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INTRODUCTION

In 1904, W.M. Bayliss was the first to describe the
Bayliss effect, which is the myogenic constriction of
arterioles when transmural pressure is elevated (1).
The retina provides an opportunity for the in vivo in-
vestigation of a part of human circulation. The retinal
vessel analyzer (RVA, IMEDOS Jena, Germany) has a
high reproducibility and sensitivity for online mea-
surement of retinal vessel diameters (2) and offers the
unique chance to measure Bayliss effect on a nonin-
vasive basis in human retinal arterioles (3). It was de-
scribed in the literature two decades ago that hyper-
glycemia impairs retinal autoregulation in an animal

model (4). Today, the concept of hyperglycemia-in-
duced endothelial dysfunction is supported by a larg-
er number of studies (5-7). The purpose of the pre-
sent study was to define the influence of a sudden
change in blood glucose on the myogenic response
in human retinal arterioles.

METHODS

Subjects

One eye was studied in each of 12 healthy volun-
teers. Data on age and sex are shown in Table I. Pri-
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or to the measurements all volunteers had a full oph-
thalmologic examination including best-corrected vi-
sual acuity, intraocular pressure measurement, slit-
lamp biomicroscopy, and direct and indirect oph-
thalmoscopy. Exclusion criteria were hypertension, car-
diovascular disease, suspected or diagnosed glau-
coma, and diabetes mellitus. Subjects were taking no
medication at the time of the study. The study was
approved by the local research ethics committee, and
written consent was obtained from each subject. 

Experimental protocol

For details on the experimental protocol, see Figure
1. Each subject took part in two sessions of a contin-
uous measurement of a retinal arterial vessel over a 9-
minute period by the use of the RVA. After pupil dila-
tion with one drop of tropicamide intraocular pressure
(IOP) was measured (noncontact tonometer, Topcon
CT 20D). Right before the first session started under
fasting conditions blood glucose was measured (Sys-

TABLE I - DATA FROM ALL 12 SUBJECTS AND RESULTS OF SESSION 1

No. Sex Age, yr Blood glucose, MAP 1-4, MAPmax, ∆MAP, Vasoconstriction,
mmol/L mmHg mmHg mmHg %

1 M 39 4.9 78 100 22 -4.9
2 M 25 4.2 88 118 30 -10.1
3 M 26 4.1 75 103 28 -6.9
4 M 23 5.1 110 124 14 -6.9
5 F 21 4.3 89 121 32 -6.7
6 F 24 3.7 94 117 23 -7.4
7 M 25 4.4 81 106 25 -5.2
8 M 25 5.1 87 116 29 -9.0
9 F 19 4.2 79 114 35 -5.9
10 F 20 4.4 73 85 12 -6.3
11 M 22 3.7 86 99 13 -5.8
12 F 19 4.1 76 87 11 -3.8
Mean ± 24.0 4.35 84.7 107.5 22.8 -6.6
SD ± 5.3 ± 0.47 ± 10.3 ± 12.9 ± 8.4 ± 1.7  

TABLE II - RESULTS OF SESSION 2 VS SESSION 1

No. Blood glucose, ∆ Blood glucose MAP 1-4 MAPmax ∆MAP Vasoconstriction ∆Vasoconstriction
mmol/L mmol/L mmHg mmHg mmHg % vs session 1, %

1 7.3 +2.4 85 116 31 -0.49 4.4
2 8.7 +4.5 92 122 30 -2.4 7.7
3 8.9 +4.8 84 108 24 -1.2 5.7
4 6.7 +1.6 113 135 22 -0.1 6.8
5 9.8 +5.5 85 124 39 -2.9 3.8
6 6.3 +2.6 94 122 28 -1.6 5.8
7 7.2 +2.8 85 107 22 -1.8 3.4
8 7.3 +2.2 86 116 30 -4.7 4.3
9 8.2 +4.0 82 114 32 -2.6 3.3

10 5.9 +1.5 76 93 17 -4.7 1.6
11 6.5 +2.8 90 112 22 -2.9 2.9
12 6.7 +2.6 72 84 12 -2.0 1.8

7.46 +3.1 87.0 112.7 25.7 -2.3 4.3
±1.2 ±1.2 ±10.2 ±13.7 ±7.3 ±1.4 ±1.9  
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tem One Touch II, Johnson & Johnson). IOP measure-
ments were repeated after the session. 

A 3-minute baseline measurement (phase I) of ves-
sel diameter, mean arterial blood pressure (MAP), and
ECG was performed first. MAP was calculated as

MAP = BPdia + 1/3 (BPsys – BPdia) mmHg

where BPsys = systolic blood pressure and BPdia =
diastolic blood pressure.

This was followed by a 3-minute period of isomet-
ric exercise (phase II) causing an acute raise in blood
pressure. This was achieved by holding a 1.5 kg weight
in the right hand. The rise in MAP was calculated as

MAPrise = MAPmax – MAPbas

with MAPmax = maximal MAP under isometric ex-
ercise and MAPbas = mean MAP during phase I.

After adjusting the fundus camera to the subject’s
mydriatic eye the measurement area is defined by drag-
ging a region of interest over a larger arterial vessel
close to the papilla. Measurements can be started by
mouse click and the diameter of the column of red
blood cells is measured by the way of contrast from
wall to wall which is defined as vessel width. Vessel
diameter measurements during phase II were sepa-
rated into six 30-second segments. The mean vessel
diameter during phase I was used as baseline to cal-
culate the resulting percentage change in vessel cal-
iber due to MAPrise. During the last 3 minutes (phase
III) recovery was documented with further continuous
measurement of vessel diameter and MAP.

Induction of blood glucose change

After the first session all volunteers were given a
100 g oral glucose dose in warm fluid. Thirty minutes
later blood glucose was measured again and a sec-
ond identical 9 minute session was performed with
elevated glucose levels.

Controls

Six subjects of the study group underwent the same
protocol with two sessions for a second time, but with-

out glucose intake to serve as a control group. The
control group had three male and three female vol-
unteers (Tab. I, Subjects 2, 3, 4, 6, 10, 12). For the
retesting they met the same inclusion and exclusion
criteria as for the exposition to glucose.

Statistical methods

The Wilcoxon test was used for statistical analysis
of the data. Within one session the MAP values of the
three phases as well as the vessel diameters were
tested for significant changes. The measurements of
both sessions including the blood glucose levels were
compared for statistical significance.

RESULTS

Session 1

On average, session 1 (Tab. I) started with blood
glucose of 4.35 (±0.47) mmol/L. Vessel diameters were
128.1 (±24.7) µm. MAP during phase I was 84.7 (±10.3)
mmHg. During phase II MAP showed a significant in-
crease to 107.5 (±12.9) mmHg (p=0.002). On average,
MAP rise was 22.8 (±8.4) mmHg. MAP returned to 84.0
(±8.4) mmHg during phase III (not significant vs phase
I; p=0.445). Heart rate increased from 71.5 (±9.1) to
88.8 (±12.2) under isometric exercise. The rise in MAP
during phase II was associated with an arterial vaso-
constriction of –6.6 (±1.7) %. No changes in IOP were
measured before and after the session.

Session II

On average, session II (Tab. II) started with blood glu-
cose of 7.46 (±1.2) mmol/L. Vessel diameters were 127.7
(±26.4) µm. Average MAP during phase I was 87.0 (±10.2)
mmHg. As in session I, average MAP increased sig-
nificantly to 112.7 (±13.7) mmHg (p=0.002) during iso-
metric exercise. On average, MAP rise was 25.7 (±7.3)
mmHg. MAP returned to 87.1 (±11.6) during phase III
(not significant vs phase I; p=0.789). Heart rate increased
from 73.4 (±9.8) to 90.2 (±12.9) under isometric exer-
cise. The rise in MAP during phase II resulted in an ar-
terial vasoconstriction of –2.3 (±1.4)%. 

Again no changes in IOP were measured before and
after the session.
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Session I vs session II

The administration of 100 g glucose resulted in a
significant change in blood glucose levels within 30
minutes between the two sessions (p=0.002). 

The average baseline MAP during phase I in both
sessions did not show a significant difference
(p=0.105). The MAP rise during phase II was higher
during session II. This difference, however, was not
statistically significant (p=0.061). No difference was
found in the IOP measurements between session I
and session II. Furthermore, no difference was found
in the vessel diameter at the start of session I and II.

The myogenic response of the arterial wall in reti-
nal arteries was significantly reduced after acute rise
of blood glucose levels (p=0.002) (Fig. 2).

Controls

The six subjects of the control group started ses-
sion I with MAP of 92.3 (±10.6) mmHg vs 91.0 (±12.9)
mmHg in session II (p=0.42). During phase II signifi-
cant MAP rises of 15.5 (±5.0) mmHg and 16.8 (±7.8)
mmHg were measured. Again the MAP rise in session
II was higher but no statistical significance was shown
(p=0.4). 

Furthermore, no significant change in blood glucose
levels within 30 minutes between the two sessions
was found in the control group ((4.4 (±0.5) vs 4.3 (±0.5);
p=0.16)). With a vasoconstriction of –8.0 (±4.2)% vs
–7.6 (±4.1)% the myogenic response was not signif-
icantly changed during the second session (p=0.83)
(Fig. 3).

DISCUSSION

The retina provides an opportunity for the in vivo in-
vestigation of a part of human circulation. Therefore a
number of techniques for evaluating the vascular sta-
tus of the retina have been evolved (8). The RVA is a
commercially available system for the measurement of
vessel diameters in vivo on a noninvasive basis which
has shown a high reproducibility and sensitivity (2, 9).
It offers the unique chance to measure the myogenic
response of human retinal arterioles on a noninvasive
basis (3). Clinically this test was used in a pilot study
to differentiate a group of diabetics from healthy sub-

Fig. 1 - The standard protocol. Two identical sessions were per-
formed in every subject.

Fig. 2 - Myogenic response of all 12 subjects in normoglycemia and
hyperglycemia (*p=0.002).

Fig. 3 - Myogenic response of the six controls within normoglycemia
in both sessions.
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jects (10). However, before implementation of a new
test a validation and standardization of the testing method
is mandatory. Acute hyperglycemia has been shown to
increase the retinal blood flow in normal cats and dogs
as early as 1983 (4). It is known that elevated blood
glucose affects vascular endothelial cell function and
the contractility of retinal pericytes (11, 12). Therefore
it is necessary to investigate the influence of raised
blood glucose on the Bayliss effect before this test set-
up is used on a larger number of patients.

In our study a setup similar to the oral glucose tol-
erance test (OGTT) as described and advocated by
the Expert Committee on the Diagnosis and Classifi-
cation of Diabetes Mellitus was used (13). The test
was used in agreement with the ethics committee on
healthy volunteers with 100 g of glucose load per os.
All subjects reacted with a significant rise in blood
glucose after 30 minutes. With elevated blood glu-
cose levels the same rise in MAP was answered by a
significantly reduced myogenic response. 

As this reduced myogenic response under high blood
glucose levels could also be caused by a lack of re-
producibility of the test setup, the control group of six
subjects was tested again without glucose intake. How-
ever, the data of the control group demonstrated that
one can expect the same myogenic response to MAP
rise under normoglycemia. As IOP did not show any changes
before and after the sessions it can be excluded that
IOP changes influence the vessel diameter.

The mechanism by which high blood glucose lev-
els might influence the vessel wall is not fully under-
stood. Endothelial dysfunction is believed to play a
key role in regulation of vessel tone (14). In vitro stud-
ies have shown the effect of high glucose on the per-
meability of the capillary endothelium (15) and in an
animal model reduced vessel tone of cerebral vessels
under hyperglycemia has been reported to be caused
by an endothelial mechanism (16). Further support for
this concept was provided by studies showing a re-
duction in nitric oxide (NO) bioavailability in cultured
aortic endothelial cells as well as retinal endothelial
cells exposed to high glucose levels (17, 18). In ani-
mal model the role of reactive oxygen and nitrogen
species was supported and recent studies have fo-
cused on the formation of nitrotyrosine (19). The in
vivo measurements on human arterioles presented in
our study are well in line with the literature.

However, there are limitations that must be taken

into account while interpreting our results. The increase
in blood glucose provoked in our setup will induce an
increase in insulin plasma levels due to endogenous
release of insulin in our healthy subjects within 30
minutes. Insulin itself has hemodynamic effects that
we cannot distinguish from the glucose effect at pre-
sent time. In isolated retinal arterioles from pig eyes
a direct vasodilatory effect of insulin was reported
(20). In our study both glucose and insulin levels are
changing and to the best of our knowledge no non-
invasive technique is clinically available to separate
these two factors in human volunteers. We were un-
able to measure a significant change in the arterial
vessel diameter at the start of our second session.
Clinical data from Grunwald et al report that normo-
glycemia achieved with insulin injection results in a
reduction of retinal flow (8, 21). This can only be achieved
by a stronger vasoconstriction. However, we measured
a significantly reduced vasoconstriction starting from
the same vessel diameter as before. It is therefore not
very likely that we have measured the effect of in-
sulin, although we cannot exclude this entirely.

It should be stressed that the purpose of our study
was to define the influence of a sudden change in
blood glucose on the myogenic response. Even when
results obtained with our methodology are cautious-
ly interpreted it is very likely that changes in blood
glucose levels will influence the measurement of the
myogenic response. Further clinical evidence is giv-
en by studies where high blood glucose levels in non-
diabetic subjects were linked with poor outcome in
stroke patients and oxygen consumption in the reti-
na was tested (22, 23). Future studies on the dynamics
in vessel tone not only in subjects with diabetes but
also in healthy subjects should therefore be carried
out under control of blood glucose levels.
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