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ABSTRACT.

Purpose: Toinvestigate theresponse of the superficial and deep capillary plexuses to hyperoxia and
hypoxia using optical coherence tomography angiography (OCT-A) and retinal vessel analyzer.

Methods: Twenty-four healthy volunteers participated in this randomized, double-masked, cross-
over study. For each subject, two study days were scheduled: on one study day, hyperoxia was induced
by breathing 100% oxygen whereas on the other study day, hypoxia was induced by breathing a
mixture of 88 % nitrogen and 12% oxygen. Perfusion density was calculated in the superficial vascular
plexus (SVP) and the deep capillary plexus (DCP), using OCT-A before (normal breathing) and
during breathing of the gas mixtures. Retinal vessel calibres in major retinal vessels were measured
using a dynamic vessel analyzer.

Results: During 100% oxygen breathing, a significant decrease in DCP perfusion density from
41.7 £+ 2.4a.ut035.6 + 3.1a.u.(p < 0.001) was observed, which was accompanied by a significant
decrease in vessel diameters in major retinal arteries and veins (p < 0.001 each). No significant change
in perfusion density in the SVP occurred (p = 0.33). In contrast, during hypoxia, perfusion density in
the SVPsignificantly increased from 34.4 + 3.0a.u.to37.1 + 2.2a.u.(p < 0.001), while it remained
stable in the DCP (p = 0.25). A significant increase in retinal vessel diameters was found (p < 0.01).
Systemic oxygen saturation correlated negatively with perfusion density in the SVP and the DCP and
retinal vessel diameters (p < 0.005 each).

Conclusion: Our results show that systemic hyperoxia induces a significant decrease in vessel
density in the DCP, while hypoxia leads to increased vessel density limited to the SVP. These
results indicate that the retinal circulation shows the ability to adapt its blood flow to metabolic
changes with high local resolution dependent on the capillary plexus.
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Background

Adequate oxygen supply is essential for
retinal function. Previous studies have
shown that retinal blood flow is regu-
lated in response to oxygen saturation
changes to keep its oxygen supply
constant (Pournaras et al. 2008; Palk-
ovits et al. 2014a; Palkovits et al.
2014c). Systemic hyperoxia leads to a
pronounced retinal vasoconstrictor
response accompanied by reduced reti-
nal blood flow (Riva et al. 1983; Fallon
et al. 1985; Luksch et al. 2002; Jean-
Louis et al. 2005; Werkmeister et al.
2012; Palkovits et al. 2014a; Klefter
et al. 2015; Cheng et al. 2016) whereas
hypoxia leads to retinal vasodilatation
and an increase in retinal blood flow
(Palkovits et al. 2014c). However, this
autoregulatory response has only been
investigated in larger retinal feeder
vessels (Werkmeister et al. 2012; Palk-
ovits et al. 2014a; Palkovits et al. 2014c;
Klefter et al. 2015).

Even though the capillaries are a
main site of flow resistance, their
metabolic  regulation is  largely
unknown. Evidence from other vascu-
lar beds such as those of the heart or
the brain suggests that small resistance
vessels respond differently compared to
larger arterioles or feeder vessels
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(DeFily & Chilian 1995; Kulik et al.
2008). Furthermore, it has been
hypothesized that in complex neural
tissues, such as the retina, microvascu-
lar responses to metabolic stimuli are
not distributed uniformly but vary
locally with high spatial and temporal
resolution (Kornfield & Newman 2014;
Kallab et al. 2021).

Recently developed imaging tech-
niques such as optical coherence
tomography angiography (OCT-A)
provide quantitative parameters for
characterization of the perfusion of
biological tissues and allow gaining
information regarding the regulatory
response in the retinal microvascula-
ture with high spatial and temporal
resolution. Small open studies in
healthy subjects using OCT-A report
that hyperoxia leads to a decrease in
retinal vessel density, especially in the
deep capillary plexus (DCP) and that
hypoxia increases retinal vessel density
(Pechauer et al. 2015; Hagag et al.
2018; Sousa et al. 2018, 2019).

The present study set out to investi-
gate the effect of systemic hyperoxia
and hypoxia on both microvascular
changes and larger retinal feeder vessels
in healthy subjects in a randomized
double-masked,  cross-over  study
design. In contrast to previous studies,
we removed larger retinal vessels from
OCT-A analysis, to specifically obtain
data from the microvasculature, since
larger vessels contribute disproportion-
ally to the OCT-A signal and therefore
could conceal more minor changes in
microcirculation. This offers the possi-
bility to differentiate between changes
in the micro- and the macrovascula-
ture. Further, we investigated whether
there is a correlation between systemic
oxygen saturation and retinal vascular
parameters. Measurements of the out-
come variables were performed at
baseline during breathing room air
and afterwards during breathing
100% oxygen or 88% nitrogen in
12% oxygen.

Methods

Subjects

The study protocol was approved by
the Ethics Committee of the Medical
University of Vienna and was con-
ducted in compliance with the Decla-
ration of Helsinki and the Good
Clinical Practice (GCP) guidelines of

the European Union. Written informed
consent was obtained from all study
participants. Subjects were selected by
the Department of Clinical Pharmacol-
ogy at the Medical University of
Vienna. All included subjects passed a
screening examination in the four
weeks before the first study day con-
sisting of pregnancy testing in women
of childbearing potential, blood pres-
sure and heart rate measurement, phys-
ical examination including 12-lead
ECG, assessment of visual acuity, slit
lamp biomicroscopy, indirect fundus-
copy and measurement of intraocular
pressure (IOP) with the Goldmann
applanation tonometry.

Subjects were excluded if any clini-
cally significant abnormality was
found, including a history of drug or
alcohol abuse, regular use of medica-
tion during the three weeks before the
start of the study (except contracep-
tives), symptoms of a relevant illness
and blood donation in the 3 weeks
before the first study day, ametropia of
more than 6 dioptres and smoking.

Study design

The study was conducted in a random-
1zed, double-masked, Cross-over
design. A member of the Department
of Clinical Pharmacology not involved
in the study procedures generated a
randomization list using a computer
software (http://www.randomization.
com). According to this list, a random-
ization envelope for each subject was
prepared. All subjects started with
breathing ambient air followed by
breathing one of two gas mixtures in
a consecutive way in the randomized
order. The randomization list con-
tained the allocated sequence for each
subject. Covering of the gas containers
ensured blinding during the measure-
ment. The specific assignment was
documented on the randomization list.
The masking of the gas containers and
the storage of the randomization list
were done by a study nurse.

Subjects arrived after a light meal
between 8:00 a.m. and 2:00 p.m. at our
department and had to abstain from
alcohol and stimulating beverages con-
taining xanthine derivatives (tea, cof-
fee, cola-like drinks) 12 hr before the
study day. At the beginning of the first
study day, a pregnancy test was per-
formed in females of childbearing
potential and one drop of 0.5%

tropicamide (Mydriaticum ‘Agepha’,
Agepha, Vienna, Austria) was instilled
in the eye. For all subjects, the right eye
was determined as the study eye. After
a resting period of 20 min, Dynamic
Vessel Analyzer (DVA) measurements
were performed followed by OCT mea-
surement while breathing of ambient
room air. Then, capillary blood for
blood gas analysis was drawn from the
arterialized earlobe. Afterwards, a 30-
min breathing period with the first gas
mixture was performed in accordance
with the randomization list. During the
last 15 min of this period, the measure-
ments of DVA followed by OCT-A
were repeated, while subjects were still
breathing the assigned gas mixture
through the mask. Heart rate and
peripheral oxygen saturation were
monitored  continuously by an
unmasked investigator not involved in
any other study procedures. This
unmasked investigator also performed
the analysis of the capillary blood
samples before the end of the breathing
period in order to contain masked
conditions. Blood pressure was
recorded every 5 min during the
breathing periods. The second study
day was scheduled within 14 days after
the first study day. The same schedule
for baseline measurement and the
breathing period was performed for
the second gas mixture on the second
study day.

Investigational medical products

Oxygen: SAUERSTOFF medizinisch,
Messer GmbH, Industriestrasse 5, 2352
Gumpoldskirchen, Austria.

Dose: 100%, breathing for 30 min.

Nitrogen: STICKSTOFF medizinisch,
Messer GmbH, Industriestrasse 5, 2352
Gumpoldskirchen, Austria.

Dose: 88% nitrogen in 12% oxygen,
breathing for 30 min.

Methods

Non-invasive measurement of systemic
haemodynamics: Measurements of sys-
temic haemodynamics were performed
on the upper arm by an automated
oscillometric device (Infinity Delta;
Dréger, Vienna, Austria). The same
device recorded systolic, diastolic and
mean arterial pressures (SBP, DBP,
MAP), pulse rate (HR) and peripheral
oxygen saturation using a fingertip
pulse oximeter.
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Intraocular pressure: A slit lamp-
mounted  Goldmann  applanation
tonometer was used to assess intraoc-
ular pressure. One drop of oxybupro-
cainhydrochloride  combined  with
sodium fluorescein was used for anaes-
thesia of the cornea before each mea-
surement.

Gas breathing period: Oxygen and
nitrogen were delivered using a high
concentration oxygen mask (HUD-
SON RCI, Teleflex Medical, Mor-
risville, USA).

Blood gas analysis: Blood gas anal-
ysis was performed after spreading the
earlobe with Finalgon® (Boehringer-
Ingelheim RCV GmbH & Co KG,
Vienna, Austria) paste to induce capil-
lary vasodilatation. A thin glass capil-
lary tube was wused to collect
arterialized blood from a lancet inci-
sion. Arterial pH, pCO,, pO,, oxygen
saturation (sO,) and blood glucose
level were determined with an auto-
matic blood gas analysis system (ABL
800, FLEX, Drott Medizintechnik
GmbH, Wiener Neudorf, Austria).

Optical  coherence  tomography
angiography (OCT-A): Non-invasive
measurement of retinal vasculature

Raw Images

Baseline

was performed using the OCT-A mod-
ule of a commercially available
spectral-domain OCT device (Spec-
tralis OCT, Heidelberg Engineering,
Heidelberg, Germany). This optical
imaging modality enables the visual-
ization in a full depth resolved and
label-free manner of blood vessels
contrasting against static tissue. High
resolution scans were performed at the
macula (512 B-scans, 512 A-scans/B-
scan, 10° x 10°). Each measurement
took approximately 5 minutes (includ-
ing set-up and positioning of the sub-
jects).

Quantitative OCT-A analysis: The
superficial vascular plexus (SVP) and
the deep capillary plexus (DCP) were
the layers of interest in this investiga-
tion. Quality checks were performed to
filter images with poor quality. Scans
from 3 subjects were removed because
excessive motion artefacts and/or sha-
dow artefacts. The volumetric OCT-A
scans were imported into MATLAB
(v2021a, MathWorks, VA) for image
post-processing and the assessments of
the vessel and perfusion densities. Non-
rigid registration was applied to the set
of scans with the baseline for nitrogen

FAZ Center Located

[A

Registered Images

|::> Averaged Images |::> (E) |:>

Annulus

SVP

Large Vessels Removed

breathing as the reference image to
adjust for perspective shifts across each
examination. From the four images
recorded (two baseline images, one
image with oxygen and one image with
nitrogen) an average was calculated as:

_ Ibaselinel + IbaselineZ + onygen + Initrogen

Iavg = 4

Where Iavga [baselineo [oxygen and
Lyiirogen TEPresent the averaged, base-
line, oxygen and nitrogen images,
respectively. This was done in an effort
to reduce the background noise, result-
ing a more reliable large vessel segmen-
tation. Large vessels were then
removed using an intensity threshold
of 130.

The centre of the fovea was auto-
matically determined, based on which
two circles with radii (1 and 2.5 mm)
were generated. Based on the annulus
created between the two circles, the
mean intensity within the annulus was
computed as the background thresh-
old. No vessel enhancement filters were
used to retain the original decorrelation
information. Figure 1 shows an exam-
ple of the image processing steps.

Binarised Images

I GAS Breathing

F)

Fig. 1. Image processing steps of the OCT-A images. (A) Raw 3 x 3 mm OCT-A images from the Nitrogen experiment, with overlapped regions
coloured in white. The top two images are the superficial vascular plexus (SVP) and the bottom two images are the deep capillary plexus (DCP). (B)
Images registered at baseline before nitrogen breathing for both the SVP and the DCP. (C) Registered images for both the Nitrogen and Oxygen
experiments were added to generate an overlapped mean. (D) Foveolar avascular zone (FAZ) center located and fovea marked with a cross. (E) Large
vessels removed from SVP. (F) An annulus was generated centred at the FAZ center, with an inner diameter of lmm and an outer diameter of
2.5 mm. (G) Images from (F) were binarized using the mean from the annulus of the overlapped mean as the background intensity. Green: before
nitrogen breathing; Magenta: during nitrogen breathing.
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Enrollment

Assessed for eligibility (n= 27)

Excluded (n=2)

+ did not meet inclusion criteria

Randomized (n= 25)

l

|

‘ Allocated to Nitrogen breathing (n= 12) Allocation

‘ Allocated to Oxygen breathing (n= 12)

I Allocation

Allocated to Oxygen breathing (n= 13) ‘

Excluded (n=1)

—>|
+ withdrawn

Allocated to Nitrogen breathing (n= 12) ‘

| Analysed (n=12) [ Analysis ] Analysed (n=12) |
Fig. 2. Study flow chart
Dynamic Vessel Analyzer (DVA):  Results

The DVA system (IMEDOS, Jena,
Germany) allowed the evaluation of
the diameters of one temporal retinal
artery and vein between 1 and 2 disc
diameters from the margin of the optic
disc. A fundus camera (FF 450; Carl
Zeiss Meditec, Jena, Germany) was
used for the determination of retinal
vessel diameters by analysing digital
pictures from a continuous video over
1 min of the respective vessels (Garho-
fer et al. 2010). Each measurement
took approximately 5 min (including
set-up and positioning of the subjects).

Statistical analysis

Data are presented as means + SD.
Paired #-tests were applied to detect
statistical significance between baseline
and breathing periods for normally
distributed variables as confirmed by
the Shapiro-Wilk test using IBM SPSS
Statistics (Version 26, IBM, Armonk,
New York, USA). A Wilcoxon test was
used for variables that were not nor-

Twenty-five healthy subjects, of which
11 were female, aged between 21 and
33 years were included. For safety
reasons, one female study participant
was withdrawn from the study due to
decreased arterial blood pressure dur-
ing oxygen breathing and was replaced
according to the randomization list. All
other 24 subjects (mean age: 26 + 3
years) tolerated the breathing periods
and study procedures well and finished
the study according to the protocol.
Mean refractive error (spherical equiv-
alent) of the study population was
—1.0 £ 1.8 dpt. A study flow chart is
provided in Fig. 2. Baseline values for
both study days for the 24 subjects
included in the analyses are given in
Table 1. No significant differences in

baseline parameters were observed on
the two study days.

Effect of oxygen breathing

During breathing of 100% oxygen, no
changes in SBP or MAP were observed
(p > 0.05each), while heart rate showed a
slight but significant decrease from
71.9 + 10.3 bpm ™' to 68.8 + 9.0 bpm™"
(p = 0.04) and DBP slightly increased
from 73.5 £ 5.7 mmHg to 76.2 4+ 8.2
mmHg (p = 0.05). As expected, an
increase in peripheral oxygen saturation
from 98.1 + 1.3% to 99.0 £ 0.8% was
observed (p = 0.004). Arterialized capil-
lary blood samples showed a significant
increase in pO, from 93.3 £+ 15.1 mmHg
to 203.3 £ 58.5 mmHg and in sO, from
98.0 + 0.9% t099.8 £+ 0.4% during oxy-
gen breathing period (p < 0.001 each).
pCO, showed a tendency to decrease from
36.7 + 4.2 mmHg to 35.9 4+ 3.6 mmHg
(p = 0.18), while pH did not change
(7.418 + 0.020 wversus 7.423 + 0.017,
p = 0.35).

Breathing of 100% oxygen induced a
significant decrease in retinal perfusion
densityinthe DCP(from41.7 £+ 2.4a.u.to
356 + 3.1 au., p<0.001), while no
changes in the SVP were observed
(352 +£ 2.0 au. at baseline versus
358 + 2.3 a.u. during O, breathing,
p = 0.33). Retinal vessel calibres in major
retinal vessels decreased significantly in
response to oxygen breathing by
7.7 £ 3.6% from 121.8 £ 15.0 um to
112.5 £ 14.5 ym (p < 0.001) in arteries
andby7.0 + 4.4%from150.9 &+ 21.4 um
to 140.3 + 20.8 um (p < 0.001) in veins.
Figure 3 provides an overview of relative
changesinallretinal parameters assessed.

Table 1. Baseline values for both study days during breathing of room air (n = 24) for systemic
and retinal perfusion parameters (perfusion density in the superficial vascular plexus (SVP) and
deep capillary plexus (DCP), retinal arterial diameter (Diaart) and retinal venous diameter

(Diavein))

Acta OpHTHALMOLOGICA 2022 —

mally distributed (peripheral oxygen Hyperoxia day Hypoxia day p-Value
saturation, pO, sO; and pH). In addi- g ijic plood pressure (mmHg) 120 + 9 120 + 10 0.99
tion, correlation analyses (Pearson)  pjastolic blood pressure (mmHg) 74 £6 76 £9 0.21
were carried out to identify the influ-  Mean arterial pressure (mmHg) 91 +7 93+9 0.34
ence of parameters of systemic oxy-  Heart rate 724+ 10 714 12 0.76
genation (pO,, sO, and pCO,) on  (bpm™)
retinal vascular parameters (OCT-A quod glucose level (mg/d'l) 101 £ 15 101 £ 11 0.84
parameters and retinal arterial and Peripheral oxygen sgturatlon (%) 98 £ 1 98 £1 0.55
venous diameters). For this purpose SVP perfuspn den51Fy (a.u.) 352 +£20 343 +£ 3.0 0.23
. . ’ DCP perfusion density (a.u.) 41.7 £ 24 40.8 £2.5 0.27
gll values .(basehne and d_urmg breath- . (um) 121.8 + 15.0 1211 + 16.6 0.89
ing of different gas mixtures) were  piayein (um) 150.9 + 21.4 150.0 £ 20.7 0.89
taken together. A p-value < 0.05 was
considered the level of significance. Data are presented as mean + SD.
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Fig. 3. Relative change from baseline in per-
fusion density in the superficial vascular plexus
(SVP) and the deep capillary plexus (DCP),
retinal arterial diameter (Diaart) and retinal
venous diameter (Diavein), during breathing
of 100% oxygen. *Indicates significant
changes versus baseline. Data are presented
as mean £ SD.

Effect of nitrogen breathing

Breathing of nitrogen had no effect on
systemic haemodynamics (SBP, MAP
and HR, p > 0.05 each) except for DBP,
where a slight decrease from 76.3 + 8.9
mmHg to 73.0 £ 7.6 mmHg was
observed (p = 0.03). Peripheral oxygen
saturation did not change (98.3 + 1.1%
versus 98.0 + 1.6%, p = 0.26). In arteri-
alized capillary samples, a statistically
significant decrease in pO, from
92.5 + 7.9 mmHg to 62.9 + 6.1 mmHg
and in sO, from 98.0 +0.7% to
93.7 + 2.2% wasfound (p < 0.001 each).
pCO, did not change during breathing of
nitrogen  (36.9 + 3.5 mmHg  versus
35.3 + 4.2 mmHg, p =0.07). A small
but statistically significant increase in pH
from 7.416 + 0.016 to 7.426 £+ 0.022
(p = 0.04) was seen.

Retinal perfusion density significantly
increased inthe SVP (from 34.4 + 3.0a.u.
to 37.1 +£ 2.2 a.u,, p < 0.001), while it
remained stable in the DCP (40.8 + 2.5
a.u.versus40.2 + 1.9a.u.,p = 0.25).Reti-
nal vessel diameters of major arteries and
veinsincreasedsignificantlyduringbreath-
ing of nitrogen by 2.3 + 4.1% from
121.1 £ 16.6 pm to 123.8 £ 16.5 um
(p=0.01) and by 3.0 £+ 2.8% from
150.0 & 20.7 pm to 154.6 £ 22.5 um
(p < 0.001),respectively.Relativechanges
in all retinal parameters are presented in
Fig. 4.
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Fig. 4. Relative change from baseline in per-
fusion density in the superficial vascular plexus
(SVP) and the deep capillary plexus (DCP),
retinal arterial diameter (Diaart) and retinal
venous diameter (Diavein) during breathing of
88% nitrogen in 12% oxygen. *indicates
significant changes versus baseline. Data are
presented as mean + SD.

Correlation analyses

Table 2 shows the correlations between
systemic parameters of oxygenation
(sO,, pO, and pCO, from blood gas
analysis) and perfusion parameters
(perfusion density and vessel diameters.
sO, significantly negatively correlated
with all perfusion parameters (p < 0.05
each), while a significant negative cor-
relation was found between pO, and
retinal vessel diameters (p < 0.001
each), as well as with perfusion density
in the DCP (p < 0.001). No significant
correlation was found between pCO,
and any of the perfusion parameters
(p > 0.09 each).

Discussion

The results of the present study confirm
the ability of the retinal microcircula-
tion to adapt its blood flow in response
to both hyperoxia and hypoxia with
high local resolution. Whereas hyper-
oxia mainly leads to a constriction in
the deep capillary plexus of the retina,
hypoxia leads to vasodilation mainly in
the superficial layers. Further, our data
show that there is a correlation
between systemic oxygen partial pres-
sure and microvascular changes as
measured with OCT-A.

The relationship between perfusion
in major retinal vessels and changes in
blood oxygen saturation is well
described. Using fundus imaging-
based approaches, it has been reported
that breathing of 100% oxygen leads to
a pronounced and almost immediate
decrease in vessel calibres in the range
of 10% (Kiss et al. 2002; Luksch et al.
2002; Palkovits et al. 2014a), accompa-
nied by a decrease of retinal blood flow
of more than 50% (Kiss et al. 2002;
Palkovits et al. 2014a; Werkmeister
et al. 2015). This strong response has
generally been interpreted as a counter-
regulatory mechanism to avoid excess
oxygen supply to the retina, which may
be toxic to neurons. Such measure-
ments in large vessels do, however, not
clarify to what extent the microcircu-
lation at the different levels of the
retina contributes to this response.

Our results are in line with findings
of a previous study by Hagag et al.
(2018) that investigated the effect of
hyperoxia on OCT-A parameters in 9
healthy subjects. The authors reported
a decrease in DCP vessel density, while
no significant changes in vessel density
in the other layers, as well as in total
retinal vessel density, were found

Table 2. Results of the correlation analysis for systemic parameters of oxygenation (sO,, pO, and
pCO,) and retinal perfusion parameters (perfusion density in the superficial vascular plexus (SVP)
and the deep capillary plexus (DCP), retinal arterial diameter (Diaart) and retinal venous diameter

(Diavein)
sO, pO; pCO,
SVP perfusion density r=-0.217 r=0.054 r=0.069
p = 0.048 p = 0.629 p=0.534
DCP perfusion density r=—0.308 r = —0.484 r=0.011
p = 0.004 p < 0.001 p =0.922
Diaart r=—0.337 r = —0.331 r=0.141
p < 0.001 p < 0.001 p=0.171
Diavein r = —0.358 r = —0.348 r=0.175
p < 0.001 p < 0.001 p = 0.089

Statistically significant values are indicated in bold.
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(Hagag et al. 2018). While the study
from Hagag et al. found no significant
change in total retinal vessel density
(all layers combined), two other studies
report a significant decrease in this
parameter during hyperoxia (Pechauer
et al. 2015; Xu et al. 2016). However,
these studies cannot be directly com-
pared with our experimental approach
since in the study by Xu et al. (2016)
other oxygen mixtures (80% oxygen in
contrast to 100% oxygen in the present
study) were used, and the aim was to
compare the macular and parapapil-
lary region, but not different retinal
layers. In the study by Pechauer et al.
(2015), measurements were performed
only in the parapapillary region and
again, only total retinal vessel density
and not vessel density in different
retinal layers was assessed. Therefore,
it cannot be excluded that the observed
reduction in total retinal vessel density
during hyperoxia in these studies might
be mainly due to vasoconstriction in
the DCP.

Another  important  difference
between our study and previously pub-
lished reports is that we excluded larger
retinal vessels in the OCT-A image
from the analysis. As the current study
was designed to investigate mainly the
pre-capillary and capillary vasculature,
vessels in the size of approximately
30 um or more were removed during
image processing as described previ-
ously (Tan et al. 2020; Kallab et al.
2021). This is of special importance,
given that these larger vessels would
contribute disproportionally to the
OCT-A signal and may mask subtle
changes in the microcirculation.

Hyperoxia may selectively lead to
vasoconstriction in the DCP due to the
specific metabolism of the inner and
outer retina. Retinal oxygen profiles
during 100% oxygen breathing have
previously been studied using oxygen
microelectrodes in experimental ani-
mals (Pournaras et al. 1989; Braun
et al. 1995; Linsenmeier & Zhang
2017). During systemic hyperoxia, the
outer retina is flooded with oxygen
because in contrast to the retinal cir-
culation the choroid does not respond
with vasoconstriction during 100%
oxygen breathing (Schmetterer et al.
1996; Kergoat & Faucher 1999; Geiser
et al. 2000). The DCP which also
partially supplies the outer retina
(Pournaras et al. 1989; Kur et al.
2012) therefore reacts with pronounced

vasoconstriction, to counteract this
excess oxygen. This is required because
the photoreceptors are more sensitive
to hyperoxia than the inner retinal
neurons (Yu & Cringle 2005), which
has also recently been proven in disease
models for retinal degeneration
(Roberts et al. 2018). Thus, the vaso-
constrictor response of DCP as seen in
the current study counteracts elevated
oxygen tension due to diffusion from
the choroid in the outer retina in order
to reduce the risk of hyperoxygenation
and oxidative stress (Werkmeister et al.
2015; Hagag et al. 2018). Our results
also indicate that this vasoconstrictor
response is not required in the SVP,
which mainly supplies the retinal gan-
glion cells and the retinal nerve fibre
layer (Pournaras et al. 1989).

During hypoxia, we found a signif-
icant increase in perfusion density in
the SVP which was paralleled by an
increase in retinal vessel diameters, but
no changes in the DCP. One previous
study inducing hypoxia by breathing
15% oxygen in nitrogen reported an
increase in retinal vessel density during
hypoxic conditions (Sousa et al. 2018).
However, this study reported total
vessel density only and no information
for the different vascular plexuses was
provided. Data from another experi-
ment showed an increase in retinal
vessel density in the SVP and the
DCP during hypoxia (Sousa et al.
2019), which is in contrast to our
findings. However, in this study, larger
vessels were not removed from analy-
sis, which may at least partially
account for the differences.

Currently, the reason why hypoxia
leads to an increase in vessel density
mainly in the SVP remains unclear. It is
known that even slight hypoxia
changes the oxygen gradient between
the choroidal capillaries and the outer
retina, which in turn slows down the
metabolic activity of the photorecep-
tors (Steinberg 1987; Yancey & Lin-
senmeier 1989; Lin et al. 2012). In
contrast, the ganglion cell layer seems
to be more vulnerable in response to
hypoxia, which may trigger an autoreg-
ulatory response particularly in the
superior vascular layers (Ugurlu et al.
2018; Karakahya et al. 2021). How-
ever, further studies are needed to
clarify this issue.

In our study, a slight but significant
negative correlation between sO, and
perfusion parameters was observed.

However, although pO, correlated neg-
atively with retinal vessel diameters and
with perfusion density in the DCP, no
significant association was observed
between SVP and pO,. The reason for
this difference is unclear, but given that
the correlations between oxygen and
perfusion parameters were generally
weak, it may be speculated that the
lack of a correlation between SVP and
pO, may be related to the limited
sample size of the study.

Our results also indicate that the
microvessels of the SVP and the DCP
vary considerably in terms of regula-
tion of vascular tone. Little is known
about the mechanisms that mediate
vasoconstriction and vasodilatation in
response to hyperoxia and hypoxia,
respectively. A study in newborn pigs
has shown that the arachidonic acid
metabolites thromboxane and 20-
HETE as well as endothelin contribute
to hyperoxia-induced changes in
vascular tone (Zhu et al. 1998). Results
for endothelin were also confirmed
for rats (Takagi et al. 1996) and
humans (Dallinger et al. 2000). Little
is known regarding the mediators of
hypoxia, but the polyamine/ATP-
sensitive  potassium  channel/Ca2+
influx/calcium-induced calcium release
pathway has been shown to boost the
lethality of hypoxia in retinal capillar-
ies (Puro 2012). Our study indicates
that there is a need to re-visit this topic
in order to better understand the
mechanisms on how hypoxia, which is
an early sign of diseases such as
diabetic retinopathy (Stitt et al. 2016;
Fondi et al. 2017; Li et al. 2020), leads
to neuronal and subsequent vision loss.
In this context, it has been shown that
in patients with type 1 diabetes and no
signs of diabetic retinopathy the
response of retinal capillaries to
hypoxia is already diminished when
compared with healthy controls (Sousa
et al. 2020). Whether this pathological
response of retinal capillaries to gas
breathing may in future serve as an
OCTA-based biomarker for disease
development, and progression has yet
to be investigated.

A major strength of the present
study is the randomized, double-
masked, two-way cross-over design,
which is currently considered the gold
standard for clinical trials. One of the
key advantages of this study design is
that every subject receives both inter-
ventions and therefore acts as its own
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control, which considerably increases
the study’s power. Further, as
described earlier, we have processed
the OCT-A images to exclude larger
vessels in the size of 30um or more.
Due to excluding larger vessels from
the analysis of OCT-A, the observed
changes in vessel density do only rep-
resent the retinal microvasculature and
allow therefore direct conclusions
regarding the microcirculation of the
retina.

When discussing our study results,
some limitations need to be mentioned.
First, as OCT-A calculates the decor-
relation of repeated OCT-scans, it does
not directly provide information
regarding volumetric blood flow. Thus,
in principle, a change in vessel density
may reflect either a change in capillary
resistance or a change in blood veloc-
ity. The OCT-A technique currently
available is not capable of distinguish-
ing between these options. A further
limitation is related to the technique
itself and limited resolution of the
OCTA systems currently available.
Basically, the acquired OCTA image
is a convolution of the object and the
system point spread function (PSF).
The reason why capillaries are still seen
despite the limited resolution of OCTA
is the considerable oversampling. This
oversampling rate is, however, similar
in both plexuses. Therefore, we think it
is reasonable to conclude a differential
response between the plexuses. Finally,
our measurements were done in the
macular region only with a limited scan
width of approximately 10 degrees.
Thus, we cannot entirely exclude that
other areas of the retina react differ-
ently in response to hypoxia and
hyperoxia.

Further, for ethical reasons, experi-
mentally induced hypoxia in our study
was only mild. Although this mild
hypoxia was well reflected in blood
pO,, which dropped from 92.5 + 7.9
mmHg to 62.9 + 6.1 mmHg, no signif-
icant change in peripheral oxygen sat-
uration was detected. However, it is
reasonable to suggest that the lack of
change in oxygen saturation measured
by pulse oximetry during mild hypoxia
might lie within the used technique
itself. As such, it has been reported that
although pulse oximetry is non-
invasive and easy to use, it may over-
estimate oxygen saturation during
hypoxia (Amalakanti & Pentakota
2016). Thus, in particular during mild

hypoxic conditions, blood gas analysis
seems to be more sensitive to detect
changes, which may account for this
observed difference.

Further, to limit the exposure time
and thus the burden of the subjects, the
breathing period was restricted to
15 min before the start of the measure-
ments. This time schedule has also been
used in similar studies investigating the
effect of hypoxia on retinal haemody-
namics where similar changes in pO,
have been reported (Palkovits et al.
2014a; Palkovits et al. 2014b; Palkovits
et al. 2014c; Petersen & Bek 2015).
However, we cannot exclude that a
deeper hypoxia and a longer breathing
period would have led to a more
pronounced effect on our outcome
parameters.

In summary, systemic hyperoxia
induced a significant decrease in vessel
density in the DCP, whereas systemic
hypoxia led to an increase mainly in
vessel density of the SVP. This indi-
cates that during both hyperoxia and
hypoxia, the retina has the ability to
regulate its blood flow plexus specific in
response to metabolic changes. The
molecular mechanism underlying these
regulatory processes are yet to be
identified.
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