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Response of retinal blood flow to systemic
hyperoxia in smokers and nonsmokers

Abstract Background: We investi-
gated the influence of chronic smok-
ing on ocular vascular reactivity
during breathing of 100% oxygen.
Methods: Retinal vascular reactivity
was tested during inhalation of 100%
oxygen over 10 min. The observer-
masked two-cohort study was per-
formed in 24 healthy male volunteers
(12 smokers and 12 nonsmokers)
using the Zeiss Retinal Vessel Ana-
lyzer and laser Doppler velocimetry.
From these parameters retinal blood
flow was calculated. Results: Hy-
peroxia significantly decreased arteri-
al (smokers: p<0.001 vs baseline;
nonsmokers: p=0.003 vs baseline)
and venous (smokers: p<0.001 vs
baseline; nonsmokers: p<0.001 vs
baseline) diameters. This decrease
was significantly more pronounced in
smokers (arterial diameter: p<0.001,
venous diameter: p=0.003). Hyper-

oxia decreased venous blood flow
velocity (smokers: p=0.02 vs base-
line; nonsmokers: p<0.001 vs base-
line) to a comparable degree (p=0.51).
The two groups showed a comparable
decrease in retinal blood flow during
hyperoxia (smokers: p<0.001 vs
baseline; nonsmokers: p<0.001 vs
baseline; p=0.76 between groups).
The decrease of PCO2 during inhala-
tion of 100% oxygen was signifi-
cantly more pronounced in smokers
than in nonsmokers (p=0.038).
Conclusion: The present study indi-
cates an abnormal retinal vascular
response to hyperoxia in smokers.
Further studies are needed to identify
possible neural or humoral factors
involved in this shifted vasoconstric-
tory status in smokers.

Introduction

The oxidative properties of tobacco smoking are a risk
factor for a variety of ocular vascular disorders, such as
hypertensive retinopathy, age-related macular degenera-
tion and anterior ischemic optic neuropathy [25]. Tobacco
smoke is composed of more than 4,000 active substances,
including nicotine, tars, nitrosamines, polycyclic aromatic
hydrocarbons, hydrogen cyanide, formaldehyde and car-
bon monoxide [4], all known to be involved in smoking-
induced disorders.

A number of studies investigated effects of acute cig-
arette smoking on ocular blood flow parameters. One
study, using the laser speckle method, showed a decrease
of blood velocity in the optic nerve head and possibly in
the choroid in habitual smokers, suggesting a significant
increase in vascular resistance [28]. Another study inves-
tigated the acute effect of cigarette smoking on macular
capillary white blood cell flux, using the blue field sim-
ulation technique, and demonstrated an increase in macular
leukocyte velocity [24]. In diabetic patients and healthy
controls, retinal blood flow at baseline and during breath-
ing of 100% oxygen (O2) was assessed with laser Doppler
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velocimetry before and after smoking [17]. In both groups,
smoking induced a marked decrease in retinal blood flow,
more pronounced in diabetics than in healthy controls.
Oxygen reactivity was reduced in controls and eliminated in
diabetic patients after cigarette smoking.

However, only few data regarding effects of chronic
cigarette abuse on ocular vascular reactivity are available.
In animal studies, chronic smoking resulted in a significant
increase of choroidal vascular resistance, whereas choroi-
dal blood flow was not affected [9]. Ultrasound investiga-
tions comparing blood flow velocities in ocular vessels
between smokers and nonsmokers revealed conflicting re-
sults. Kaiser et al. described significantly higher blood
flow velocities in the ophthalmic artery, the central retinal
artery and the posterior ciliary arteries in chronic smokers
than in healthy controls [11]. Other investigators, however,
found that chronic cigarette smoking is associated with
lower velocities in the ophthalmic artery [29] and showed
a decrease in flow velocity in the central retinal artery and
the posterior ciliary arteries in smokers compared with
nonsmokers [27].

The present study was undertaken to gain insight into
the pathophysiological mechanisms but also possible ther-
apeutic targets of smoking-related ocular disorders. For
this purpose we investigated the effects of chronic smok-
ing on retinal vascular reactivity to systemic hyperoxia. Hy-
peroxia was induced by breathing 100% O2 and the reac-
tivity in retinal vessel diameter and retinal red blood cell
velocity were compared between smokers and nonsmokers.

Material and methods

Study population

The present study was performed in adherence to the
Declaration of Helsinki and the Good Clinical Practice
guidelines. After approval of the study protocol by the
Ethics Committee of the Vienna University School of
Medicine and after written informed consent had been
obtained, 24 healthy male volunteers were enrolled in the
study (age range 19–35 years; mean 25±3 SD). Twelve
participants had been smoking for at least 2 years and
regularly smoked between 15 and 25 cigarettes per day.
The other 12 volunteers had no history of smoking. All
volunteers were drug-free for at least 3 weeks prior to
inclusion and underwent a prestudy screening during the 4
weeks before the first study day that included physical
examination and medical history, 12-lead electrocardio-
gram, complete blood cell count, activated partial throm-
boplastin time, thrombin time, clinical chemistry, hepatitis
A, B, C and HIV serology, urine analysis, random urine
drug screening and ophthalmic examination. Subjects
were excluded if any clinically relevant abnormality was
found as part of the pretreatment screening. In addition,

subjects with ametropia of more than 3 diopters, aniso-
metropia of more than 1 diopter or any evidence of eye
disease that might interfere with the purpose of the present
trial were excluded.

To objectively distinguish between smokers and non-
smokers, the level of cotinine in urine was determined.
This investigation was done with a homogenous immu-
noassay (EMIT technique, Diagnostic Reagents, Sunny-
vale, CA, USA) [8]. In addition the subjects were asked to
complete the Fagerstrom Tolerance Questionnaire [21].

The results of the Fagerstrom Tolerance Questionnaire
were 0±0 points for the nonsmoking group and 4±0.6 points
for the smoking group, indicating nicotine dependence
among the smokers. Cotinine levels in urinewere 45.1±11.5
ng/ml in nonsmokers and 2,025.7±336.1 ng/ml in smokers.
This again clearly indicates that the smokers were ade-
quately selected, because the urine cotinine concentration in
nonsmokers is normally below 500 ng/m, as reported by
Jarvis et al. [10].

Design

This study followed an observer-masked design in two
cohorts. Subjects were asked to refrain from cigarettes,
alcohol and caffeine for at least 12 h before trial days.
Dilatation of one pupil was obtained with tropicamide
(Mydriaticum “Agepha”-Augentropfen,AGEPHA,Vienna,
Austria).

Intervention procedures

After a 20-min resting period in a sitting position, baseline
vessel diameters with the Zeiss retinal vessel analyzer
(RVA) were obtained during breathing of room air. The
measurements were continued without cessation during
breathing of 100% O2 (AGA, Vienna, Austria; certified
for human use) over a period of 10 min. The gas was
delivered through a partially expanded reservoir bag at
atmospheric pressure using a two-valve system to prevent
rebreathing. Thereafter a minimum time of 30 min was
scheduled to reestablish baseline conditions. A second
100% O2 breathing period followed. Measurements were
performed with laser Doppler velocimetry following the
time schedule described above. Blood gas analysis was
carried out at baseline and at the end of the breathing
periods.

Systemic hemodynamics

Systolic, diastolic and mean arterial blood pressure (SBP,
DBP, MAP) were measured on the upper arm using an
automated oscillometric device. Pulse rate (PR) was au-
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tomatically recorded from a finger-pulse oximeter (HP-
CMS patient monitor; Hewlett-Packard, Palo Alto, CA).
Systemic hemodynamics were measured at 2-min intervals
during O2 breathing periods and at 10-min intervals during
resting periods. Pulse rate and real-time ECG were
monitored continuously.

Zeiss retinal vessel analyzer

Retinal vessel diameters were determined from retinal
images recorded with a fundus camera-based system. The
Zeiss RVA is a commercially available system which
comprises a fundus camera (Zeiss FF 450, Jena, Germany),
a video camera, a real-time monitor and a personal com-
puter with analyzing software for the accurate determina-
tion of retinal arterial and venous diameters [3]. Every
second a maximum of 25 readings of vessel diameter can be
obtained. For this purpose the fundus is imaged onto the
charge-coupled device chip of the video camera. The con-
secutive fundus images are digitized using a frame grabber.
In addition, the fundus image can be inspected on the real-
time monitor and, if necessary, stored on a video recorder.
The retinal arterial diameters were analyzed online and the
venous diameters offline from the recorded video tapes.
Due to the absorbing properties of hemoglobin each blood
vessel has a specific transmittance profile. Measurement of
retinal vessel diameters is based on adaptive algorithms
using these specific transmittance profile. Whenever a
vessel profile is recognized in the region of interest, the
RVA can follow this vessel as long as it appears within the
measurement window. The system is therefore able to
correct automatically for alterations in luminance as in-
duced, for instance, by small eye movements. If the re-
quirements for the assessment of retinal vessel diameters are
no longer fulfilled, as occurs during blinks, the system
automatically stops the measurement. As soon as an ade-
quate fundus image is achieved again, measurement of
vessel diameters restarts automatically. Our previous data
showed excellent reproducibility with the Zeiss retinal
vessel analyzer [20].

Laser Doppler velocimetry

Retinal blood flow velocity was measured with a com-
mercially available laser Doppler velocimeter (Okulix
5000; Arbaz, Switzerland). The principle of blood flow
velocity measurement by laser Doppler velocimetry is
based on the optical Doppler effect. Laser light, which is
scattered by moving particles (e.g., erythrocytes), is shifted
in frequency. This frequency shift is proportional to the
blood flow velocity in the retinal vessel. The maximum
Doppler shift corresponds to the center-line erythrocyte
frequency. Using bidirectional laser Doppler velocimetry
the absolute velocity in the retinal vessels can be obtained
[22]. Measurements were performed in main inferior or
superior temporal retinal veins at the same location as
diameter measurements [23].

Retinal blood flow

Retinal blood flow was calculated from the results of the
measurements of blood flow velocity and retinal vessel
diameter as described previously [23].

Blood gas analysis

Blood gas values were determined from capillary blood
samples of the earlobe. After applying an ointment
(Finalgon ointment; Thomae, Biberach, Germany) locally
to the earlobe to induce capillary vasodilatation, a lancet
incision was made. The arterialized blood was drawn into
a thin glass capillary tube. Arterial O2 tension (PO2),
carbon dioxide tension (PCO2) and O2 saturation (SaO2)
were determined with an automatic blood gas analysis
system (AVL 995 Hb, Graz, Austria). This technique
accurately measures arterial blood gas tensions [19].

Data analysis

Statistical analysis was done with Statistica for Windows
(1997; Statsoft, Tulsa, USA). All outcome parameters were

Table 1 Baseline values of oc-
ular and systemic hemodynamic
parameters (data presented as
means±SEM)

aDenotes blood flow through
one specific vein and not total
blood flow

Parameter Smokers Nonsmokers p (unpaired t-test)

SBP (mmHg) 120±3 119±3 0.73
DBP (mmHg) 67±2 65±2 0.59
MAP (mmHg) 86±2 84±2 0.50
PR (bpm) 75±3 75±4 0.96
Arterial diameter (μm) 128±6 123±5 0.50
Venous diameter (μm) 155±5 146±4 0.14
Retinal mean blood velocity (cm/s) 0.85±0.09 0.71±0.09 0.31
Retinal blood flow (μl/min)a 9.8±1.2 7.1±0.9 0.09
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averaged on periods of 2 min. Effects of 100%O2 breathing
on hemodynamic parameters were analyzed by t-test and
repeated-measures ANOVA using absolute values. A
p value <0.05 was considered to indicate a significant dif-
ference. For data description, relative values are given as
means±SEM.

Results

No significant differences in ocular and systemic hemo-
dynamic parameters were observed at baseline between
smokers and nonsmokers (Table 1).

Table 2 shows the effects of 10min of breathing 100%O2

on systemic and ocular hemodynamic parameters and

Table 2 Effects of 10 min of
breathing of 100% O2 on sys-
temic and ocular hemodynamic
parameters (% change from
baseline, t-test, post hoc testing),
and differences between the
two groups (data presented as
means±SEM)

aDenotes blood flow through
one specific vein and not total
blood flow

Change from baseline (%) Smokers Nonsmokers p (ANOVA)

SBP (mmHg) −5±1%, p=0.008 −2±2%, p=0.3 0.84
DBP (mmHg) −0.2±3%, p=0.96 −3±3%, p=0.4 0.92
MAP (mmHg) −3±2%, p=0.20 −2±2%, p=0.4 0.78
PR (mmHg) −0.2±5%, p=0.9 −0.2±2%, p=0.9 0.62
Arterial diameter (μm) −11±1%, p<0.001 −6±2%, p=0.003 <0.001
Venous diameter (μm) −17±1%, p<0.001 −13±1%, p<0.001 0.003
Mean retinal blood velocity (cm/s) −29±11%, p=0.02 −47±7%, p<0.001 0.51
Retinal blood flow (μl/min)a −52±7%, p<0.001 −60±5%, p<0.001 0.76

Fig. 1 Retinal arterial diameter (a), retinal venous diameter (b),
retinal mean blood velocity (c) and retinal blood flow (d) during
breathing of 100% O2. Number sign indicates significant difference

vs baseline (t-test, post hoc testing). Asterisk indicates significant
difference between smokers and nonsmokers (ANOVA). Data are
presented as means±SEM (n=12 in each group)
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significant differences between the two groups. During
administration of 100% O2, SBP significantly decreased in
smokers (−5±1%, p=0.008 vs baseline; paired t-test), but
not in nonsmokers. The difference in decrease between the
two groups was, however, not significant (p=0.84,
ANOVA). DBP, MAP and PR remained unchanged in
both groups and did not differ significantly between groups.

Hyperoxia significantly decreased the diameters of reti-
nal arteries (smokers: −11%±1%, p<0.001 vs baseline; non-
smokers: −6%±2%, p=0.003 vs baseline; Fig. 1a) and veins
(smokers: −17%±1%, p<0.001 vs baseline; nonsmokers:
−13%±1%, p<0.001 vs baseline; Fig. 1b) in both groups.
The decrease in retinal vessel diameters was significantly
more pronounced in smokers than in nonsmokers (arterial
diameter: p<0.001, venous diameter: p=0.003; ANOVA).
Blood flow velocity in retinal veins during O2 breathing
(Fig. 1c) decreased less markedly in smokers (−29±11%,
p=0.02 vs baseline) than in nonsmokers (−47±7%, p<0.001
vs baseline). However, the difference between the two
groups was not significant (p=0.51, ANOVA). Correspond-
ingly, retinal blood flow (Fig. 1d) significantly decreased
during O2 breathing in smokers (−52±7%, p<0.001 vs base-
line) and nonsmokers (−60±5%, p<0.001 vs baseline). Again,
this effect was not significantly different between smok-
ers and nonsmokers (p=0.76, ANOVA).

Data of blood gas analyses are shown in Table 3. At
baseline conditions no significant differences in PO2,
PCO2 or SaO2 were observed between smokers and non-
smokers. Also the increase of PO2 and SaO2 during O2

breathing was not significantly different between the two
groups (p=0.185; ANOVA), but the decrease of PCO2 was
significantly more pronounced in smokers than in non-
smokers (p=0.038; ANOVA).

Discussion

Surprisingly, the O2 reactivity of retinal arterial and venous
diameters is significantly more pronounced in smokers than
in nonsmokers. By contrast, retinal blood velocity and
retinal blood flow show a comparable response to O2

breathing in the two groups. Which factors may be re-
sponsible for this abnormal retinal vascular response pat-
tern in the retina of smokers?

Our results cannot be explained by differences in blood
oxygenation between smokers and nonsmokers, because

SaO2 and PO2 were not different between the two groups at
baseline or at the end of the breathing period. PCO2

significantly decreased in smokers during hyperoxia, but
still remained within the physiological range at the end of
the breathing period. We and others have, however, pre-
viously shown that the effect of small changes in PCO2 on
retinal blood flow is overruled by the strong vasoconstrict-
ing effect of O2 [15, 18]. Nevertheless, we can not entirely
rule out the possibility that the greater decrease of PCO2

in smokers increased the vasoconstricting effects of O2.
The present data are in contrast to a study assessing

retinal and optic nerve head blood flow during a 5-min
period of hyperoxia in smokers and nonsmokers with scan-
ning laser Doppler flowmetry (SLDF) [14]. The reduction in
retinal and optic nerve head blood flow was significantly
more pronounced in the nonsmoking group. Methodologi-
cal differences may account for the discrepancy between the
present data and the previous study. In SLDFmeasurements
the underlying choroid most likely contributes to the re-
ceived signal, making comparison with the present data
difficult. In addition, the acute effects of smoking need to be
carefully distinguished from long-term changes in the ret-
inal vasculature induced by chronic smoking. In smokers
acute cigarette smoking reduced retinal O2 reactivity [17],
whereas in our study chronic smoking was associated with
enhanced vasoconstriction in retinal branch veins and
arteries.

Permanent alterations to the microcirculation in smokers
have also been demonstrated in other vascular tissues. The
peripheral resistance of the cutaneous microvasculature is
increased, with a corresponding decrease in peripheral skin
flow. Also a significantly longer recovery phase is seen in
smokers than in nonsmokers, suggesting permanent dam-
age to the microcirculation [16]. In addition, continuous
diameter measurements in smokers demonstrated abnormal
constriction of the brachial artery during the low-flow pe-
riod of cuff occlusion [26].

Our observations may in part be explained by the effect
of smoking on the production and susceptibility of endo-
thelial-derived vasoactive substances. Animal and human
studies found that cigarette smoking is associated with
reduced endothelium-dependent vasodilation, nitric oxide
(NO) generation, and endothelial NO synthase (eNOS)
activity [2, 30]. The expression of eNOS protein is
increased in human smokers in the presence of reduced
eNOS activity [2]. Moreover, smokers have higher endo-

Table 3 Baseline values and
effects of 10 min of breathing
of 100% O2 on PO2, PCO2 and
SaO2 (% change from baseline,
t-test, post hoc testing) and
significant differences between
the two groups (ANOVA)

Data are presented as means±
SEM

Smokers Nonsmokers p (ANOVA)

PO2 baseline (mmHg) 86±2 87±1 0.54
PO2 after 100% O2 (mmHg) 326±20, p<0.001 370±20, p<0.001 0.185
PCO2 baseline (mmHg) 39.8±0.8 40.5±0.8 0.62
PCO2 after 100% O2 (mmHg) 38.8±0.9, p=0.003 40.8±0.9, p=0.116 0.038
SaO2 baseline (%) 96.1±0.4 96.2±0.2 0.43
SaO2 after 100% O2 (%) 99.8±0.1, p<0.001 99.9±0.1, p<0.001 0.43
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thelin-1 (ET-1) plasma levels after cigarette smoking [6, 7],
whereas basal ET-1 levels are slightly lower in smokers [1].
Short-term smoking enhances ET-1-induced vasoconstric-
tion in the forearm, also indicating the close relation
between the endothelin system and smoking habits [12].
This is of interest, because ET-1 plays a major role in
hyperoxia-induced vasoconstriction in the human retina [5].

Smoking further alters the expression of a number of
endothelial-cell genes encoding for vasoactive and throm-
bogenetic factors such as eNOS, angiotensin-I converting
enzyme, tissue-type plasminogen activator, plasminogen
activator inhibitor-I, von Willebrand factor and vascular
cell adhesion molecule-I [31]. It may be speculated that
the equilibrium between vasoconstricting and vasodilating
factors is altered or that the susceptibility to vasoconstrict-
ing factors is higher in smokers. This would not affect
vessel diameters at basal conditions but might facilitate
constriction during exogenous or endogenous stimuli.

At baseline, retinal arterial and venous diameters tended
to be greater in smokers than in nonsmokers, although the
difference was not significant. Accordingly, retinal arteri-

oles and venules could be in a state of permanent vaso-
dilatation in smokers. This difference in vascular tone could
well contribute to the differences in O2 reactivity and is
compatible with the more pronounced hyperoxia-induced
vasoconstriction in smokers.

A limitation of the present trial is that we do not know
the O2 tension in retinal tissue, which is not measurable in
humans. Moreover, measurements with the RVA and the
laser Doppler velocimeter were not conducted simulta-
neously, but the effect of O2 on retinal vessels is highly
reproducible [13].

In conclusion, the present study showed a difference in
the response of retinal vessels to hyperoxia between
smokers and nonsmokers. Further studies are needed to
identify possible neural or humoral factors involved in this
shifted vasoconstriction status in smokers.
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