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PURPOSE. To assess the capability of the subfoveal choroidal
circulation to regulate its blood flow in response to an acute
increase in ocular perfusion pressure in the eyes of healthy
elderly persons or of subjects with neovascular age-related
macular degeneration (AMD).
METHODS. Changes of subfoveal choroidal blood velocity
(ChBVel), volume (ChBVol), and flow (ChBF) induced by isometric exercise were determined using laser Doppler flowmetry (LDF) in 19 young healthy volunteers (group 1), 24
elderly healthy volunteers with mild macular pigment distribution changes (group 2), and 23 subjects with subfoveal classic
neovascularization caused by AMD (group 3).
RESULTS. Isometric exercise induced significant increases in
mean ocular perfusion pressure (PPm) of 19.5% ⫾ 4.9%, 20.2%
⫾ 3.8%, and 23.2% ⫾ 4.2%, for groups 1, 2, and 3, respectively
(mean ⫾ 95% confidence interval). In groups 1 and 2, the
increase in PPm did not induce significant changes in the mean
values of the different LDF parameters. In group 3, however,
ChBF increased significantly by 12.4% ⫾ 5.0%. No significant
correlations were found between age and the changes of each
of the LDF parameters and of PPm at the end of squatting for
the young and elderly healthy groups.
CONCLUSIONS. In response to an acute, moderate increase in
PPm induced by isometric exercise, subfoveal choroidal blood
flow behaves similarly in young and elderly healthy persons
and is not significantly different from its value at rest. In
contrast, in patients with neovascular AMD, this flow increases, indicating altered regulation in response to the increase in PPm. (Invest Ophthalmol Vis Sci. 2006;47:
1581–1586) DOI:10.1167/iovs.05-0434

A

lterations of blood flow in the subfoveal choroidal circulation and metabolic changes of the retinal pigment epithelium (RPE) have been suggested as important in the development of neovascular age-related macular degeneration
(AMD). Hemodynamic studies by color Doppler1– 4 and indocyanine green (ICG) angiography5–7 have suggested blood perfusion defects in aged and AMD eyes involving macular and
other vascular regions of the fundus.

Choroidal blood flow changes affecting the metabolism of
the adjacent external retinal layers lead either to the development of atrophic lesions or to subretinal neovascular lesions.1
In addition to environmental influences (smoking, sunlight
exposure, and nutritional factors), the risk factors for AMD are
similar to those for cardiovascular diseases, such as hypertension, suggesting a vascular role in the development of AMD.
Furthermore, vascular changes in the choroid have potentially
deleterious effects on the RPE and, in addition to metabolic
changes of the RPE caused by senescence, may induce the
early clinical findings in AMD. A healthy RPE is necessary for
the preservation of the choriocapillaries because RPE loss induces choriocapillary degeneration.8,9 This hypothesis appears
to be supported by laser Doppler flowmetry (LDF) data demonstrating a significant decrease of choroidal blood flow with
age10 and with the presence of AMD.11 However, whether
these LDF data indeed represent a decrease in choroidal blood
flow or are caused by changes in the laser light–scattering
properties of the sampled tissue is still a matter of debate.12,13
This scattering probably changes with age and with the presence of AMD.
An alternative and more robust approach to compare choroidal hemodynamics between normal and AMD eyes is to
assess the capability of subfoveal choroidal blood flow to respond to a physiological stimulus, such as an increase in ocular
perfusion pressure (PPm). In healthy volunteers, LDF subfoveal
choroidal flow is largely constant in spite of increases in the
PPm to 67% above the baseline value, when PPm is raised by
means of isometric exercises.14 This approach provides data
uninfluenced by potential changes in tissue light scattering
assuming, legitimately, that isometric exercise itself does not
modify this scattering.
The present work investigates the regulation of subfoveal
choroidal blood flow in response to acute increases in PPm in
the eyes of young and elderly healthy volunteers and in eyes
with subfoveal choroidal neovascularization (CNV) caused by
AMD. Our results indicate an impaired regulation of subfoveal
choroidal blood flow during isometric exercise in patients with
neovascular AMD.
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METHODS

Subjects
LDF measurements were performed in one eye each of subjects, who
were divided into three groups. Group 1 consisted of 19 healthy
volunteers, ranging in age from 24 to 44 years (mean ⫾ SD, 33 ⫾ 6
years). Group 2 consisted of 24 volunteers, ranging in age from 50 to
84 years (68 ⫾ 10 years), who had mild age-related changes of the
macular area, primarily macula pigment distribution changes. Group 3
consisted of 23 patients, ranging in age from 45 to 86 years (70 ⫾ 12
years), who had classic subfoveal neovascularization. Slit lamp and
funduscopic examination showed no other pathologic conditions than
those mentioned.
In all volunteers and patients, the mean visual acuity (VA) was equal
to or better than 1/10 (Snellen chart); in particular, group 3 expressed
a mean VA of 0.58 ⫾ 0.26. LogMAR ranged from 0.22 to 1 logMAR
units, sufficient to maintain fixation of the laser Doppler aiming beam.
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FIGURE 1. (a) Confocal laser Doppler flowmeter (LDF) module mounted
on a topographic scanning system.
(b) Schematic diagram of LDF inserted into the topographic scanning
system. The light from a 670-nm laser
diode is focused onto a 50-m– diameter pinhole and passes through a
beam splitter (BS), two lenses (L1 and
L2), and a pair of mirrors (M1) before
it is reflected in the optical path of
the topographic scanning system by
a dichroic mirror (M2).

Patients with diabetes, history of systemic hypertension with systemic medications, glaucoma under topical eye medication potentially
affecting the regulation of blood flow, and patients with high
ametropia were excluded.
All subjects received detailed explanations about the procedure,
and all gave informed consent. This study followed the tenets of the
Declaration of Helsinki and was approved by the institutional human
experimentation committees of the Universities of Geneva and Créteil.

were obtained continuously and in real time at a rate of 21.5 Hz.16,17 In
addition, the direct current (DC) level of the signal, which was proportional to the amount of detected light, was recorded. Portions of
the recording with DC variations superior to 5% of the mean values and
spikes associated with eye motions were removed, thereby minimizing
potentials artifacts.

Subfoveal Choroidal Blood Flow

Before the experiment, the pupil of the examined eye was dilated with
1% tropicamide (Ciba Vision, Basel, Switzerland). Systemic blood pressure was measured at rest with the subjects standing up and then
squatting. The latter was performed as long as tolerated by the subjects
to obtain a significant elevation of the systemic blood pressure. LDF
parameters and blood pressure were intermittently measured at baseline, during squatting, and after recovery from squatting. Mean perfusion pressure (PPm) was defined as the mean arterial blood pressure in
the ophthalmic artery (MOAP) minus the intraocular pressure (IOP).
IOP was measured by Goldmann contact tonometry only at baseline,
before LDF was started.
MOAP, which increases during isometric exercise,18,19 was assumed to be equal to two thirds of the mean arterial blood pressure
(MABP). We calculated MABP as BPdiast ⫹ 1⁄3 (BPsyst – BPdiast). BPdiast
and BPsyst are the brachial artery blood pressures during diastole and
systole, respectively. In addition, an index of mean vascular resistance
(Rm) was calculated as PPm/ChBF.

As previously described, a confocal LDF module (Fig. 1a) mounted on
a topographic scanning system (TopSS; Laser Diagnostic Technologies,
San Diego, CA) was used to measure subfoveal blood flow.15 Briefly,
(Fig. 1b) the light from a 670-nm laser diode was focused on a 50-m
diameter pinhole and passed through a beam splitter (BS), two lenses
(L1 and L2), and a pair of mirrors (M1) before it was reflected into the
optical path of the topographic scanning system by a dichroic mirror
(M2). Subjects were asked to fixate on this beam (1-mm diameter, 100
W at the cornea). Light scattered from the focal plane of the laser
beam at the fundus and exiting the subject’s pupil followed an optical
path identical to that of the incident beam up to the beam splitter (BS),
where it was reflected toward a pinhole. This pinhole was optically
conjugated to the pinhole in front of the laser source (confocal design).
After the pinhole, the light was detected by an avalanche photodiode.
The operator focused the probing beam at the fundus by adjusting the
position of lens L2. Recording time was approximately 20 seconds.
The signal from the detector was fed into a computer (station
Turbo; NeXT, Redwood City, CA) and was analyzed using customdeveloped software. Choroidal blood velocity (ChBVel), volume (ChBVol), and flow (ChBF, which is proportional to ChBVel ⫻ ChBVol)

Experimental Protocol

Statistical Analysis
Intragroup differences between the mean values of all the measured
parameters at rest and at end of exercise were tested by Student’s

FIGURE 2. Typical online recording
of the LDF parameters (DC, ChBVel,
ChBVol, and ChBF) at baseline and
under 240-second isometric exercise. In this subject, squatting induced a 37% increase in PPm (from
35 to 48 mm Hg). The resultant 29%
ChBF increase resulted from a 40%
increase of the ChBVol parameter.
ChBVel was decreased by 8%. ChBVel,
ChBVol, and ChBF values were obtained by averaging the corresponding data over 20 seconds of baseline
and over the end of squatting. Brachial artery blood pressure was measured during the recording segments, indicated by a horizontal line
(Baseline and End exercise bars). DC
variation at the analyzed sections was
inferior to 5%.
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TABLE 1. Percentage Changes of PPm, Laser Doppler Flowmeter
Parameters, and Rm Responses to Isometric Exercise in All Groups

N
PPm
ChBVel
ChBVol
ChBF
Rm

Group I < 45

Group II > 45

Group III, AMD

19
19.5 ⫾ 4.9*
3.0 ⫾ 3.8
⫺1.3 ⫾ 3.8
0.9 ⫾ 1.5
18.6 ⫾ 5.1*

24
20.2 ⫾ 3.8*
5.7 ⫾ 9.1
⫺2.9 ⫾ 7.1
0.5 ⫾ 1.8
19.8 ⫾ 4.4*

23
23.2 ⫾ 4.2*
7.3 ⫾ 7.1
6.7 ⫾ 7.0
12.4 ⫾ 5.0*†
10.2 ⫾ 4.3*‡

Values are mean ⫾ 95% CI. Changes in ChBF and Rm were found
to be significantly different between groups 2 and 3.
* P ⬍ 0.05; paired t test.
† P ⬍ 0.0001 for ChBF.
‡ P ⫽ 0.002 for Rm.
paired t test. Changes in all parameters were expressed as percentage
of the value at rest: 100 ⫻ (value at end exercise ⫺ value at rest)/value
at rest). Intergroup differences in the mean changes of all measured
parameters at the end of exercise were tested by ANOVA (independent
factor group; dependent variables; changes of PPm, ChBVel, ChBVol,
and ChBF). Plots show mean values ⫾ 95% confidence intervals and
linear trend lines as calculated by least-squares regression (correlation
coefficients, R and P values were reported if significant).

RESULTS
A representative set of recordings of DC, ChBVel, ChBVol, and
ChBF obtained in one subject in group 3 while at rest and
during 3 minutes of squatting is shown in Figure 2. In this
subject, squatting induced a 37% increase in PPm (from 35 to
48 mm Hg). The resultant 29% ChBF increase was the result of
a 40% increase of the ChBVol parameter, suggesting insufficient resistance changes during squatting. ChBVel decreased
by 8%. LDF signals were recorded with a time constant of 0.047

FIGURE 3. Mean percentage changes
of LDF parameters PPm, ChBVel,
ChBVol, ChBF, and Rm at the end of
squatting, for all groups (*paired t
test; P ⬍ 0.05). Squatting induced a
significant increase in mean PPm that
was similar in all groups. At the end
of squatting, the LDF parameters in
groups 1 and 2 were not significantly
different from those at baseline. In
contrast, in group 3, the ChBF parameter significantly increased at the end
of squatting. Changes in ChBF and
Rm were significantly different between groups 2 and 3 (†ChBF, P ⬍
0.0001; ‡Rm, P ⫽ 0.002).
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second and were displayed with a time constant of 0.186
second. ChBVel, ChBVol, and ChBF values were obtained by
averaging the corresponding data over 20 seconds of baseline
and over the end of squatting. Brachial artery blood pressure
was measured during the recording segments and was indicated by a horizontal line.
Changes in all LDF parameters at the end of exercise are
listed in Table 1 and are shown in Figure 3 for the three groups.
Squatting induced a significant increase in mean PPm that was
similar in all groups. This increase amounted to 19.5% ⫾ 4.9%,
20.2% ⫾ 3.8%, and 23.2% ⫾ 4.2% for groups 1, 2, and 3,
respectively. At the end of squatting, the LDF parameters in
group 1 (3.0% ⫾ 3.8% for ChBVel; –1.3% ⫾ 3.8% for ChBVol;
and 0.9% ⫾ 1.5% for ChBF) and group 2 (5.7% ⫾ 9.1% for
ChBVel; –2.9% ⫾ 7.1% for ChBVol; and 0.5% ⫾ 1.8% for ChBF)
were not significantly different from baseline but were the
consequence of a significant increase in Rm by 18.6% ⫾ 5.1%
and 19.8% ⫾ 4.4% for group 1 and group 2, respectively. No
statistically significant differences were found in the changes in
mean values of the LDF parameters between groups 1 and 2. In
contrast, in group 3 patients, ChBF significantly increased at
the end of squatting by 12.4% ⫾ 5.0%. Rm increased by 10.2%
⫾ 4.3%. Changes in ChBF and Rm were found to be significantly different between group 2 and group 3 (Table 1; P ⬍
0.0001 for ChBF; P ⫽ 0.002 for Rm). The change in ChBVol
tended to be larger in group 3 than in group 2 (P ⫽ 0.054).
ANOVA pointed out a significant intergroup difference (P ⫽
0.00003) in flow parameter changes induced by squatting, and
further post hoc comparison with Tukey honest significant
difference test (Spjotvoll–Stoline) indicated that the ChBF increase was significantly larger in group 3 than in groups 1 and
2 (P ⬍ 0.001).
Figure 4 shows plots of the changes in ChBF as a function
of the PPm changes for the three groups (linear fits and 95%
confidence intervals). No correlation was found between these
two parameters in the groups of young and elderly healthy
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persons. No significant correlations between age and responses of the different parameters were found. Similarly, no
correlation between age and Rm changes were observed.

DISCUSSION

FIGURE 4. Percentage changes in ChBF as a function of PPm for the
three groups (linear fits and 95% confidence intervals). Similar PPm
increases for all groups were obtained; two-tailed independent Student’s t test, ⫾ 95% confidence interval). For the groups of (a) young
and (b) elderly healthy persons, no correlation was found between
these two parameters. (c) For the AMD group, linear correlation
provided significant values (R ⫽ 0.6; P ⫽ 0.016).

persons. For the AMD group, a linear correlation provided a
significant R of 0.6 and a P of 0.016.
Figure 5 shows the percentage changes of the LDF parameters and PPm relative to the baseline values according to age
at the end of squatting for the young and elderly healthy
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The purpose of this work was to examine the regulation of
choroidal blood flow in the subfoveal region in response to an
acute increase of systemic blood pressure in eyes with senile
changes of the choroidal vasculature or with subfoveal neovascularization. The results of our study indicate that acute elevation of the ocular perfusion pressure by 20% to 23% induced by
isometric exercise does not induce a significant change of
subfoveal choroidal blood flow in elderly subjects with early
macular changes. Thus, the regulation of subfoveal choroidal
blood flow during moderate increases in PPm induced by
isometric exercise seems to be preserved in elderly persons.
The finding that for such moderate increases in PPm the choroidal circulation regulates its blood flow normally is not surprising given that the perfusion pressure can be increased by as
much as 67% in healthy young volunteers before a breakdown
of the regulation is observed.14 However, even with an average
increase by 23% in PPm, ChBF in eyes of patients with subfoveal neovascularization (group 3) increased significantly during
squatting, as revealed by the significant correlation between
PPm and ChBF changes and the statistically significant increase
of ChBF in these eyes (Figs. 3 and 4).
The measured increase of ChBF in the subretinal neovascular tissue during isometric exercise results, most probably,
from an insufficient increase in vascular resistance either
within this immature neovascular bed or within the underlying
choroidal vasculature, or both. Therefore, overperfusion of
neovascular tissue should occur during increases in perfusion
pressure.
Vascular resistance depends mainly on the contractile state
of the smooth muscle of the arterioles irrigating the neovascular tissue and, presumably, of the pericytes of the capillary
network.20 Changes in vascular resistance during isometric
exercise can occur along the ciliary arteries, the choroidal
terminal arterioles, or the capillaries within the neovascular
tissue because, during isometric exercise, blood pressure in
the ophthalmic artery increases in parallel with that in the
brachial artery.19 In calculating the values of PPm at the end of
exercise, we used IOP values measured at baseline. Based on
previous data18 showing that a 30% increase in PPm induces an
increase in IOP of approximately 4 mm Hg, our calculation of
PPm overestimated the actual PPm. Taking into account that
the PPm in our experiments was increased by only 20%, we
calculated that the actual PPm at the end of the experiment
should have been lower than the actual PPm by less than 7%.
This slight difference was not expected to alter the conclusions
of this study, particularly the finding of a dysregulation of ChBF
within the neovascular tissue in group 3.
The adaptation of choroidal vascular resistance is achieved
through a mechanism involving either the sympathetic nervous
system21–23 or the release of vasoconstricting substances by
the vascular endothelium24,25; the former affects the contraction of the smooth muscle of choroidal arterioles, and the latter
affects either the smooth muscle of the arterioles or the contractile state of pericytes surrounding the capillaries.20
Aging causes loss of neurons and adrenergic nerve terminations in various human systems, including the choroidal circulation.26 Furthermore, this process induces morphologic
changes of the walls of choroidal arterioles, leading to stiffening1–3 or to alterations of the vascular endothelium of these
vessels. The decrease in sympathetic innervation and vascular
stiffening could have a detrimental effect on the regulatory
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FIGURE 5. Percentage changes at the
end of squatting, of the LDF (a-c)
parameters, and of PPm (d) relative
to the baseline values according to
age for all groups (linear fits and 95%
confidence intervals). No significant
correlations were found between age
and response to different parameters.

capability of the choroidal arterioles. In addition, morphologic
and functional changes in the vascular endothelium of choroidal vessels could alter the release of vasoactive substances and
could diminish the regulatory capability of these vessels.
The lack of significant correlations between age and the
change in each LDF parameter assessed at the end of squatting
does not exclude that such age-induced alterations take place
in the subjects of group 2. Either these morphologic and
functional changes were not severe enough to affect the choroidal blood flow regulation in eyes with mild related macular
changes or the increase of PPm was too small to bring in
evidence of an altered regulation. Although in our study squatting was maintained as long as physically possible, it was not
possible to reach PPm values in our patients as high as those
achieved in previous studies performed in young, trained subjects.14
Abnormal regulation was observed in the subfoveal area,
including the neovascular tissue, for increases of the PPm in
group 3 similar to those reached in group 2. Because the LDF
signal in the subfoveal and parafoveal areas is dominated by the
choroidal circulation16,27 with little contribution from the retinal capillary bed, our data suggest choroidal dysregulation in
the patients in group 3.
Choroidal dysregulation in AMD patients in group 3 could
suggest a failure of adaptation of the choroidal vascular resistance, in contrast to what occurred in the subjects of group 2.
However, subfoveal neovascularization was expected to scatter the laser light because it usually expresses an irregular,
multilayer, interconnecting pattern of capillaries associated
with larger irrigating arterioles, draining venules and fibroblastic tissue.28 This scatter may be the dominant component of
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the LDF signal, which would preclude conclusions about choroidal dysregulation.
Within the subfoveal abnormal neovascular bed, alteration
of the autonomic system innervating the arterioles irrigating
the choroidal neovascular network has not been demonstrated,
in contrast to the existence of immature features of the capillaries. The new vessels in the choroid, as do those in the
retina,29 express immature fenestrated endothelial cells, inadequate numbers of pericytes, diminished pericyte coverage of
the endothelial cells,30 and inadequate sites of contact between endothelial cell and pericyte membranes.31 Pericytes
express contracting smooth muscle ␣-actin. Based on the behavior of pericytes in culture, under the effect of contracting or
relaxing factors, pericytes can contract or relax to modify
capillary diameter.32–35 In addition, electron light microscopy
of freshly isolated rat retinas demonstrates capillary relaxation
in response to carbonic anhydrase blockers.36,37 These findings suggest that pericytes act as capillary diameter regulators
within the retinal microvasculature. Assuming that pericytes of
the subfoveal new vessels exhibited similar behavior within
the neovascular network, altered contraction capability of capillary pericytes could have affected the vascular resistance
response of newly formed capillaries of group 3 eyes to increases of the PPm, resulting in an overperfusion in the neovascular tissue during isometric exercise. Altered vascular resistance within the neovascular tissue in eyes with neovascular
AMD has already been revealed under normal conditions of
perfusion pressure when fundus pulsation amplitudes, measured from healthy retinal areas adjacent to CNV, are compared
with those obtained from areas associated with CNV.38
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In conclusion, assessment of subfoveal choroidal blood flow
regulation in healthy and diseased human eyes has provided,
for the first time, evidence that acute, moderate elevations of
systemic blood pressure induced by isometric exercises do not
affect regulation in elderly subjects. Indeed, in elderly subjects,
ChBF remained constant in response to increases in PPm by at
least 20%. In contrast, similar elevations of PPm induced blood
flow increases within the neovascular tissue in eyes with AMDrelated subfoveal neovascularization. This effect was caused,
most probably, by the inability of the new vessels to increase
their flow resistance during isometric exercise. Such blood
flow increase is expected to induce an overperfusion of neovascular tissue, which may lead to increased exudation and
bleeding, a potentially threatening condition for macular function.
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