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Retinal circulation during a spontaneous rise of
intraocular pressure

JUAN E GRUNWALD, CHARLES E RIVA AND DAVID M KOZART

From the Scheie Eye Institute, Department ofOphthalmology, School ofMedicine, University ofPennsylvania,
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SUMMARY The retinal haemodynamic changes occurring in an eye with a spontaneous elevation of
intraocular pressure were investigated by bidirectional laser Doppler velocimetry and mono-
chromatic fundus photography. At an intraocular pressure of 47 mmHg the blood velocity and
volumetric blood flow rate were significantly smaller and arterial blood velocity pulsatility was
significantly greater than normal. The corresponding 88% reduction in perfusion pressure was
accompanied by a 67% reduction in total retinal blood flow, indicating that autoregulation is not
efficient at this level of intraocular pressure. An Octopus visual field examination obtained
immediately following blood flow measurements suggested that the central retina can preserve a
fairly good function under a total retinal blood flow rate of about one-thirdpf the normal value.

The effect of an increased intraocular pressure (IOP)
on retinal blood flow has been studied previously.'-"'
While some investigators have shown that retinal
blood flow is maintained by autoregulation over a
wide range of elevated IOPs,2 I` others have found
that blood flow is decreased at IOPs above
27-30 mmHg.69

In contrast to previous animal and human studies
in which IOP has been artificially raised for short
periods of time by cannulation of the anterior
chamber or by application of a suction cup, this
report describes retinal blood flow measurements
obtained in an eye with a spontaneous and more
prolonged elevation of TOP. These measurements
were obtained by a combination of bidirectional laser
Doppler velocimetry (BLDV) and monochromatic
fundus photography.

Materials and methods

CASE REPORT
The patient studied was a healthy 25-year-old white
male with nothing relevant in his medical or family
history except for the occurrence of glaucoma in a
paternal grandfather. The patient received routine
ophthalmological care from age 6 to 20, and the
results of his examinations were always within
Correspondence to Dr Juan E Grunwald, Schcic Eye Institute
51 North 39th Street, Philadelphia, PA 19104, USA.

normal limits. The IOP recorded in his late teens was
20 mmHg in both eyes.
The patient's first significant visual complaints

occurred at age 25. On repeated occasions following
vigorous games of basketball he noted a fuzziness
in his temporal field of vision in both eyes. An
ophthalmic examination revealed a visual acuity of
6/5 in both eyes and IOPs of 23 mmHg in the right eye
and 26 mmHg in the left eye (Goldmann applanation
tonometry). On slit-lamp examination marked iris
transillumination was observed in both eyes. A faint
Krukenberg spindle was noted in the left eye. None
was noted in the right eye. Gonioscopy showed very
wide open angles, with minimal pigmentation in the
right eye and heavy pigmentation in the left eye.
Ophthalmoscopy revealed a cup to disc ratio of 0-4 in
the right eye and 0-3 in the left eye. An octopus visual
field (program 32) was within normal limits.
The patient was re-examined immediately after a

vigorously played game of basketball. Ten minutes
after the conclusion of the basketball game the IOP
was 21 mmHg in the right eye and 29 mmHg in the left
eye. No cells were noted in the anterior chamber of
the right eye. Pigmented cells (+2 to +3) were noted
in the left eye. Forty minutes after the conclusion of
the basketball game the IOP was 28 mmHg and 34
mmHg. In the interval between these two intraocular
pressure measurements the patient consumed ap-
proximately one quart (1.1 1) of water. At 120

754

copyright.
 on M

ay 16, 2023 by guest. P
rotected by

http://bjo.bm
j.com

/
B

r J O
phthalm

ol: first published as 10.1136/bjo.72.10.754 on 1 O
ctober 1988. D

ow
nloaded from

 

http://bjo.bmj.com/


Retinal circulation during a spontaneous rise ofintraocularpressure

minutes after the basketball game the pressure was
20 mmHg and 47 mmHg. At this pressure central
retinal artery pulsations were noted in the left eye,
and the patient described a greying vision in the left
temporal periphery.

After an explanation of the procedures, informed
consent was obtained and retinal blood flow
measurements by BLDV and monochromatic fundus
photography were performed. Immediately after
these measurements an Octopus visual field test
(program 32) of the left eye was done. This test
showed a mild depression of the superior periphery,
with a mean sensitivity of 26*2 (SD 4) DB, a mean
defect of 2*85 (SD 2-8) DB, and no localised visual
field defect. The IOP measured in the left eye at the
end of the visual field test was 50 mmHg. The brachial
artery blood pressure was 125/75 mmHg. The IOP
was returned to normal with acetazolamide 250 mg
and timolol 0-5%.
Treatment was instituted consisting of one drop of

pilocarpine 0.5% in each eye instilled one hour
before playing basketball. On this therapeutic
regimen the patient has experienced no further
episodes of blurred peripheral vision. Examination
after a game of basketball, with the use of pilo-
carpine, revealed no increase in intraocular pressure.

Retinal blood flow measurements were repeated
three months later. At this time the visual acuity was
6/5 and the IOP was 19 mmHg in both eyes. No
medication had been taken in the month preceding
this visit.

METHODS
After pupillary dilatation with tropicamide 1% and

neosynephrine hydrochloride 10%, a Polaroid colour
fundus photograph of each disc was taken. BLDV
measurements of the maximum or centreline velocity
of red blood cells (Vmax) were obtained from
major retinal vessels in both eyes, as previously
described." 12 For later reference the exact location of
the measurement sites was marked on a Polaroid
photograph.
Vmax was determined according to the relation

Vmax =KAf, where K is a constant related to the
scattering geometry and the wavelength of the laser
light, and Afflmax-f2max." 12 The cutoff frequencies
of the Doppler shift power spectra recorded simul-
taneously in two different directions of the scattered
light are fImax and f2max. In veins 10 pairs of power
spectra were used to calculate an average Af from
which Wmax was obtained." Each of these spectra
was recorded for 150 ms at random phases of the
heart cycle and during different heart cycles. In
arteries the pulsatility Of Vmax was defined as:

Vmaxsyst/Vmax~djiast = f I max.syst/f1 max~diast'

and was calculated for each artery by averaging the
ratio fimax.syst/fImax diast obtained from an average of
seven different cardiac cycles. f Imax.,ys and flmaxdiast
are the fimax recorded during systole and diastole,
respectively. Since the alignment of the fundus
camera does not change during a heart cycle,
Doppler power spectra recorded in only one direc-
tion of the scattered light are sufficient for the
calculation of pulsatility.
To determine the change in red blood cell velocity

during the heart cycle, the spectrum analyser was
activated for 0-05 s at various phases of the cardiac
cycle by means of an electronic gating module fed by
the signal from a finger plethysmograph.
The cutoff frequencies of the Doppler shift power

spectra were determined by visual inspection by an
examiner who was masked with regard to the clinical
condition of the subject studied and to the actual IOP
at which the determinations had been made. Follow-
ing BLDV measurements, fundus photographs were
taken in monochromatic light at 570 nm with a Zeiss
fundus camera and Kodak Plus X panchromatic film.
The diameter (D) of veins and arteries at the site of

the BLDV recordings was measured from projected
photographic negatives with a calliper. Determina-
tions of D were obtained from an average of the
diameters measured from three photographs.
Owing to technical problems with the camera we

obtained monochromatic photographs of only the
upper hemisphere of the left eye on the visit at which
the IOP was raised. Comparison of the diameters of
five major vessels (three veins and two arteries) of the
superior hemisphere between the two measurement
sessions showed an average difference of only 0-16%
(percentage changes of the diameter of the veins
were + 1*5%, -2-6%, and -0*5%, and in the arteries
were +1.8% and -1.0%). Therefore, in the calcula-
tion of blood flows for the vessels of the lower
hemisphere in which D could not be measured, we
used the values of D determined from photographs
obtained at normal IOP.
The retinal volumetric blood flow rate, Q was

calculated from the relation:
ruD2

Q=Vmein
4

where Vmean represents the mean velocity of whole
blood. We have assumed that Vmen=CCVmx,, with C
being a constant which is the same for all vessels
measured. In this study we adopted a value of
C= 1/1-6, based on the work of Damon and Duling. ''
The exact value of C was not so important, since we
were mainly interested in the changes in blood flow
during elevated IOP.
IOP was determined by Goldmann applanation

tonometry after the instillation of two drops of
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proparacaine HCl 0-5%. The brachial artery blood
pressure was measured by sphygmomanometry.
The ophthalmic artery blood pressure was

measured using compression ophthalmodynamo-
metry. The IOP obtained during the application of a
dynamometer force equivalent to the diastolic and
systolic ophthalmic artery blood pressures was deter-
mined by applanation tonometry and recorded as
OABPd and OABPs. The mean ophthalmic artery
blood pressure (OAPBm) was calculated according
to the formula OABPm==OABPd+1/3 (OABP,-
OABPd). Perfusion pressure (PP) was calculated as
the OABPm-IOP.
OABPm was measured only during the session in

which resting IOP was normal. We have assumed in
our calculations that OABPm was not different
during the other measurement session from the fact
that the mean brachial blood pressure did not change
between the two occasions.

Results

Determinations of retinal vessel diameter, red blood
cell velocity (Vmax) and volumetric blood flow rate
obtained at normal IOP (19 mmHg) and elevated
IOP (47 mmHg) in the left eye are shown in Table 1.
The exact locations of the measurements are de-
picted in figs 1A, B.
At elevated IOP, the venous volumetric blood flow

rate and venous Vmax were significantly decreased
(Table 1). The total venous volumetric blood flow
calculated by summing the flows in the individual
major veins decreased by 67% from 31-0 (SD 5.0)
,ul/min to 10-1 (SD 2.3) iil/min.

In the right eye the sum of the venous volumetric
flow rates measured in the three major retinal veins at
normal pressure was 25-6 (SD 4-9) Rl/min. As can be
seen in Fig. 1, measurements of volumetric flow rate
in the lower nasal vein were not performed. In this
vessel a flow of 7 RI/min was estimated from the
relationship between diameter and flow in normal
eyes (Riva et al. " Fig. 4). From the measurements of
the three major veins mentioned above and the
estimation of flow in the lower nasal vein, we

calculated a total venous volumetric blood flow rate
of 32-6 g1/min.
At increased IOP, the velocity pulsatility

measured from the lower temporal artery (10-2
(SD 2-6)) was significantly larger than normal (3-08
(SD 0-4)) Student's t test, p<0001.

In the two arteries measured in the right eye at
normal IOP (Fig. 1), vessel diameter (146 (SD 4) gm
and 145 (SD 3) ,um, respectively), and pulsatility
(2-94 (SD 0.29) and 2-92 (SD 0.33)) were within the
range of those measured in the left eye under similar
conditions.

Table 1 Retinal blood flow measurements in the left eye at normal
and elevated intraocular pressure (1OP)

Measurements Measurements Percentage
atnormallOP atelevatedlOP change
±SD ±SD

IOP (mmHg) 19 47 +147
BABP (mmHg) 124/76 120/78 -

OABP (mmHg) 66/44 - -

PP. (mmHg) 32 4 -88
Vein 1
Diameter (gm) 169±4 (169)*
Vmax (cm/s) 1-41±0-36 0-38±0-1 -73t
Q (Rl/min) 11-9±3-1 3-2±0-8t -73
Vein 2
Diameter (>m) 170±3 161±4 -5
Vmax (cm/S) 0-94±0-31 0-37±0-26 -61t
Q (gs/min) 8-0±2-6 2-8±1-9 -65
Vein 3
Diameter (>m) 132±1 129±3 -2
Vmax (cm/s) 1-47±0-56 0-49±0-12 -67t
Q (IlI/min) 7-5±2-9 2-4±0-7 -68
Vein 4
Diameter(,um) 109±3 (109)* -

Vmax (cM/S) 1-02±0-23 0-49±0-15 -52t
Q (Rl/min) 3-6±0-8 1-7±0-5t -53
Total venous Q 31-0±5-0 10-1+±23 -67

*These values could not be measured (see 'Methods'), and there-
fore, we used the results obtained during normal 1OP. tSignificant
change by non-paired Student's t test, p<0-001. 4This value was
calculated from the venous diameter measured at normal 1OP.
BABP indicates brachial artery blood pressure, systolic/diastolic;

OABP, ophthalmic artery blood pressure, systolic/diastolic; PPm
mean perfusion pressure; Vnax, centreline (maximum) velocity of
red blood cells; Q, volumetric blood flow rate.

The changes in the red blood cell velocity during
the heart cycle under normal and elevated IOP are
shown in Figs, 2A, B. At high IOP the diastolic Vmax
is close to zero, and the systolic peak is considerably
narrower than that present at normal IOP. Oph-
thalmic artery diastolic and systolic blood pressures
measured during the session in which IOP was
normal were 44 mmHg and 66 mmHg, respectively.

Discussion

Our results show that an 88% decrease in perfusion
pressure (IOP=47 mmHg) induces a reduction in
total volumetric blood flow rate of about 67%. Thus
the retinal vasculature behaves almost like a passive
system. Under such an acute decrease in perfusion
pressure a normal retina would show a reduction in
blood flow of only approximately 40%9 due to
autoregulation - that is, the tendency of the retinal
circulation to maintain a nearly constant blood
flow in spite of changes in perfusion pressure. This
suggests that under a more prolonged increase in
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Fig. 1A

Fig. 1 Monochromaticfundus photographs oftherighteye
(A) and the left eye (B) obtained at normal intraocular
pressure. Dots indicate measurement sites or veins (V) and
arteries (A).
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Fig. 2A

Fig. 2 Variations offn,,,cc V,,,ll during the cardiac cycle at
IOP=J9mmHg (A), and at lOP=47mmHg (B).f,,l,,, is the
cutofffrequency ofthe Doppler shiftpower spectrum
recorded in one ofthe two scattering directions obtained
during bidirectional laser Doppler velocimetry. Error bars
represent ±1 SD based on six measurements.
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IOP the autoregulatory response may become less
efficient.
As can be seen in Table 1, during elevated IOP the

percentage changes in Vm;,x and volumetric blood
flow rate were smaller in vein 4 (inferior nasal) than
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in the other veins. The differences between the
individual veins, however, were not statistically
significant, and therefore we cannot conclude that
the regulation may be more efficient in one area of
the-retina than in another.
The results of the present study are in accordance

with previous reports in which the acute effect of a
large increase in IOP was studied in the human'9 and
animal'35'0 retina. The total retinal venous volu-
metric blood flow measured at normal IOP in the left
eye (30-8 iil/min) is similar to that determined in the
right eye (32-6 jdI/min), and both are very close to the
values reported previously in normal human retina."
Our measurements also show that under elevated

IOP there is an increase in arterial velocity pulsatility.
Arterial velocity pulsatility, calculated as the ratio
Vmax, systNmax, diast, increases when the IOP is raised
to a level close to the ophthalmic artery diastolic
pressure, because Vmax approaches zero during
diastole. This effect can be seen in Fig. 2, which
shows that at an IOP of 47 mmHg blood velocity is
minimal during most of the heart cycle. Only during
systole is there an increase in blood velocity for a
relatively short period of time.
The case reported here has offered us a unique

opportunity of investigating the retinal haemo-
dynamic changes that occur in a human eye with
spontaneously elevated TOP. In contrast to previous
reports in which the IOP has been artificially elevated
either by cannulation of the anterior chamber or by
application of a suction cup, in the present study no
manipulation of the eye was performed. In addition,
the IOP in the present case remained elevated for two
to three hours, allowing us to investigate the effect of
a more prolonged increase in pressure than that
achieved in most of the previous investigations.

It is interesting to note that, in spite of the marked
reduction in retinal volumetric blood flow rate, visual
field examination by Octopus perimetry revealed
only a mild sensitivity depression within the central
300 field, which could be due in part to the bleaching
of visual pigments produced by the illumination of
the BLDV instrument. This suggests that, although
the retina has a high metabolic rate and a large
oxygen extraction from blood, the central retina is
still capable of preserving a fairly good visual field
function as measured by Octopus despite a marked
decrease in total retinal blood flow. The obscuration
of the temporal field reported by the patient, on the

other hand, shows that the peripheral visual function
is not normal at this reduced rate of total retinal
blood flow.
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