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Purrose. Recent evidence suggests that the smaller retinal vessels are significantly
involved in the regulation of retinal blood flow and that this regulation may differ among
the macular area and the retinal periphery. An alternative to studying blood flow regu-
lation in smaller retinal vessels that are difficult to resolve is to assess the metabolic
consequences of changes in the microcirculation using oximetry.

MerHops. In 20 normal persons aged (mean + SD, range) 30.1 + 3.8 (24-37) years, the
oxygen saturation and diameter of retinal arterioles and venules to the macular area and
the retinal periphery were studied before and during an increase in the arterial blood
pressure induced by isometric exercise.

Resurrs. The isometric exercise increased the mean arterial blood pressure by (mean
+ SEM) 10.0 =+ 1.1 mm Hg but induced no significant changes in the diameter of the
arterioles (P = 0.83). The isometric exercise had no significant effect on the oxygen
saturation in the arterioles supplying the macular area and the retinal periphery (P >
0.42 for both comparisons). However, there was a significant increase in the oxygen
saturation in venules draining the retinal periphery to reduce the oxygen extraction from
(mean + SEM) 36.0% =+ 2.3% to 30.6% =+ 2.1% (P = 0.002) but no significant change in
the preexisting low oxygen extraction in the macular area that changed from (mean +
SEM) 18.2% + 3.0% to 16.2% + 1.9% (P = 0.37).

Concrusions. Minor changes in the arterial blood pressure can induce changes in reti-
nal rheology with significant regional variation. The finding may help explain regional
variations in manifestations of retinal vascular disease such as hyperpermeability in the
macular area and capillary occlusion in the retinal periphery.
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etinal blood flow is autoregulated, which has hitherto

mainly been studied in the larger resistance vessels.!"?
However, evidence suggests that the smaller vessels also
play a significant role in this regulation.>-® In the macu-
lar area, vessel diameters and flow have been studied in
perifoveal capillaries,”® whereas less evidence has been
obtained about the extrafoveal microcirculation.”! Smaller
retinal vessels outside the macular area are difficult to study,
but the relevance of also investigating blood flow in this
zone is testified by observations of differences in diameter
regulation,!! oxygen saturation,'? and ischemic condition-
ing!? in vessels supplying the macular area and the retinal
periphery.

An alternative to studying blood flow in the smaller reti-
nal vessels that are difficult to resolve is to evaluate the
metabolic consequences of changes in the microcirculation
using oximetry.'* With this approach, it has been shown
that the oxygen saturation is higher in venules draining the
macular area than the retinal periphery!? and that retinal
neovascularizations'® and microvascular abnormalities'® in
diabetic retinopathy act as arteriovenous (A-V) shunts that
can bypass areas of capillary occlusion. However, the effects
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of normal physiologic regulation of retinal blood flow on
oxygen saturation in different parts of the retina have not
been studied in detail.

Therefore, changes in oxygen saturation of retinal vessels
supplying the macular area and the retinal periphery were
studied in 20 normal persons before and during a moderate
increase in the arterial blood pressure induced by isometric
exercise.

MATERIALS AND METHODS
Participants

Twenty normal persons (11 men and 9 women) aged (mean
+ SD, range) 30.1 £ 3.8 (24-37) years with no previous
or current systemic or ocular disease were studied. The
persons were recruited by announcement among the staff
and students at the Department of Ophthalmology, Aarhus
University Hospital. The study was a part of an investigation
of regional differences in retinal blood flow!” and had been
approved by the regional ethics committee.
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Ophthalmologic Examination

The test persons were subjected to an ophthalmologic
examination including measurement of best-corrected visual
acuity and slit-lamp examination. The pupils were dilated
using tropicamide 1% (Alcon, Copenhagen, Denmark) and
phenylephrine 10% (Amgros 1I/S, Copenhagen, Denmark)
eye drops, and for the documentation of normal reti-
nal morphology, two fundus photographs (Canon CF 60Z,
Amstelveen, the Netherlands) with a 60-degree field-of-view
photograph were acquired with one field centered on the
macular area and another field centered on the optic disk.

Isometric Exercise

Before the examination, the test person was seated at rest
for at least 5 minutes, the cuff of an automatic blood pres-
sure monitor (705IT; Omron Healthcare, Kyoto, Japan) was
placed on the upper left arm, and blood pressure was
measured three times. Subsequently, the person was asked
to lift a 2-kg hand weight in the straight right arm. After
30 seconds, blood pressure was measured, and the arm was
lowered to relax for 5 minutes. This procedure of lifting the
hand weight, measurement of blood pressure, and relaxation
was subsequently repeated twice. The average of each of the
three values was calculated to represent the arterial blood
pressure before and during exercise.

Retinal Oximetry

Retinal oximetry was performed using a dual-wavelength
oximeter (model T1; Oxymap, Reykavik, Iceland). The prin-
ciple of the technique has been described in detail previ-
ously.!® Basically, a fundus photograph (Topcon TRC-50DX;
Topcon, Tokyo, Japan) is recorded at two different wave-
lengths, which is used to calculate the oxygen saturation
in retinal vessels with a diameter larger than approximately
60 pm.!?20

The procedures described in Jgrgensen and Bek!? were
followed. The test person was seated at rest in front of the
oximeter for at least 20 minutes, and five oximetry images
were recorded in the right eye, following a sequence that
included images centered on the optic disk and the upper
temporal vascular arcade.'

After 5 minutes at rest, the procedure of lifting the hand
weight with the right arm was repeated, and after 30 seconds
of lifting, the acquisition of the sequence of oximetry record-
ings was repeated, so that the photograph centered on the
upper temporal arcade was captured within 5 seconds.

Data Analysis

Figure 1 shows examples of the selection of vascular
segments for extracting retinal oxygen saturations. The peri-
papillar oxygen saturations and vessel diameters (Fig. 1A)
were calculated as the average of the saturations measured
in the four arterial and venous vascular arcades in segments
located between two circles centered on the optic disk. The
inner of these circles had a diameter 30 pixels larger than
the disk and the outer circle a diameter three times that of
the optic disk.?! The oxygen saturations and diameters from
the upper temporal vascular arcade (Fig. 1B) were collected
from macular and peripheral branches with a diameter of
at least 8 pixels and at least one-third the diameter of the
vascular arcade proximal from the branching.!? Starting from
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Ficure 1. Fundus photographs from the oximeter with color
coding of the retinal oxygen saturation ranging from high (red) to
low (blue) saturations. The black segments represent areas where
the software does not identify the vessel borders, such as areas with
low contrast or at vessel crossings. The vascular segments marked
in white represent those used to extract the oxygen saturations in
(A) a photograph centered on the optic disk. The peripapillar satu-
rations were extracted from the highlighted segments of arterioles
(a) and venules (v) located between the two rings concentrical with
the optic disk. (B) A photograph centered on the upper temporal
vascular arcade. Example shows where the oxygen saturations were
collected from segments highlighted (x) proximal from the branch-
ings of a macular arteriole (ma), macular venule (mv), peripheral
arteriole (pa), and peripheral venule (pv).

the branching point, the longest unbranched segment not
exceeding a length of 50 pixels was marked. The distance of
the branching point from the optic disk along the vessel was
measured in pixels using the inbuilt analysis software in the
oximeter. This resulted in the identification of 20 macular
(ma) and 20 peripheral (pa) arterioles, as well as 17 macu-
lar (mv) and 15 peripheral (pv) venules that fulfilled the
inclusion criteria. For each identified branch, the proximal
(x) segments on the vascular arcade were marked similarly
50 pixels backward from the branching point.

The retinal oxygen saturation was calculated from the
intensity of light reflected from the vessels (I) and the
surrounding retina (I,) at 570 nm and 600 nm as described
before.!”?* The optical density was calculated as OD =
log(I,/D at each of the two wavelengths, which was subse-
quently used to calculate the optical density ratio ODR =
ODgp0/ODs79. The oxygen saturation was calculated as SatO,
= a*ODR + b, with a = -1.28 and b = 1.24 (Oxymap
Analyzer version 2.5.2) that provided values without correc-
tions tied to the vessel diameter.??
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There was no significant difference between the distances
from the optic disk of the arteriolar and the venular branch-
ings toward respectively the macular area and the retinal
periphery (P > 0.15 for all comparisons) and no significant
difference between the saturation in arterioles and venules
proximal from the branchings toward the macular area and
the retinal periphery (P > 0.09 for all comparisons).

In the output data, the Oxymap Analyzer software had
automatically converted all pixel values of vessel diame-
ters to approximate distances at the retinal plane.?® This
disqualified a comparison of vessel diameters among indi-
viduals because of the individually varying magnification in
the optics of the eye but had no influence on the calcula-
tions of percentage changes in vessel diameters at the retinal
plane from the same person.

Statistics

STATA (version 16.0; StataCorp, College Station, TX, USA)
was used for the statistical analyses. Normal distribution was
ensured by probability plots.

Unpaired t-test was used to test differences in the distance
from the optic disk to the branching of arterioles and
venules toward the macular area and the retinal periphery,
as well as differences in oxygen saturation and diameter
between macular and peripheral arterioles and venules. For
the presentation in column diagrams, the most proximal of
the segments on each vascular arcade, related to either the
macular or the peripheral branch, was used to represent that
vessel.

Paired #-test was used to test for changes in diameters and
oxygen saturation of the same vessels induced by isometric
exercise.

In the presentation of results, variations are indicated
with SD for descriptive parameters and as SEM for values
used for comparisons among groups.

RESULTS

The isometric exercise increased the mean arterial blood
pressure significantly (P < 0.0001) by (mean + SEM) 10.0
1.1 mm Hg (from 89.4 + 1.9 to 99.4 + 1.7 mm Hg) without
inducing significant changes in the diameter of the tempo-
ral arterioles at the optic disk, from (mean + SEM) 126.6 +
2.4 pm to 126.4 £+ 2.6 pm (P = 0.83), which might suggest
an activation of pressure autoregulation. Isometric exercise
induced no significant (P = 0.67) change in the peripapillar
oxygen saturation in arterioles (from 99.1% =+ 0.7% to 98.9%
+ 0.6%) but significantly (P = 0.0004) increased saturation
in the corresponding venules (from 61.6% £ 1.2 % to 70.5%
+ 2.5%).

Figure 2 shows the oxygen saturations proximally from
and in the macular and peripheral branches from the upper
temporal vascular arcades. It appears that isometric exer-
cise induced (1) no significant change in oxygen saturation
in arterioles proximal from the branchings (from 98.2% =+
0.8% to 98.7% =+ 0.9%, P = 0.67), in peripheral (from 102.6%
+ 0.9% to 101.8% + 0.9%, P = 0.42) or in macular (from
98.6% + 1.8% to 99.5 &+ 1.2%, P = 0.57) arterioles and (2)
a significant increase in the oxygen saturation in venules
proximal from the branching (from 60.1% =+ 2.0% to 64.5%
=+ 1.7%, P = 0.004) and in peripheral venular branches (from
66.9% + 2.5% to 71.8% £ 1.9%, P = 0.003) but no signifi-
cant increase in the macular venules (from 80.0% + 1.8%
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Ficure 2. The oxygen saturations proximal from and in macular
and peripheral branches from the upper temporal vascular arcade
vessels before (solid bars) and during (open bars) an increase in
the arterial blood pressure induced by isometric exercise in (A)
arterioles, (B) venules, and (C) arteriovenous saturation difference.
*P < 0.05.

to 82.5% £ 1.5%, although this difference was borderline
significant [P = 0.05]). Similarly, (3) the A-V saturation differ-
ence decreased significantly in the vessels proximal from the
branchings (from 37.2% + 1.8% to 33.9% £ 2.0%, P = 0.04)
and in peripheral (from 36.0% + 2.3% to 30.6% + 2.1%, P
= 0.002) but not in macular (from 18.2% =+ 3.0% to 16.2%
+ 1.9%, P = 0.37) vessels. The increase in the oxygen satu-
ration in peripheral venules during isometric exercise was
so prominent that it could be observed directly in the color
coding of the vessels (Fig. 3).

At baseline, the diameter of the peripheral venules (mean
+ SEM, 128.5 £ 9.1 pm) was significantly larger (P = 0.03)
than that of the macular venules (mean + SEM, 105.1 £
5.3 pm), whereas there was no significant difference in
the diameter among the studied peripheral (mean + SEM,
105.5 &+ 4.9 pm) and macular (mean + SEM, 114.3 + 5.9 pm)
arterioles (P = 0.26).
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Ficure 3. High magnification of oximetry images centered on the upper temporal arcades. (A) Before isometric exercise. The arrows point
to venular segments draining the retinal periphery marked in green. The large arrow points to the segment with a diameter approximately
100 pm from which the saturation was measured to be 66%. (B) The same area 30 seconds after starting isometric exercise that increased
the mean arterial blood pressure by 11.8 mm Hg. The color of the venules pointed to by the arrows can be seen to have become more
yellowish, and the oxygen saturation pointed at with the large arrow had increased to 73%.

Figure 4 shows that isometric exercise induced no signifi-
cant changes in the diameters of arterioles and venules prox-
imal from the branchings or in the macular and peripheral
branches (P > 0.10 for all comparisons). The changes in
oxygen saturations and diameters from the vessel segments
distal from the branchings were similar to those of the
peripheral vessels (not shown).

DISCUSSION

The purpose of the present study was to investigate whether
an increase in the arterial blood pressure induced by isomet-
ric exercise would affect oxygen extraction differently in
the macular area and the retinal periphery. The peripap-
illar oxygen saturations and vessel diameters were similar
to those previously observed in normal persons,'>'724 and
there were no significant differences in the distance from the
optic disk to the branchings toward the macular area and the
retinal periphery that might have caused differences in diffu-
sion loss in these vessels. The observed lower oxygen satu-
ration in the larger venules draining macular and peripheral
branches might potentially be a consequence of differences
in the linear velocity of the blood that has been shown to be
inversely related to the oxygen saturation measured by dual-
wavelength oximetry.!” This affects the calibration of the
oximeter and can explain observations of apparent arteriolar
oxygen saturations higher than 100%.!® However, when the
blood volume in the microcirculation is constant, changes
in blood flow with its derived effects on oxygen saturation
will be similar in arterioles and venules. This implies that the
A-V saturation difference is robust to the effect of the veloc-
ity of the blood on measured oxygen saturations.!” There-
fore, since an increase in the oxygen saturation in venules
draining the retinal periphery was accompanied by lower A-
V saturation differences, these changes can be assumed to
have been real.
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Ficure 4. The vessel diameters proximal from and in macular
and peripheral branches from the upper temporal vascular arcade
vessels before (solid bars) and during (open bars) an increase in the
arterial blood pressure induced by isometric exercise in (A) arteri-
oles and (B) venules.
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The purpose of acquiring oximetry images shortly after
the initiation of isometric exercise was to ensure that the
test person could hold the head steady for the image quality
to become sufficiently high. With this approach, it was not
considered realistic to increase blood pressure by the around
15 to 20 mm Hg, which would induce contraction of retinal
arterioles as a part of normal pressure autoregulation.?>~%’
The technique used to record the vessel diameters had a
coefficient of variation of a few percent,?® suggesting that
the observed lack of a diameter response was real and that
the increase in the arterial blood pressure had been below
a threshold that should be exceeded to induce contraction
of the arterioles. A similar threshold has been found in the
cerebral circulation?® and implies that minor fluctuations in
the arterial blood pressure are transmitted to the precapil-
lary arterioles that regulate recruitment and intermittency of
blood flow in the microvascular units.* A prominent role
of these smaller vessels for regulating retinal blood flow is
consistent with observations in vitro>®3°-32 and with vivo
findings that increased metabolism, resulting in a 3% to 4%
dilatation of the larger retinal arterioles, elicits an approxi-
mately 10 times higher increase in retinal blood flow.%33

In the present study, the increased arterial blood pressure
can be expected to have been transmitted to the macular
microcirculation since no adaptive changes were observed
in diameter and oxygen saturation in the larger vessels to
this area. The impact of the increased arterial blood pressure
on the microcirculation can be expected to be consider-
ably higher in conditions in which retinal autoregulation
is impaired and the larger retinal arterioles are dilated.3*-3¢
This may explain why hyperpermeability, exudates, and
edema are predominantly observed in the macular area in
retinal vascular disease.’’~%

The increased arterial blood pressure induced adaptive
changes in the peripheral microcirculation, as evidenced
by an increase in the oxygen saturation of the venules
and a reduction in the A-V saturation difference in this
area. This might be the result of an increased capillary
blood flow in the retinal periphery so that the oxygen
supply had exceeded the consumption. However, a main-
tenance of this hyperperfusion would require a reduction
in pressure autoregulation in the smaller retinal arteri-
oles that normally protect the capillary network from the
impact of increased blood pressure. Additionally, an increase
in the capillary blood flow would require a reduction in
metabolic autoregulation that is activated when oxygen
supply exceeds consumption.?* Therefore, it is also possi-
ble that the increased blood flow may have been diverted
through vascular shunts to protect the capillary bed from
exposure to the increased intravascular pressure. A circum-
vention of the capillary bed in the retinal periphery might be
hypothesized to accelerate if the opening of vascular shunts
should induce a steal phenomenon from the smaller precap-
illary arterioles, leaving at a right angle from the larger
feeder vessels.*°-42 This might explain the increased oxygen
saturation in the larger venules with increasing severity of
diabetic retinopathy.*>*¢ The need for an increased shunting
capacity to circumvent the capillary bed might also poten-
tially contribute to the development of intraretinal microvas-
cular abnormalities (intra-retinal microvascular abnormali-
ties (IRMA) vessels)'® and neovascularizations.!> A transfor-
mation of the functional changes in capillary blood flow
into irreversible capillary damage might explain postmortem
observations of glial cells that have invaded the lumen to
obliterate the capillaries in retinal vascular disease.®>~47
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The observed increase in the arteriovenous saturation
difference from rest to exercise in the peripheral venules
corresponds to a (30.6-36.0)/100 = 17.6% reduction in the
delivery of oxygen and therefore a similar increase in the
equivalents of blood volume in which oxygen has become
unavailable for diffusion to the retinal tissue. Similarly, an
increase in the systemic blood pressure from 89 mm Hg at
rest to 99 mm Hg during isometric exercise represents an
increase of 11.1%. If this can be translated to a correspond-
ing change in the driving pressure in the vessels supplying
the retinal periphery, retinal blood flow can be expected to
have increased similarly in this area. These two estimates are
in the same order of magnitude and may therefore reflect the
approximate extent of the rheological changes in the reti-
nal periphery induced by the increased arterial blood pres-
sure. The exact magnitude as well as the identification of
the vessels that might be responsible for a possible physio-
logic shunting remains to be determined but might involve
the larger vessels irradiating from the vascular arcades to
the retinal periphery.®® The larger diameter of the venular
branches draining the retinal periphery than those drain-
ing the macular area observed in the present study might
potentially be related to differences in the shunting capacity
among these regions.

On the basis of the present findings, it might be hypoth-
esized that the larger variation in the oxygen saturation
measured by oximetry in retinal venules than in arteri-
oles?®?2 could be a result of variations in physiologic shunt-
ing secondary to a lack of stabilization of the arterial blood
pressure. Therefore, the reliability of retinal oximetry might
be improved by ensuring that recordings are carried out
when the patient is at rest and the arterial blood pressure
stable. The result also suggests that there is a need for
investigating the influence of chronic changes in the blood
pressure such as arterial hypertension on saturation values
obtained by retinal oximetry.

Altogether, the findings indicate that minor changes in
the arterial blood pressure can induce significant changes in
retinal rheology in normal persons with different manifesta-
tions in the macular area and the retinal periphery. The find-
ing may potentially explain how an increased blood pressure
in diabetic patients, aggravated by impaired autoregulation,
may lead to hyperpermeability in the macular area but capil-
lary occlusion in the retinal periphery. Future studies should
aim at studying vascular shunting in the retinal periphery
and regional differences in the response to increased arte-
rial blood pressure in retinal vascular disease.
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