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Abstract
The blood flow in the uvea in cats and monkeys
during acute increases of arterial blood pres-
sure is well controlied by a sympathetic mecha-
nism protecting the eye from overperfusion.
Ocular macrocirculation (ophthalmic artery)
and ocular microcirculation (iris) were
examined in 22 healthy subjects during acute
increases of arterial blood pressure induced by
physical exercise (125 W). With a data aquisi-
tion and storage software in real time mode
several parameters of ocular perfusion and
systemic functions were measured simul-
taneously. Blood flow parameters were
measured in the ophthalmic artery by pulsed
Doppler sonography and in the iris by laser
Doppler flowmetry. Systolic, diastolic, and
mean velocities of the ophthalmic artery peak
velocity pulse curve, the ophthalmic artery
mean velocity pulse curve, and the iris velocity
pulse curve were estimated off line. The
ophthalmic artery mean velocity pulse curve
resembles the integrated velocity of ali
erythrocytes in the vessel including the slowly
running celis near the vessel wail. The iris
velocity pulse curve was calculated by a special
statistic procedure (ALDF). After exercise
there was a significant increase in systolic and
diastolic blood pressure and heart rate. The
pulse curve of the ophthalmic artery showed
significantly increased systolic and decreased
diastolic velocities. The vascular resistance of
the branches of the ophthalmic artery
increased significantly. The iridal vasculature
showed no significant change in blood celi
velocity but an increased vascular resistance.
It was observed that the elevated perfusion
pressure was associated with an increased
vascular resistance and a constant mean blood
velocity in the ophthalmic artery and iridal
vessels. The paraliel elevation of vascular
resistance and blood pressure during exercise
may be the reason for a constant blood flow in
the ophthalmic artery and the iris. This may be
accounted for by a sympathetic mechanism for
protecting the eye from overperfusion.
(BrJ3 Ophthalmol 1994; 78: 461-465)

Several authors observed in rabbits, cats, and
monkeys, a good regulation of the ocular blood
flow during increased perfusion pressures. In
these observations sympathetic stimulation
reduced the blood flow in all parts of the uvea in

these animals. The physiological role of the
sympathetic nerves in ocular blood flow control
may be to maintain the blood flow at a suitable
level under conditions of sudden increases in
arterial blood pressure. Such increases tend to
cause an overperfusion of the eye resulting in a
breakdown of the blood-aqueous barrier. i2I3
The aim of this study was to investigate the

control of blood flow in the ophthalmic artery
(macrocirculation) and in the iris (microcircula-
tion) during acute increases of arterial blood
pressure in humans. The blood flow in the
ophthalmic artery was measured by pulsed
Doppler sonography, the blood flow in the iris by
laser Doppler flowmetry.

Method
The arterial blood pressure was increased by
exercise. Twenty two healthy volunteers (mean
age 45 0 (SD 13 -1) years) climbed five floors in
60-120 seconds (125 W). Before and directly
after exercise over a period of 15 minutes the
blood flow in the ophthalmic artery and systemic
factors were simultaneously and continuously
measured and stored. In 10 of the volunteers
(mean age 31-4 (9 2) years) the blood flow in the
iridal vasculature additionally was measured
simultaneously before and after exercise over a
period of 15 minutes. All examinations were
performed in the supine position.
With a data acquisition and storage software

(nmximally 16 channels) several parameters of
ocular perfusion and systemic functions were
measured simultaneously in real time mode4:
ophthalmic artery blood velocity, iris blood flow,
cardiac pulse, respiration, and arterial blood
pressure. The cardiac pulse and respiration were
measured continuously (Sirecust 720, Siemens,
Germany). The arterial blood pressure was
examined by oscillometric methods at 2 minute
intervals (Sirecust 888, Siemens, Germany). The
blood velocity in the ophthalmic artery was
measured by pulsed Doppler sonography5
(Trancraniell Doppler, EME, Germany, 4 MHz
transducer). Systolic, diastolic, and mean veloci-
ties of the peak velocity pulse curve and mean
velocity pulse curve were determined off line.
The peak velocity pulse curve resembles the
velocity of the fastest erythrocytes in the centre
of the ophthalmic artery. The mean velocity
pulse curve is the integrated velocity of all
erythrocytes in the vessel including the slowly
running cells near the vessel wall. Thus, the
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mean velocity pulse curve is at any time of lower
velocity than the peak velocity pulse curve and
proportional to the volume blood flow in the
ophthalmic artery. This is true under the assump-
tion of a constant diameter of the ophthalmic
artery and constant blood viscosity during the
measurement. With the direction of insonation
from the upper lid to the foramen opticum and an
orbital measuring depth of 39 (4) mm the
identification of the ophthalmic artery was
achieved. After visual and acoustic optimisation
of the pulse curve (monitor and headphones) by
varying the angle with the handheld transducer,
the pulse curves were stored. The arithmetic
means ofthe systolic, diastolic, and mean velocity
are used for further data processing. The
measured blood velocity, v*, is related to the real
velocity, v, by the cosine of the angle, a, between
the axis of the ultrasound beam and the vessel.
Owing to this function the trigonometric velocity
error (TVE) depends on the angle a: TVE
(%)=(1-cosine a)x 100 with TVE (%)=(v-
v*)x 100/v and v*=v cosine a. Within an insona-
tion angle a of 400 (-200 to +200), the TVE is
therefore maximally 8%. All further data are
based on the measured velocity, v*.
The iris blood flow was measured by laser

Doppler flowmetry (BPM 403A, wavelength
780 nm, power < 1 -6 mW, TSI, USA). The pro-
cedure is based on measurements of frequency
shifts of the reflected laser light scattered back by
moving cells.6 In our set up laser light was
projected by a fibre optic transcorneally onto
the iris illuminating an area of about 1 mm2. By
laser Doppler flowmetry only small vessels and
capillaries were measured because of a cut of
frequency shifts higher than 20 kHz. The laser
Doppler measurements were performed in a
room illuminated by constant neon light (about
500 foot candles). All examinations were per-
formed in supine position with the volunteers
looking at a fixation point on the ceiling. All
pupils showed normal light reactivity, having no
influence on the laser Doppler measurement of

Figure I Scheme ofexperimental set up. Note the simultaneous measurement ofocular
macrocirculation by Doppler sonography and microcirculation by laser Dopplerflowmetry, and
systemic factors.

the iris. The measurements of iridal blood flow
were performed simultaneously with the exami-
nation of the ophthalmic artery blood velocity.
The laser probe was held in the right hand and
the ultrasound transducer was held in the left
hand. In one volunteer the IOP was measured by
the pneumotonometry method ('Langham'
probe) simultaneously with the examination of
iridal and ophthalmic artery blood flow.

Figure 1 shows the recording set up.

CONCEPT OF SIGNAL PROCESSING IN LASER
DOPPLER FLOWMETRY
The laser light illuminates via fibre optics
a volume of tissue which contains both red
cells and stationary tissue cells. Laser light is
randomly scattered by both cell types. Light
scattered by moving cells shows a mixture of
frequencies due to the Doppler principle
('frequency shift'); in contrast, light scattered
only by stationary cells show no frequency shift
('no frequency shift'). The scattered light is
collected by a return fibre which is coupled to a
photodetector. The electrical signal from the
photodetector contains frequency and voltage
information. The DC offset is the average volt-
age generated by all photons (frequency shifted
and non-frequency shifted) returned to the
photodetector at any given time. The AC signal
is the root mean square (RMS) voltage of the
fluctuating signal. By performing an autocorrela-
tion on the electrical signal the mean frequency
f is determined which is proportional to the
average velocity of the moving red cells
('velocity'). The ratio of AC and DC photo-
detector voltage leads to an index proportional to
the blood volume in the sample volume
('volume'). By this algorithm two independent
outputs are produced continuously: (1) 'volume'
which is proportional to the blood volume in the
sample volume (without unit), and (2) 'velocity'
which is proportional to the mean blood velocity
in the sample volume (in kHz). The capillary
blood flow is calculated by the equation 'flow'=
volumex velocity (in arbitrary units [flux]).789

AVERAGING LASER DOPPLER FLOWMETRY
For improvement of the signal to noise ratio
statistical averaging was performed. By averag-
ing 100 sweeps of 2 second length of the signals
volume, velocity, and flow triggered by the R
onset of the ECG only fluctuations synchronous
with the ECG remain since all others are filtered
out. With this method stable and reproducible
iridal pulse curves of blood flow were established
with systolic maximum and diastolic minimum.
Fluctuations in iridal blood flow caused by
respiration, vasomotion, or eye movements were
eliminated. Only ECG/arterial blood pressure
associated changes of capillary blood flow
become visible.'" In the following this statistical
procedure is called 'averaging laser Doppler
flowmetry' (ALDF). The intrasubject variance
of two pulse curves measured within 1 hour by
one examiner is for volume 5-1%, for velocity
6 1%, and for flow 7 9%. In Figure 2 are
demonstrated the simultaneously measured
iridal pulse curves of volume, velocity, flow and
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Figure 2 Amplified iridal pulse curves offlow, volume, and velocity ofa healthyyoun
processed by ALDF. Note simultaneously measured pulse curves ofophthalmic and inter
carotid artery blood velocity with different time intervalsfrom the cardiac action and ti
curves. The pulse curve ofthe internal carotid is shown for better understanding.

Figure 3 Diastolic and
systolic arterial blood
pressure with the arithmetic
mean (n=22) and I SD as a
function oftime. 0=before
exercise, 1-8=number of
minutes after exercise.
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in addition the pulse curves of the blood velocity
in the ophthalmic and carotid arteries. Note the
different time intervals of the cardiac action and
the blood flow curves in the internal carotid and
ophthalmic arteries and in the iridal meshwork.
In this paper the carotid artery blood velocity
measured by Doppler sonography is not con-
sidered further.
The vascular pulsatility indices for the

ophthalmic artery and of the iris blood flow were
calculated by the, equations according to
Pourcelot" 12:

RI=(sPV-dPV)/sPV (1)
(RI=Pourcelot vascular pulsatility index, sPV=
systolic peak velocity, dPV=diastolic peak
velocity).
The Pourcelot index RIO of the ophthalmic

- i'--t - artery is calculated by the difference between the
systolic peak velocity (sPVoa) and the diastolic
peak velocity (dPVoa) divided by the systolic

1.0 peak velocity of the ophthalmic artery:
RIO=(sPVoa-dPVoa)/sPVoa (2)

igperson The vascular pulsatility index of the iridal
nal vasculature is calculated in the same way: RIIiepulse

(RI Iris) by equation (3).
RII=(sysVel-diaVel)/sysVel (3)

(sysVel= systolic blood cell velocity in the iridal
meshwork, diaVel=diastolic blood cell velocity
in the iridal meshwork). The systolic, diastolic,DIic BP and mean velocities of the iridal blood flow pulse

lir RP curve were calculated by ALDF.II( DrI

_ - - T + + ~~STATISTICS
20 _ The level of significance was determined by the

00 _ Mann-Whitney-Wilcoxon test (spss). The test
used is a non-parametric test and does not

80 - 1 require a normally distributed population.
60 _ + + The laserlight usingan energy lower than 1-6
20

+ + +

mW (laser class I) had no effect on the tissue.
2 0 2 4 6 8 10 Informed consent was obtained from all volun-

Time (min) teers.

Figure 4 Ophthalmic artery and iris bloodflow combined with intraocular pressure pulse curve (a) before and (b)just after
physical exercise in ayoung healthy volunteer.

1 ECG
2 Ophthalmic artery
3 IOP
4 Iris velocity
5 Iris volume
6 Iris flow
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Figure5 Systolic and
diastolic velocity ofthe peak
velocity pulse curve ofthe
ophthalmic artery with the
arithmetic mean (n=22) and
I SD as afunction oftime.
0= before exercise,
1-8=number ofminutes
after exercise.
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Figure 7 Mean velocity ofiris with the arithmetic mean (n=
10) and SD as a function oftime. Note 0=before exercise,
1-8=number ofminutes after exercise.

Figure 6 Mean ofmean
velocity pulse curve ofthe
ophthalmic artery with the
arithmetic mean (n=22) and
I SD as an index for volume
bloodflow in the ophthalmic
artery as afunction oftime.
0=before exercise, 1-8=
number ofminutes after
exercise.
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14L + + + + + | mean V and of the iris combined with the intraocular
+ + + + pressure of a young healthy subject. After

12 + exercise there was on average a significant
increase in the systolic peak velocity (36 (13) to

10- 53 (13) cm/s) and on average a significant
++ +

decrease in the diastolic peak velocity (10 (4) to
8 - + + + + + + + 8 (2) cm/s) (Fig 5). The vascular pulsatility index

+ + RIO of the ophthalmic artery increased signific-
6 - + antly just after exercise (RIO 0-69 (0-05) to 0-83

.. I I I (0 04), p<0001) and returned slowly to normal
-2 0 2 4 6 8 10 valuesafter8-l0minutes. The time course of the

Time (min) mean of the mean velocity pulse curve as an

index for volume blood flow in the ophthalmic
artery showed no significant change (Fig 6).

ults Table 1 summarises the data of the ophthalmic
artery blood flow and systemic factors.

ARTERIAL BLOOD PRESSURE
After exercise there was a significant increase in
systolic and diastolic arterial blood pressure (sBP
120 (13) to 157 (42) mm Hg, dBP 74 (10) to 84
(10) mm Hg). Figure 3 shows the time course of
the arterial blood pressure before and after
exercise.

OPHTHALMIC ARTERY
Figure 4 shows as an example the blood flow data
before and after exercise of the ophthalmic artery

IRIS PERFUSION
Our data showed no significant increase in iridal
blood flow parameters immediately after exercise
(velocity 0-037 (0-009) to 0-041 (0-01) kHz,
volume 0-21 (0-06) to 0-24 (0-06)) (Fig 7). The
iris vascular pulsatility index RII (Pourcelot
index) increased significantly after exercise (0-11
(0- 14) to 0-22 (0-07), p<0 03). Table 2 sum-
marises the parameters of iridal blood flow and
systemic factors before and just after exercise.

Table 1 Ophthalmic artery blood velocity and systemic factors before and after acute exercise (125 W), n=22

Mean
sBP dBP mBP HR sPV dPV MV
(mm Hg) (mm Hg) (mm Hg) (beats/min) (cm/s) (cm/s) (cm/s) RIO

Before exercise (SD) 120(13) 74(10) 85 (25) 67 (11) 36(13) 10(4) 9(3) 0-69 (0-05)
Just after exercise (SD) 157 (42) 84(10) 108 (12) 103 (25) 53 (13) 8 (2) 10(3) 0-83 (0-04)
Level of significance ** ** ** ** ** * NS **

*p<0-01, **p<0-001, Mann-Whitney-Wilcoxon test.
sBP=systolic blood pressure, dBP=diastolic blood pressure, mBP=mean blood pressure, HR=heart rate, sPV=systolic peak velocity
ophthalmic artery, dPV=diastolic peak velocity ophthalmic artery, mean MV=mean ofmean velocity pulse curve ophthalmic artery,
RIO=ophthalmic artery pulsatility index [RIO=(sPV-dPV)/sPV].

Table 2 Iridal bloodflow and systemic factors before and afteracute exercise (125 W), n=10

sBP dBP HR sysVel diaVel mFlow
(mm Hg) (mm Hg) (beats/min) (kHz) (kHz) mVol (Flux) RII

Beforeexercise(SD) 118(11) 72(8) 71(11) 0-0377 (0 009) 0 0333 (0-009) 0-213 (0-069) 6-2 (1-7) 0-11(0-14)
Just after exercise (SD) 150(14) 79(9) 101 (32) 0-0414 (0-013) 0-0318 (0-010) 0-248 (0%066) 7 9(1-8) 0-22 (0-07)
Level of significance 0-001 0-15 0-03 0 53 0-82 0-2 0 07 0-03

(p) ** NS * NS NS NS NS *

*p<0.05, **p<0-001, Mann-Whitney-Wilcoxon test.
sBP=systolic blood pressure, dBP=diastolic blood pressure, HR=heart rate, sysVel=systolic velocity iris, diaVel=diastolic velocity
iris, mVol=mean volume iris, mFlow=mean flow iris, RII=vascular pulsatility index [RII=(sysVel-diaVel)/sysVell.
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Discussion
The estimation of the vascular resistance by the
shape of the pulse curve according to Pourcelot is
commonly used in Doppler sonography, especi-
ally in transcranial Doppler sonography
(equation (1)). 2 The Pourcelot index is based on
empirical and experimental studies. Legarth and
Nolsoe have shown (in measurements on the
brachial artery by Doppler sonography) that
there is a positive relation between the vascular
resistance and the Pourcelot index.'3

Thus, the vascular resistance in the ophthal-
mic artery is expressed by RIO (RI Ophthalmic
artery). Physical exercise increases the arterial
blood pressure by stimulating the sympathetic
nervous system and by releasing adrenergic
transmitters producing also vasoconstriction
with elevation of vascular resistance. It has been
observed in previous studies in experimental
animals that an acute increase in blood pressure
tends to cause overperfusion with blood in the
eye, and that such overperfusion can be pre-
vented if the sympathetic nerves to the eye are
stimulated. The orbital sympathetic nerves
originating from the superior cervical ganglion
innervate all uveal vascular beds.'4 Alm and Bill
observed in rabbits, cats, and monkeys a sympa-
thetic mechanism which protects the eye from
overperfusion.I23 Alm et al measured iridal
blood flow by labelled microspheres in monkeys
at different perfusion pressures and found
almost constant blood flow in the iridal vascula-
ture.15 Ernest showed in monkeys that arterial
hypertension and ocular sympathectomy pro-
duce an overwhelming fluorescein leakage from
the choroidal circulation owing to lack of the
compensatory sympathetic vasoconstriction. 16

In this paper we have not examined the effect
of exercise on intraocular pressure. Harris et al
have shown that exercise shows no major effect
on IOP. 17

OPHTHALMIC ARTERY
We observed increased systolic, decreased
diastolic velocities, and increased vascular
pulsatility indices in the ophthalmic artery just
after exercise. The observed data account for a
regulation of blood flow during increased arterial
blood pressure by a sympathetic induced
increase of vascular resistance. Elevation of
perfusion pressure (on average +22%) was
associated with an increased vascular resistance
(on average +20 8%) in the branches of the
ophthalmic artery. This may be the cause of the
observed constant mean blood velocity in the
ophthalmic artery indicating constant volume
blood flow in the ophthalmic artery. The mean
blood velocity of the mean velocity pulse curve. is
proportional to the mean volume blood flow in
the ophthalmic artery under the assumption of
constant diameter of the ophthalmic artery and
constant blood viscosity.

IRIS
After exercise we observed a significant increase
in arterial blood pressure, a constant iridal blood

flow, and a significant elevated vascular
pulsatility index of the iridal vasculature. The
data suggest that an acute increase in arterial
blood pressure caused by physiological exercise
leads to an elevation of vascular resistance with
nearly constant iridal blood flow parameters.
The mean iridal blood cell velocity (mVel) as a
function of mean arterial blood pressure (mBP)
shows mainly constant values at different values
of mean arterial blood pressure. The constant
mVel, while the mean arterial blood pressure
ranged from 75 to 130 mm Hg, signifies suf-
ficient blood flow regulation during physio-
logical exercise.
The increased sympathetic level during

exercise leads to a vasoconstriction of all orbital
and ocular vessels. It is reasonable that during
and shortly after exercise there is an elevation of
vascular resistance by vasoconstriction of the
branches of the ophthalmic artery. Overall these
data suggest a sympathetic mechanism of regula-
tion of blood flow in ocular vasculature in
humans protecting the eye from overperfusion.
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