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Acute IOP elevation with scleral suction: effects
on retrobulbar haemodynamics
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Abstract
Aimslbackground-Mechanical and vas-
cular factors may both contribute to glau-
coma. This study investigated the relation
of mechanical to vascular factors by
examining how acute IOP elevation al-
tered flow velocities in the central retinal
and ophthalmic arteries.
Methods-IOP was elevated from a base-
line near 14 to approximately 45 mm Hg
using suction ophthalmodynamometry.
During recovery from scleral suction, IOP
fell to near 8 mm Hg. At each IOP, peak
systolic and end diastolic velocities (PSV
and EDV) were measured in the central
retinal and ophthalmic arteries using col-
our Doppler imaging (Siemens Quantum
2000). Eleven healthy people served as
subjects.
Results-Acute elevation in IOP had no
effect upon PSV, EDV, or the derived
resistance index in the ophthalmic artery:
flow velocities in this vessel were identical
at IOP of 8 mm Hg or 45 mm Hg. In con-
trast, in the central retinal artery, PSV
and EDV fell, and the resistance index
rose, in steady progression as IOP was
acutely elevated (each p<0.01). At IOP of
45 mm Hg, EDV was virtually absent and
the resistance index was very nearly 1.0.
Conclusion-Ophthalmic arterial haemo-
dynamics are unrelated to acute fluctua-
tions of the IOP over a wide range,
suggesting that ocular hypertension itself
cannot induce vascular dysfunction in this
artery. In contrast, flow velocities in the
central retinal artery were highly IOP
dependent, implying that haemodynamic
and mechanical factors are closely linked
in this vascular bed.
(BrJ Ophthalmol 1996;80:1055-1059)

The aetiology of the glaucomas remains
obscure. Currently two hypotheses are most
credible: a mechanical theory, which proposes
that excessive pressure deformation of the
optic nerve head triggers cell death,2 and a
vascular theory, which argues that vascular
insufficiency (or vasospasm) leads to optic
nerve head erosion."4 Clearly, mechanical and
ischaemic factors may interact, since increased
intraocular pressure (IOP) could potentially
worsen ischaemic injury as well as inflict dam-
age by mechanical tissue distortion.' In this
study we investigated the interplay of mechani-
cal and vascular factors in the retrobulbar

circulation. In this region, if mechanical
compression can alter vessel haemodynamics,
perfusion of critical watershed zones down-
stream may be compromised.5 The extant
literature, while largely circumstantial,6 finds,
in primary open angle glaucoma, an associ-
ation of elevated mechanical pressure with
abnormal flow velocities in several retrobulbar
arteries.7 It remains unclear, however, whether
vascular dysfunction is linked directly, indi-
rectly, or at all to elevated intraocular pressure7;
there is evidence in low tension glaucoma that
vascular abnormalities may exist in the face of
normal IOP.'4' To directly investigate the rela-
tion between flow velocities in two major retro-
bulbar vessels (the ophthalmic and central
retinal arteries) and the IOP, we used scleral
suction to vary IOP over a wide range in
healthy eyes. We could then determine if blood
velocities in these two vessels were dependent
on ocular tension.

Materials and methods
SUBJECTS
All subjects had normal eye examinations, and
no history of systemic or ocular hypertension.
Measurements were made on the left eye; 11
volunteers were involved in studies of the oph-
thalmic artery, and nine other volunteers were
included in investigations of the central retinal
artery. Procedures were reviewed and approved
by human subject protection committees at
Indiana University and the University of
Miami, and subjects signed informed consent
before participating. All experimental proce-
dures conformed to the tenets of the Declara-
tion of Helsinki.

INTRAOCULAR PRESSURE
With subjects reclining at 600, a drop of 0.5%
proxymetacaine (proparacaine) hydrochloride
(Alcon Laboratories, Fort Worth, TX, USA)
was instilled in the eye. IOP was then measured
with an electronic handheld tonometer
(Tonopen XL; Mentor Inc). IOP measure-
ments were made at each level of scleral
suction. Vacuum ophthalmodynamometry was
performed using a cup placed on the temporal
sclera (Taberna Pro Medicum, Luneburg,
Germany). After baseline recordings were
completed, suction was applied in stepwise
fashion to raise IOP to approximately 40-50
mm Hg in 3-4 increments. IOP measurements
were taken 2 minutes after each increase;
colour Doppler recordings were completed
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within 3-5 subsequent minutes. After
measurement of the highest level of elevated
IOP, the scleral vacuum was released. During
the ensuring recovery, IOP and vascular flow
velocities were recorded after 5 and 15
minutes. Baseline blood pressure was recorded
using sphygmomanometry. The two experi-
mental sequences, one devoted to ophthalmic
arterial measurements, the other to central
retinal arterial measurements, were identical in
all other aspects.

COLOUR DOPPLER IMAGING
A Siemens Quantum 2000 (Issaquah, WA,
USA) with a 7.5 MHZ linear phased trans-
ducer was used for colour Doppler imaging.
Sterile ophthalmic gel was applied to the
closed eyelid, and the probe gently positioned
with minimal pressure.9 To examine the
ophthalmic artery, the sample volume (time
segment along the transmitted beam chosen
for analysis) was oriented nasally and superi-
orly to the optic nerve head, just lateral to and
abutting the visible hyporeflective stripe repre-
senting the nerve. The sample volume marker
lay about 25 mm posterior to the globe. Strong
signals were routinely detectable at this site.9"0
To examine the central retinal artery, the
B-scan image of the optic nerve was used to
localise the area of the optic disc. The sample
volume was placed with its centre about 3 mm
behind the disc surface. The probe position
was adjusted until the examining beam was
parallel to and essentially overlapping the optic
nerve.9
For each vessel a peak systolic and an end

diastolic velocity (PSV and EDV) were re-
corded. A resistance index ((PSV - EDV)/
PSV) was calculated for each vessel at each
IOP condition."'

STATISTICAL ANALYSIS
For each vessel, colour Doppler measurements
of PSV, EDV, and resistance index (RI) were
compared at various IOPs by using analysis of
variance. Values measured at each IOP were
compared with baseline using t tests, the p
value required for significance adjusted using
Bonferroni's correction for multiple compari-
sons." Data were tested for normal distribu-
tion using the Kolmogorov-Smirnov test.

Results
The characteristics of the subjects used in the
two portions of the study are shown in Table 1.
None had elevated resting blood pressure or

Table 1 Subject characteristics (SD)

Ophthalmic artery studies:
No of patients 11
M/F 7/4
Age (years) 23 (5)
Resting heart rate (beats/min) 67 (5)
Resting blood pressure
(systolic/diastolic; mm Hg) 115 (5)/75 (4)

Central retinal artery study:
No of patients 9
M/F 5/4
Age (years) 25 (3)
Resting heart rate 68 (3)
Resting blood pressure
(systolic/diastolic; mm Hg) 117 (6)/72 (3)

Table 2 IOP during suction ophthalmodynamometry and
calculated ocular perfusion pressure (213 MAP-IOP)

IOP Calculated ocular
(mm Hg) perfusion pressure
(SD) (mm Hg) (SD)

Ophthalmic artery study:
Baseline 13.0 (0.6) 46 (3)
Stage 1 22.0 (1.2) 37 (4)
Stage 2 30.9 (1.0) 28 (3)
Stage 3 40.2 (0.7) 19 (4)
Stage 4 47.9 (1.3) 11 (5)
Recovery (5 minutes) 5.9 (0.5) 53 (5)
Recovery (15 minutes) 7.1 (0.7) 51 (5)

Central retinal artery study:
Baseline 13.6 (1.4) 46 (4)
Stage 1 24.2 (1.7) 35 (3)
Stage 2 31.3 (1.9) 28 (3)
Stage 3 42.0 (1.2) 17 (5)
Recovery (5 minutes) 8.6 (1.4) 51 (6)
Recovery (15 minutes) 9.3 (0.9) 50 (5)

intraocular pressure (Table 1). All of the data
conformed to normal distributions as deter-
mined using the Kolmogorov-Smirnov test.

Suction ophthalmodynamometry elevated
IOP progressively in stages up to averages
between 42 and 48 mm Hg (Table 2). These
stages were similar in the two arms of the study
(Table 2), although one less stage was used in
the central retinal artery experiments (Table
2). Ocular perfusion pressure (calculated as 2/3
(mean arterial pressure) - IOP) decreased as
IOP was elevated (Table 2). When suction was
released, IOP was briefly reduced below
baseline levels in both series (Table 2), with
some recovery apparent by 15 minutes (Table
2); calculated ocular perfusion pressure in-
creased in parallel.

In the central retinal artery blood velocity
characteristics were clearly dependent upon
the IOP (and ocular perfusion pressure); in
contrast, the ophthalmic artery was unaltered
in these characteristics over the entire IOP
range studied. For example, in the central reti-
nal artery, peak systolic velocity fell progres-
sively with IOP elevation; this velocity in the
ophthalmic artery was unrelated to IOP (Fig
1). Similarly, the end diastolic velocity in the
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Figure 1 Effect of acute manipulation of intraocular
pressure (IOP) via ophthalmodynamometry on peak
systolic velocity in the ophthalmic and central retinal
arteries. IOP increases left this velocity unchanged in the
ophthalmic artery, while lowering it in the central retinal
artery (asterisk indicates p<O. 05 v baseline).
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Elevation ofIOP reduced end diastolic velocity (r =-0. 64;
'0--f All/ 1IFigure 2 End diastolic velocity in the ophthalmic and

central retinal arteries during acute manipulation of the
intraocular pressure (IOP). IOP increases left this velocity
unchanged in the ophthalmic artery, while lowering the
value substantially in the central retinal artery (asterisks
indicate p<O. 05 v baseline).

central retinal artery was highly IOP depend-
ent, while the corresponding measurement in
the ophthalmic artery was, again, unrelated to
IOP (Fig 2). Finally, the resistance index
derived from peak systolic and end diastolic
velocities (RI = (PSV - EDV)/PSV) was linked
to IOP in the central retinal artery, with high
IOP elevating this index to near 1.0 (Fig 3). In
contrast, resistance index was unaffected by
IOP in the ophthalmic artery (Fig 3).

Individual end diastolic velocity and resist-
ance index values, measured in the central reti-
nal artery, and expressed as a function of
intraocular pressure, are shown in Figures 4
and 5. Each variable was significantly corre-
lated with IOP (p<0.0001). The correlation
coefficients were r=-0.64 for the relation of
end diastolic velocity to IOP, and r=0.68 for
the relation of end diastolic velocity to IOP.
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Figure 3 Resistance index ((PSV- EDV)/PSV) in two
retrobulbar vessels during acute IOP manipulation using
ophthalmodynamometry. IOP elevation left ophthalmic
artery resistance index unchanged, as central retinal artery
resistance index rose (asterisk indicates p<0. 05 v baseline).
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Discussion
In this study we found that blood velocity
characteristics and resistance index in the cen-
tral retinal artery were highly dependent upon
IOP; as IOP rose peak systolic velocity fell sub-
stantially, and end diastolic velocity fell to
nearly 0, causing the resistance index to rise to
nearly 1.0. In contrast, elevation of IOP to 48
mm Hg or reduction to 6 mm Hg did not
change these same blood velocity indices in the
ophthalmic artery.

It is well established that uveal venous pres-
sure is equivalent to the IOP (above a
minimum level near 12 mm Hg" 14); indeed,
choroidal perfusion pressure is determined by
the difference between ophthalmic arterial
pressure and the IOP." 4 Our data suggest that
IOP is also a major determinant of perfusion
pressure in the central retinal arterial water-
shed. Of course, Doppler signals provide only
circumstantial evidence for changes in per-
fusion pressure or blood flow. None the less,
the rise in resistance index in the central retinal
artery with IOP elevation implies that vascular
resistance is increasing downstream from the
measurement site (about 3 mm behind the
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Figure 5 Individual values for central retinal artery
resistance index ((PSV - EDV)IPSV), expressed as a
function of intraocular pressure. Resistance indices rose as
intraocular pressure was elevated (r = 0. 68, p<0. 0001).
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bulb). Whether this resistance increase arises
from arteriolar, capillary, or venous compres-
sion cannot be directly determined.

It should be emphasised that changes in cal-
culated perfusion pressure, or changes in
central retinal arterial blood velocity wave-
forms, are not actual blood flow changes.
Unfortunately, the current 'direct' blood flow
evidence on this issue is not conclusive. 15-19
While there are some reports from both
healthy humans (using laser Doppler velocime-
try), and non-human primate glaucoma mod-
els, that retinal and optic nerve head blood flow
and to some extent choroidal blood flow, is
autoregulated over a substantial range,'""
studies of glaucoma patients suggest a greatly
reduced autoregulatory capacity."819 Our re-
sults suggest, but leave unproved, the
possibility that the normal human autoregula-
tory capacity in the critical central retinal
artery watershed is severely limited.

In our study, ocular hypertension was
imposed upon healthy eyes for only a few min-
utes. Clearly, the presence of intercurrent
disease processes (for example, hypertension,
diabetes, cerebrovascular disease) and chronic-
ity characterise most situations of glaucoma-
tous optic nerve head damage. There is
evidence, for example, that acute and chronic
cerebrovascular responses to perfusion pres-
sure changes are somewhat different.20 On the
other hand, our simple model affords a clear
view of these processes in an uncomplicated
situation, and it seems likely that they describe
the acute response to ocular hypertension in
the absence of other pathological conditions. It
is interesting to note in this regard that
pressure reductions via trabeculectomy pro-
vide opposite effects in primary open angle
glaucoma patients: an elevation in end diastolic
velocity and reduced resistance index in the
central retinal artery.2'
Some recent studies suggest that primary

open angle glaucoma patients, and normal ten-
sion glaucoma patients, may also be character-
ised by abnormal ophthalmic arterial haemo-
dynamics. These abnormalities (defined by
comparison with values measured in control
subjects) include reduced end diastolic veloc-
ity, or increased resistance indices, in that ves-
sel.7 Of course, it remains unknown if these
suspected haemodynamic alterations are cause
or consequence of a more primary problem.
Specifically, it is unclear to what extent these
ophthalmic arterial blood velocity changes
result from elevated IOP. The finding of
increased resistance index in the ophthalmic
artery in normal tension glaucoma patients
suggests that ocular hypertension need not be a
prerequisite for retrobulbar vascular abnor-
malities. Our results further suggest that in
healthy eyes, ophthalmic artery flow velocities
and resistance indices are absolutely unrelated
to IOP over an extremely broad range. That
range included IOP increases above the range
usually experienced in chronic open angle
glaucoma, and reductions below those
achieved following surgical interventions for
elevated pressure. Our result may be under-
stood in light of the large watershed distal to

the ophthalmic artery at its point of
measurement in these experiments: elevated
IOP may increase vascular resistance in only a
small (though perhaps critical) fraction of that
downstream vasculature.

In conclusion, our results suggest that acute
intraocular pressure elevation has direct and
immediate consequences for central retinal
arterial, but not for ophthalmic arterial,
haemodynamics. The latter finding suggests
that ophthalmic arterial dysfunction in both
primary open angle glaucoma and normal ten-
sion glaucoma is not directly linked to IOP. In
contrast, the close relation between central
retinal arterial haemodynamics and IOP im-
plies that perfusion of the retina and optic
nerve head may be vitally linked to IOP, such
that the ability to withstand vascular insult is
dependent upon autoregulatory capacity and
vascular reserve.
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