and Hyperbaric Medicine. 2022 December 20;52(4):260−270. doi: 
10.28920/dhm52.4.260-270. PMID: 36525683.)
Introduction: Previous studies have highlighted hyperoxia-induced microcirculation modifications, but few have focused on 
hyperbaric oxygen (HBO) effects. Our primary objective was to explore hyperbaric hyperoxia effects on the microcirculation 
of healthy volunteers and investigate whether these modifications are adaptative or not.
Methods: This single centre, open-label study included 15 healthy volunteers. Measurements were performed under 
five conditions: T0) baseline value (normobaric normoxia); T1) hyperbaric normoxia; T2) hyperbaric hyperoxia; T3) 
normobaric hyperoxia; T4) return to normobaric normoxia. Microcirculatory data were gathered via laser Doppler, near-
infrared spectroscopy and transcutaneous oximetry (PtcO

2
). Vascular-occlusion tests were performed at each step. We used 

transthoracic echocardiography and standard monitoring for haemodynamic investigation.
Results: Maximal alterations were observed under hyperbaric hyperoxia which led, in comparison with baseline, to arterial 
hypertension (mean arterial pressure 105 (SD 12) mmHg vs 95 (11), P < 0.001) and bradycardia (55 (7) beats·min-1 vs 66 (8), 
P < 0.001) while cardiac output remained unchanged. Hyperbaric hyperoxia also led to microcirculatory vasoconstriction 
(rest flow 63 (74) vs 143 (73) perfusion units, P < 0.05) in response to increased PtcO

2
 (104.0 (45.9) kPa vs 6.3 (2.4), 

P < 0.0001); and a decrease in laser Doppler parameters indicating vascular reserve (peak flow 125 (89) vs 233 (79) perfusion 
units, P < 0.05). Microvascular reactivity was preserved in every condition.
Conclusions: Hyperoxia significantly modifies healthy volunteer microcirculation especially during HBO exposure. The 
rise in PtcO

2
 promotes an adaptative vasoconstrictive response to protect cellular integrity. Microvascular reactivity remains 

unaltered and vascular reserve is mobilised in proportion to the extent of the ischaemic stimulus.

Introduction

Inhalation of high oxygen concentrations is a standard 
therapy in many medical situations. To ensure sufficient 
oxygenation, supraphysiological levels are commonly used. 
During the nineteenth century, Paul Bert and J Lorrain Smith 
discovered that high oxygen tensions may lead to toxicity. 
Mechanisms involved include reactive oxygen species 
production, pulmonary oedema, altered endothelial function, 
activation of coagulation and reduced cardiac output. Recent 
meta-analyses of the potential benefits of hyperoxia in 
critically-ill patients have been controversial.1,2  However, 
some subgroup analyses, supported by animal experiments, 
have shown a potential benefit of hyperoxia in highly selected 
patients (e.g., focal cerebral ischaemia).3–5  Hyperbaric 
oxygen treatment (HBOT), where trancutaneously measured 
tissue oxygen partial pressure (PtcO

2
) is up to ten times 

higher than normal, has proved to be beneficial in diverse 
conditions.6

Microcirculatory perfusion is a key component of tissue 
oxygen delivery. A recent study used side-stream dark-field 
(SDF) imaging to provide anatomic based information on 
the human microcirculation in healthy volunteers exposed 
to normobaric (NB) hyperoxia. Its two main findings were 
a reversible, significant decrease in perfused microvascular 
density and an increased heterogeneity in microcirculatory 
perfusion.7  Those results raised concerns about oxygen 
therapy safety. Indeed, microvascular alterations (impairment 
of nitric oxide dysregulation-induced arteriolar vasodilation, 
functional impairment of many cell types found in the 
microcirculation and increased venular leukocyte-endothelial 
interaction) have been independently associated with poor 
outcomes in critically-ill septic patients.8  However, while 
these alterations in critically-ill patients’ microcirculation 
resulted in tissue hypoxia (microcirculatory abnormalities 
contribute to a decreased functional capillary density with 
less perfused areas), it is not the case in healthy subjects.9–11  
These microvascular alterations might be an adaptive 
phenomenon protecting cellular integrity from a drastic 
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rise in oxygen partial pressure (PO
2
). The pathophysiology 

causing microcirculatory changes in sepsis is different than 
the physiologic ‘adaptive’ response seen with HBO.

In HBO exposure, hyperbaric (HB) hyperoxia further 
increases oxygen doses, thus may lead to greater 
microcirculation modification with a potential risk of 
hypoxia even in healthy subjects. Relevant data are scarce. 
The fact remains that HBO has been in use for over a 
century, and HBO-induced hypoxic injury has not been seen. 
One study exposed rabbits to both NB and HB hyperoxia 
and highlighted a significant decrease in microvascular 
density in both conditions.12  Nevertheless, while the 
microcirculation may change, the significant elevation in 
arterial PO

2
 during HBOT allows for adequate O

2
 delivery 

to tissue/mitochondria despite the vasoconstriction. A 
recent study of HBO exposure in human subjects found 
that microcirculatory vasoconstriction did not inhibit the 
development of increased tissue oxygen partial pressure.13

Hence, to better understand the effects of hyperoxia on 
the microcirculation, we designed a study to explore 
microvascular function of healthy subjects exposed to both 
NB and HB hyperoxia. Our primary objective was to assess 
the impact of HB hyperoxia on a surrogate of microvascular 
function: the microvascular reactivity to an ischaemic 
stimulus. The other objectives were to study the impact of 
HB hyperoxia on healthy human microcirculatory perfusion, 
the impact of NB hyperoxia on microcirculatory perfusion 
and reactivity, and the haemodynamic response during the 
various oxygen exposures.

Methods

The study received ethics (Comité de Protection des 
Personnes Ile de France V) and institutional (Agence 
Nationale de Sécurité des Médicaments et des produits de 
santé) approvals, and was registered on Clinicaltrial.gov 
under NCT03980210.

This was a single centre open label study conducted in 
the hyperbaric oxygen facility of a teaching hospital 
(CHU Lille), between June and July 2019. Non-professional 
divers between 18 and 64 years old who had received  
medical clearance to practice scuba-diving in the past year 
were able to participate to the study. People 65 years of age 
and more were considered more likely to exhibit age-linked 
microvascular modifications, and were not included in our 
study. After obtaining written informed consent, inclusion 
criteria were checked by an independent physician from 
the Clinical Investigation Centre of our institution. Patients 
with disease known to alter microcirculation (i.e., arterial 
hypertension, smoking, diabetes, arteriopathy, systemic 
sclerosis, Raynaud’s disease) or a contraindication to 
HBOT (e.g., heart failure, pneumothorax, unstable asthma, 
perilymph fistula, vestibular disorders, vascular proliferation 
in the eye) were excluded. General and anthropometric data 
such as age, gender, weight and height were recorded.

PROTOCOL

Subjects lay on a bed inside a hyperbaric chamber thoughout 
study and were exposed to five consecutive conditions: T0) 
baseline value (normobaric normoxia) with the subject 
breathing air at atmospheric pressure; T1) hyperbaric 
normoxia with a tightly fitting aviator style mask delivering 
a hypoxic gas mix (8% oxygen, 92% nitrogen) at 253.3 kPa 
(2.5 atmospheres absolute [atm abs]) ambient pressure; T2) 
hyperbaric hyperoxia with oxygen (FiO

2
 = 1) delivered 

via the same mask  at 253.3 kPa ambient pressure; T3) 
normobaric hyperoxia with oxygen (FiO

2
 = 1) delivered via 

the same mask  at 101.3 kPa ambient pressure; T4) a final 
set of measurements after return to normobaric normoxia 
conditions to detect residual effects of hyperoxia.

Measurements were performed after a 30-minute period 
in each condition to let the microcircualtion and any 
haemodynamic changes reach an equilibrium (Figure 1).

At each step of the study protocol, vascular occlusion tests 
(VOTs) were performed with a cuff positioned over the 
brachial artery. It was inflated to at least 50 mmHg over 
systolic arterial pressure for 3 min as longer durations tend to 
compromise the subject’s comfort, and shorter ones provide 
insufficient post-occlusive reactive hyperaemia (PORH).14  
On completion of the ischaemic period, the cuff was quickly 
deflated to zero.

Two investigators present in the hyperbaric chamber and 
a trained certified hyperbaric technologist ensured safety 
during the whole protocol.

MEASUREMENTS

Microcirculatory parameters

Subclavian artery transcutaneous pressures of O
2
 (PtcO

2
) and 

carbon dioxide (CO
2
) (PtcCO

2
) were continuously recorded 

(PERIFLUX® PF5040, Perimed, Jiirfalla, Sweden).

Near infrared spectroscopy (NIRS) was used to detect 
changes in muscle perfusion. NIRS data were acquired with 
an INSPECTRA® 850 monitor (Hutchinson Technology, 
Hutchinson, Minnesota, USA) and 25 mm-probe attached to 
the thenar eminence of the right hand. The thenar eminence 
is an anatomical region with no subcutaneous fat layer, 
thus providing VOT-parameters highly consistent among 
subjects.15,16  When tissue oxygen saturation (StO

2
) values 

remained stable for three minutes, a VOT was performed. 
Baseline, minimal and maximal StO

2
 (respectively StO

2basal
, 

StO
2min

, StO
2max

), total haemoglobin index before (THI
basal

) 
and during VOT (THI

occlu
), StO

2
 descending (desc) and 

ascending (asc) slopes, time to StO
2
max (Time

max
), 

time to baseline (Time
base

), and area under the curve of 
hyperaemia (AUC) were computed (Figure 2). Muscle 
oxygen consumption (VO

2
) was calculated according to 

the following formula: NIRS VO
2
 = (THI

basal
 + THI

occlu
) / 
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2 × (−Desc slope).17  Tissue oxygen saturation variations 
during (ΔStO

2min
) and after (ΔStO

2max
) VOT were also 

calculated. Schematically, StO
2max

 and AUC represent 
oxygen delivery; Time

base
, Time

max
, Asc slope and ΔStO

2max
 

explore microvascular reactivity; ΔStO
2min

 reflects the extent 
of ischaemia and is known to influence Asc slope.15

Laser Doppler flowmetry recorded cutaneous blood flow 
(expressed in perfusion units [PU]) continuously throughout 
the procedure by using the laser Doppler shift principle 
to measure velocity and concentration of moving blood 
cells. The laser Doppler flowmeter probe (PERIFLUX® 
PF407 (Perimed, Jiirfalla, Sweden) was placed on the right 
index fingertip. The gain was adjusted to 1, the cut-off 
frequency to 12 Hz, and the time constant to 0.2 seconds. 

Recordings were later analysed with Perisoft for Windows 
2.5.5 software. Microvascular reactivity was tested with 
VOTs. The signal obtained during arterial occlusion is flux-
independent and was taken as biological zero (BZ). Rest 
flow (RF) was measured during the 5 min before VOT. The 
first ascending slope (Slope 1), a reflection of the myogenic 
phase of hyperaemia, was measured during the first 3 s of the 
hyperaemic peak. Given that peak flow (PF) occurred later 
than 3 s, a second ascending slope (Slope 2), a reflection 
of the hyperaemia metabolic phase, was measured during 
the interval between the end of the first 3 s and peak flow.18  
Parameters exploring microvascular reactivity including 
time to recovery (TR), time to half of the difference between 
rest and peak flow during onset of hyperaemia (TH1), time 
to half  of the difference between rest and peak flow during 

Figure 2
Schematic representation of tissue oxygen saturation (StO

2
) evolution during near infrared spectroscopy monitoring of a vascular occlusion 

test; AUC – area under curve

Figure 1
Illustration of the study protocol showing the five consecutive conditions (normobaric normoxia, hyperbaric normoxia, hyperbaric 
hyperoxia, normobaric hyperoxia and normobaric normoxia); near infrared spectroscopy (NIRS), laser Doppler, echocardiography 

measurements were taken after 30 min of exposure in each condition
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offset of hyperaemia (TH2), time to max (TM), and the ratio 
of the hyperaemia area over the occlusion area (AH/AO), 
were also computed (Figure 3).19

Haemodynamic parameters

Non-invasive monitoring (heart rate, arterial pressure) was 
obtained with a HAUX-MEDICAL-MONITORING® 
system (Haux-Life-SupportGmbH, Karlsbad-Ittersbach, 
Germany). Systolic arterial pressure – heart rate product 
(SAP*HR) was calculated as a reflection of myocardial 
oxygen consumption.20

Transthoracic echocardiography (TTE) was performed 
with a VIVID-I® echocardiograph (GE Medical Systems, 
Milwaukee, WI, USA). The left ventricle was studied via 
volumetric analyses (left ventricular end-diastolic volume 
[LVEDV], left ventricular end-systolic volume [LVESV]), 
systolic function parameters (left ventricular ejection fraction 
[LVEF] [modified Simpson method], subaortic velocity-time 
integral [AoVTI]) and diastolic  function parameters (mitral 
inflow doppler assessment including E- and A-wave velocity 
[respectively E and A] and E-wave deceleration time [EDT], 
tissue Doppler of the mitral annulus e’-wave [e]). The right 
ventricle function was assessed through tricuspid annular 
plane systolic excursion (TAPSE) and tissue Doppler of the 
tricuspid annulus S-wave (S). We then calculated E/A and 
E/e ratios, left ventricle stroke volume (SV-TTE) and cardiac 
output (CO-TTE). We used the left ventricular outflow tract 
Doppler method as it has been previously validated and has 
shown an acceptable agreement with the thermodilution 
method.21  A single investigator, qualified in transthoracic 
echocardiography performed all measurements. To reduce 
intra-observer variability the average of three measures 
was used.

STATISTICAL ANALYSIS

Statistical analysis was performed using GraphPad PRISM® 
(version 8.2.0, GraphPad Software, San Diego, CA, USA). 
Categorical variables were expressed as frequencies with 
percentages. Continuous variables with a normal distribution 
were expressed as mean (standard deviation); otherwise, data 
were presented as medians with percentiles [25; 75%]. For 
comparison at different times, a one-way analysis of variance 
(ANOVA) or Friedman’s test was used as appropriate with 
Tukey’s corrections for repeated measurements. A two-sided 
P < 0.05 was considered as significant.

Results

Fifteen subjects were included; three (20%) females 
and 12 (80%) males, aged 48.4 (SD 11.1) years, with an 
average height and weight of 1.75 (0.08) m and 75.5 (7.7) 
kg respectively, representing a mean body mass index of 
24.8 (2.5) kg·m-².

There was no statistical difference between the beginning 
and end normobaric normoxia conditions (i.e., T0 vs T4) in 
either microcirculatory or haemodynamic measurements.

Haemodynamic data are presented in Table 1. Briefly, 
two significant changes occurred in hyperoxic conditions 
(i.e., T2 and T3); bradycardia and a rise in arterial pressure. 
They both reached a maximum with HB hyperoxia (T2). 
Of note, bradycardia also occurred during hyperbaric 
normoxia (T1). There were no changes in echocardiographic 
measurements in any conditions.

Microcirculatory data gathered with NIRS and laser-Doppler 
flowmetry are presented in Table 2 and Table 3 respectively.

Figure 3
Example of a laser Doppler recording during post-occlusion hyperaemia; 1 – first upward slope; 2 – second upward slope; 
3 – time to half of the difference between rest and peak flow during onset of hyperaemia; 4 – time to half of the difference between rest 

and peak flow during offset of hyperaemia; 5 – time to recovery; 6 – time to max; PU – perfusion units
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At rest, there was a significant decrease in perfusion 
(RF) associated with a significant rise in StO

2basal
 during 

HB hyperoxia. Transcutaneous measurements showed 
no statistical difference in PtcCO

2
 in any conditions. In 

contrast, PtcO
2
 reached a median of 19.1 kPa [16.7; 21.2] in 

NB hyperoxia and 99.3 kPa [77.3; 137.3] in HB hyperoxia 
(P < 0.0001 vs T0, T1, T3 and T4) (Figure 4A).

During the ischaemic period, occlusion area (P < 0.05 vs 
T0, T1 and T4), StO

2min
 (P < 0.05 vs T0, T1, T3 and T4) 

and ΔStO
2min

 (P < 0.05 vs T0, T1 and T4) were significantly 
lower in HB hyperoxia. In parallel, laser-Doppler PORH 
parameters (peak flow, hyperaemia area and Slope 1) 
decreased significantly during HB hyperoxia (Figure 4B).

No parameters relating to microvascular reactivity (i.e., 
ascending slope, TR, ΔStO

2max
, RF/PF and AH/AO ratios) 

showed any significant changes at any time of the experiment 
(Figure 4C).

Discussion

This study confirmed previously published effects of 
normbaric hyperoxia on the microcirculation in healthy 
volunteers.7  By increasing the oxygen dose, hyperbaric 
hyperoxia further increases the magnitude of these effects. 
Of note, microvascular reactivity remained unimpaired 
throughout the protocol, suggesting that these alterations 
are indeed an adaptative phenomenon.

Table1
Haemodynamic changes (n = 15); data are mean (standard deviation); a – P < 0.05 vs baseline; b – P < 0.05 vs hyperbaric normoxia; 
c – P < 0.05 vs hyperbaric hyperoxia; d – P < 0.05 vs normobaric hyperoxia; e – P < 0.05 vs normobaric normoxia; HR*SAP – index of 
myocardial oxygen consumption; LVEDV – left ventricle end-diastolic volume; LVEF_SBP – modified Simpson method left ventricle 
ejection fraction; LVESV – left ventricle end-systolic volume; MA e-wave velocity – mitral annulus e-wave velocity; SV_VTI – stroke 
volume calculated with velocity-time integral of the left ventricular outflow track; VTI – velocity-time integral of the left ventricular 

outflow track; TAPSE – tricuspid annular plane systolic excursion; TA S-wave velocity – tricsuspid annulus S-wave velocity

Condition
Normobaric

normoxia
Hyperbaric
normoxia

Hyperbaric 
hyperoxia

Normobaric
hyperoxia

Normobaric
normoxia

Haemodynamic monitoring

Heart rate (beats·min-1) 66 (8)b,c,d 61 (8)a,c 55 (7)a,b,d,e 60 (10)a,b 62 (8)c

Systolic arterial pressure (mmHg) 127 (14)c,d 132 (13) 136 (12)a 135 (19)a 130 (11)

Mean arterial pressure (mmHg) 95 (11)c 99 (8) 105 (12)a,e 100 (8) 98 (8)c

Diastolic arterial pressure (mmHg) 79 (8)c 79 (8)c 89 (8)a,b,d,e 85 (9)c 81 (8)c

HR*SAP (beats·min-1.mmHg) 8,167 (1,250) 8,162 (1,613) 7,490 (1,208) 8,073 (1,282) 8,150 (1,381)

Transthoracic echocardiography

LVEDV (mL) 144 (18) 144 (23) 137 (18) 143 (23) 141 (28)

LVESV (mL) 67 (13) 67 (14) 66 (13) 63 (14) 62 (16)

LVEF_SBP (%) 54 (4) 54 (4) 53 (5) 55 (5) 56 (6)

SV_VTI (mL) 69 (10) 70 (14) 72 (15) 71 (15) 68 (14)

VTI (cm) 19 (3) 19 (3) 19 (3) 19 (3) 18 (3)

TAPSE (mm) 23 (4) 24 (3) 21 (3) 21 (3) 23 (3)

TA S-wave velocity (cm·s-1) 13 (1) 13 (1) 12 (1) 12 (1) 13 (1)

Mitral E-wave velocity (cm·s-1) 63 (12) 64 (13) 62 (8) 61 (8) 60 (12)

E-wave deceleration time (ms) 165 (37) 177 (44) 170 (34) 176 (34) 176 (46)

Mitral A-wave velocity (cm·s-1) 50 (11) 51 (13) 47 (12) 50 (9) 48 (9)

MA e-wave velocity (cm·s-1) 14 (3) 14 (4) 13 (2) 12 (3) 13 (3)

E/A ratio 1.32 (0.33) 1.36 (0.58) 1.42 (0.40) 1.28 (0.34) 1.27 (0.34)

E/e ratio 4.72 (1.03) 5.11 (1.76) 5.00 (1.02) 5.46 (1.44) 4.84 (1.24)

Cardiac output (L·min-1) 4.43 (0.76) 4.33 (0.96) 3.95 (0.83) 4.13 (1.08) 4.20 (0.96)
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HAEMODYNAMIC CHANGES

Haemodynamic change was investigated as interactions 
with the microcirculation have been previously described.22  
This phenomenon is known as haemodynamic coherence. It 
stipulates that hemodynamic alterations have a direct effect 
on regional and microcirculatory perfusion and oxygen 
delivery to the cells.

Hyperoxia-induced bradycardia is a well-known phenomenon 
described for the first time in 1897 and proven by others.23  
In that study, HBO induced a more significant bradycardia 
than normobaric hyperoxia (a reduction of 12–16 beats·min-1 
vs 4–7 beats·min-1). Both oxygen-dependent (a direct effect 
of high oxygen tension on myocardium24 and autonomic 
nervous system alterations25,26) and oxygen-independent 
mechanisms (diminution in sympathetic tone) were involved 
in the phenomenon. Bradycardia is known to reach a 
maximum under therapeutic barometric pressure ranges and 
to gradually disappear over time.27

In our study, HBO induced a hyperoxic vasoconstriction, 
and as a consequence, a rise of approximately 10 mmHg in 
systolic, diastolic and mean arterial blood pressures. This 
phenomenon occurs in healthy small diameter arterioles 
as soon as the PO

2
 reaches 101.3 kPa.28  A further increase 

in PO
2
 (up to 202.7 kPa29) constricts larger vessels such as 

resistance arteries, leading to a rapid rise in systemic vascular 
resistance,30 hence in arterial blood pressure.

As arterial hypertension originated from microcirculatory 
modifications (e.g., hyperoxic vasoconstriction) while 
cardiac output remained steady, haemodynamic changes did 
not impact the microcirculation. Hence, all microcirculatory 
modifications may be considered a direct consequence of 
the oxygen exposure.

MICROCIRCULATORY CHANGES

This study showed that significant microcirculatory 
modifications occur during normobaric and hyperbaric 
hyperoxia. In comparison with baseline value, PtcO

2
 

increased during normobaric hyperoxia (18.8 [SD 5.2] vs 6.1 
[2.4] kPa). In response, a fall in rest flow occurred (Figure 
4A). Even though it does not reach statistical significance, 
probably due to insufficient number of subjects, these 
results are consistent with previously published data.7,31  
Hyperbaric oxygen, by leading to a critical rise in PtcO

2
 

(104.0 [45.9] kPa) significantly reduced microcirculatory 
flow. As hyperbaric normoxia has no effects on the 
microcirculation, it seems that the high oxygen pressure 
drives this phenomenon.

Condition
Normobaric

normoxia
Hyperbaric
normoxia

Hyperbaric
hyperoxia

Normobaric
hyperoxia

Normobaric
normoxia

StO
2basal

 (%) 81 (3)c 81 (2)c 85 (4)a,b,d,e 81 (3)c 80 (3)c

StO
2min

 (%) 52 (7)c 52 (6)c,d 62 (8)a,b,d,e 56 (4)b,c 51 (5)c

StO
2max

 (%) 95 [93; 97]c 96 [94; 97]c 99 [97; 99]a,b,e 96 [96; 99]c,e 94 [91; 96]c,d

ΔStO
2max

 (%) 17 (3) 18 (3) 15 (4) 19 (5) 17 (6)

ΔStO
2min

 (%) -38 [-43; -29]c -36 [-41; -33]c -28 [-35; -18]a,b,e -32 [-35; -28] -35 [-39; -32]c

THI
basal

 (AU) 15.4 (2.3)c,d 14.4 (2.2) 13.8 (2.7)a 13.7 (2.4)a 14.5 (2.0)

THI
occlu

 (AU) 15.3 (3.1)c 14.7 (2.9)c 13.0 (3.2)a,b 14.2 (2.7) 14.6 (1.9)

Descending slope (%·s-1) -0.15 (0.03)c -0.15 (0.03) -0.13 (0.04)a -0.14 (0.03) -0.15 (0.04)

Ascending slope (%·s-1) 2.53 [1.69; 6.81] 5.67 [2.79; 8.25] 2.42 [1.71; 4.33] 2.17 [1.65; 4.75] 2.82 [1.6; 5.16]

Time
max

 (s) 29 (11) 26 (8) 32 (10) 37 (15) 33 (15)

Time
base

 (s) 277 [222; 353] 256 [201; 332] 388 [235; 457] 325 [166; 436] 277 [138; 353]

AUC (%.s) 1,475 (617)c 1,706 (737) 2,414 (1,143)a 2,161 (1,262) 1,680 (1,107)

NIRS VO
2
 (AU) 2.32 (0.58)c 2.19 (0.58)c,d 1.69 (0.68)a,b,e 1.94 (0.55)b 2.23 (0.63)c

Table 2
Near infrared spectroscopy variables (n = 15); data are mean (standard deviation) or median [25;75% percentiles]; a – P < 0.05 vs baseline; 
b – P < 0.05 vs hyperbaric normoxia; c – P < 0.05 vs hyperbaric hyperoxia; d – P < 0.05 vs normobaric hyperoxia; e – P < 0.05 vs normobaric 
normoxia; AU – arbitrary unit; AUC – area under curve of hyperaemia; NIRS VO

2
 – muscle oxygen consumption; StO

2
 – tissue oxygen saturation; 

ΔStO
2max

– calculated from (StO
2max

– StO
2basal

)/StO
2basal

; ΔStO
2min

–  calculated from (StO
2min

– StO
2basal

)/StO
2basal

; THI – total haemoglobin index
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The underlying mechanism highlighted is known as 
hyperoxic vasoconstriction.29,32  It is an adaptative response 
to protect cellular integrity from high oxygen tension.33,34  
The mechanisms by which hyperoxia leads to systemic 
vasoconstriction are not fully elucidated. The elevated 
arterial content of oxygen (CaO

2
) itself may contribute due 

to the pivotal role of the erythrocyte. Following a fall in 
haemoglobin-O

2
 saturation, haemoglobin may act as an ‘O

2
 

sensor’, releasing adenosine triphosphate (ATP) and nitric 

oxide. Conversely, plasma ATP concentrations are lower 
in hyperoxia, suggesting reduced vasodilator signalling. 
Moreover, the high PaO

2
 may reduce the availability of 

other vasodilators such as prostaglandin PGI2.35  Finally, 
hyperoxia causes an increase in reactive oxygen species 
(ROS), which in turn inhibit a range of vasodilators such 
as nitric oxide (e.g., superoxide reacts with nitric oxide 
to generate peroxynitrite).13  Then, during prolonged 
HBO exposure, the activation of extracellular superoxide 

Figure 4
A – microcirculatory parameters at rest; B – results of ischaemic stimulus and vascular reserve mobilisation; C – microvascular 
reactivity; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; AH/AO – hyperaemic area / occlusion area ratio; ns – 
not significant; PtcO

2
 – transcutaneous partial pressure of oxygen; PU – perfusion units; StO

2
 – tissue oxygen saturation 

measured with near infrared spectroscopy; ΔStO
2max

 – calculated from (StO
2max

 – StO
2basal

)/StO
2basal

; T0 – baseline normobaric 
normoxia; T1 – hyperbaric normoxia; T2 – hyperbaric hyperoxia; T3 – normobaric hyperoxia; T4 – final normobaric normoxia
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dismutase removes superoxide and reduces nitric oxide 
antagonism. Thus, the hyperoxic vasoconstriction could be 
transient as recently reported elsewhere.13

Previous studies have proved that hyperoxic vasoconstriction 
only takes place in well-perfused territories while 
microvascular flow remains stable in ischaemic tissues.31  
It should result in microvascular flow redistribution toward 
poorly perfused territories. This phenomenon, known as 
the ‘Robin-Hood effect’, is supportive of the use of HBO 
in patients with heterogeneous microcirculation alterations 
such as ischaemia-reperfusion injuries.31

Performing VOTs in our study allowed us to explore 
vascular reserve, and the integrity and functionality of the 
microcirculation when exposed to elevated PO

2
. Parameters 

exploring microvascular reactivity (i.e., NIRS Time
base

, 
Time

max
, Asc slope and ΔStO

2max
; and laser-Doppler AH/

AO and RF/PF ratios) do not vary over time (Figure 4C). 
One study had already demonstrated similar results under 
normobaric hyperoxia.7 Our study extends their findings 
to higher oxygen pressures.  It emphasises the fact that 
hyperoxic vasoconstriction is an adaptative phenomenon 
that does not alter microvascular reactivity.

Laser Doppler parameters exploring vascular reserve 
(i.e., PF, Slope 1 and AH) decrease significantly under 
hyperbaric hyperoxia. However, the ischaemic stimulus (i.e., 
StO

2min
, ΔStO

2min
 and occlusion area) is substantially lower 

during hyperbaric hyperoxia (Figure 4B). The predefined 
3-min period of ischaemia produces a weaker ischaemic 
stimulus, probably because StO

2basal
 is higher and dissolved 

oxygen must first be consumed before tissues react to 
hypoxia.7  Hence, a smaller part of the available vascular 
reserve is mobilised in response to ischaemia.

In parallel, StO
2max

 and AUC significantly increase. These 
phenomena also occur during normobaric hyperoxia 
(without reaching statistical significance) but are absent 
during hyperbaric normoxia. This highlights the fact that 
the rise in arterial oxygen content plays a decisive part in 
these modifications.

A marked but statistically non-significant drop in TH2 
(20%) suggests a faster vascular reserve demobilisation 
during normobaric and hyperbaric hyperoxia. The rise in 
oxygen delivery (represented by StO

2max
 and AUC) may 

have triggered protective mechanisms to limit the PORH 
duration. Further studies are needed to confirm or refute 
this hypothesis.

In our study, the reduction in StO
2
 Desc slope and NIRS 

VO
2
 during normobaric hyperoxia and hyperbaric hyperoxia 

raise important methodological issues. First, in hyperoxic 
conditions, the dissolved oxygen rises. In hyperbaric 
hyperoxia, it could reach up to 6 mL·100 mL-1 of plasma at 
304.0 kPa. This amount is sufficient to cover all biological 

needs.36  Hence, during VOT, this supplement in dissolved 
oxygen (which can’t be detected by NIRS-StO

2
) must be 

consumed before the signal starts to decrease. This time-
lapse between cuff inflation and the inflection point of 
the Desc slope alters the reliability of these parameters. 
Then, when multiple VOTs are repeated, a phenomenon 
called ischaemic preconditioning occurs. As highlighted 
in a previous study, ischaemic preconditioning results in 
a drop in Desc slope.37  Thus, Desc slope and NIRS VO

2
 

interpretations in our study may be unreliable. Future 
studies would have to focus on oxygen-induced changes 
on a metabolic level to further investigate this phenomenon.

LIMITATIONS

Our study has several limitations. First, the small number of 
healthy volunteers limits the study power and its capacity 
to detect slight variations or different response patterns. 
Hence, the effect of age or gender on microcirculatory 
response to hyperoxia could not be investigated. Moreover, 
we excluded patients > 65 years, whereas many of the 
patients treated with HBO are > 65 years. This may limit the 
generalisability of our results. Second, the sex ratio, largely 
in favour of men (80% vs 20%) limits a wider application 
of our findings to the general population as gender is 
known to impact microcirculatory measurements. Third, 
we standardised the extent of the ischaemic insult with a 
predefined three minute ischaemic period. Alternatively, we 
could have used a predefined StO

2
 threshold (as proposed by 

Bezemer et al.15) to release cuff inflation. Doing so, VOTs 
would have taken more than three minutes and might have 
become uncomfortable for healthy awake subjects.

Finally, our study was designed to explore oxygen-induced 
microcirculation alterations but is limited in its ability to 
explore their pathophysiological mechanisms. We decided 
to be as non-invasive as possible to make recruitment of 
volunteers easier. Nevertheless, invasive blood flow and VO

2
 

measurements, blood samples to investigate inflammatory 
pathways, or in vivo microdialysis may be of interest to 
further investigate this question.

Conclusions

High oxygen tensions significantly alter haemodynamics 
and microcirculation in healthy subjects, with hyperbaric 
oxygen exposure further increasing those modifications. 
Bradycardia occurred while cardiac output remained 
constant and arterial blood pressure increased. The rise 
in tissue oxygen saturation and transcutaneous oxygen 
partial pressure promotes an adaptative vasoconstrictive 
response to protect cellular integrity. Indeed, microvascular 
reactivity remained unaltered and vascular reserve is 
mobilised in proportion to the magnitude of an ischaemic 
stimulus. Further experiments are require to understand the 
pathophysiological pathways involved in hyperoxia-induced 
microcirculation modifications and to explore its effects in 
pathological conditions such as ischaemia or sepsis.
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