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PURPOSE. To characterize the static blood flow autoregulation in the optic nerve head (ONH),
and to investigate its role in hemodynamic changes in experimental glaucoma (EG).

METHODS. Unilateral elevation of intraocular pressure (IOP) was induced in 15 adult rhesus
macaques by laser treatment to the trabecular meshwork. Prior to and after laser treatment,
retinal nerve fiber layer thickness (RNFLT) was assessed, biweekly, by spectral-domain optical
coherence tomography. Optic nerve head static autoregulation was assessed by determining
the percentage blood flow (BF) change after the IOP was acutely increased from 10 to 30, 40,
or 50 mm Hg manometrically, utilizing a laser speckle flowgraphy device.

RESULTS. Postlaser IOP (measured during average 7.7 6 2.6 months) was 20.2 6 5.9 mm Hg in
EG eyes and 12.3 6 2.6 mm Hg in control eyes (P < 0.0001). Retinal nerve fiber layer
thickness was reduced by 33 6 22% of the baseline values (P < 0.001) on average in EG eyes
and by 0.4 6 2.3% in control eyes (P > 0.05). The ONH BF remained at a constant level
within a range of ocular perfusion pressure (OPP), 41 mm Hg and above. The autoregulation
curves, created by all 723 tests in control and 352 tests in EG, were not significantly different
(P ¼ 0.71).

CONCLUSIONS. Optic nerve head BF in normal nonhuman primate (NHP) eyes is effectively
regulated within a range of OPP approximately 41 mm Hg and above. Chronic IOP elevation
causes no remarkable change to the static autoregulation within the ONH of EG eyes.

Keywords: autoregulation, intraocular pressure, ocular perfusion pressure, experimental
glaucoma

Open angle glaucoma is an ocular disease characterized by
progressive retinal ganglion cell death and axon loss,

ultimately leading to irreversible visual field loss. Though
elevated intraocular pressure (IOP) is still the only treatable risk
factor for glaucoma, accumulating evidence suggests that blood
flow (BF) in the optic nerve head (ONH) is compromised.1–12

This hemodynamic alteration, including the observation in our
recent studies in experimental glaucoma (EG),13,14 has been
proposed to play a role in the pathological processes of
glaucomatous optic neuropathy, either directly or indirectly by
increasing the susceptibility of the ONH to IOP.15–18 One
possible mechanism underlying this compromised BF in the
ONH is autoregulation dysfunction.16–23

Autoregulation is an intrinsic ability of vascular beds,
including ocular tissues, to maintain a constant level of BF in
the face of perfusion pressure fluctuation and varied metabolic
demand. The capacity of autoregulation may become less
potent, or may completely fail, in glaucoma leading to the
tissue’s being underperfused24 while greater diurnal IOP
variations25,26 and more pronounced reductions in nocturnal
blood pressure occur.27,28 Based upon the concept of
autoregulation, a line of studies has examined the autoregula-
tion capacity in glaucoma by determining the relative BF
change in retina,29,30 choroid,31,32 and retrobulbar arteries33–36

after either BP29,37 or IOP30,32 or blood carbon dioxide
concentration35,38 is artificially altered from an ambient level
to another level. Although these studies suggest that BF
autoregulation is altered in those tissues, to date, no clear

evidence of autoregulation dysfunction has been demonstrated
in the ONH,32,37 the primary site of glaucomatous damage to
the retinal ganglion cell axons.39–41 These incomplete results
hinder our understanding of the vascular role in glaucoma
pathophysiology and are due, at least partially, to the
methodological limits of how autoregulation is examined.

The common methodology used in the clinic to quantify
autoregulation capacity is measurement of BF differences
before and after the ocular perfusion pressure (OPP) is
artificially increased or decreased. The normalized BF change
thus represents the autoregulation capacity at a given OPP level
tested. A series of such BF changes in response to OPP changes,
over a wide range of OPP, constitutes a classic autoregulation
curve or pressure–flow (P-F) relationship (see Fig. 1).42 This
curve includes a plateau across the range of OPP where the BF
is fully compensated by autoregulation. When the OPP
fluctuations exceed the critical range defined by this plateau,
that is, beyond the lower and upper limits of the autoregulation
range (LLA and ULA, respectively), vasomotor adjustments are
incomplete and BF will gradually decrease or increase passively
as OPP changes. In this study, the P-F relationships within these
ranges of OPP are referred to as ‘‘lower slope’’ and ‘‘upper
slope’’ (Fig. 1).

When autoregulation capacity is assessed in glaucoma, BF is
often measured at a given level of OPP chosen depending on
the manner in which the OPP is challenged, for example, by
increasing the blood pressure or by altering IOP. It is assumed
that any BF abnormality at a measured OPP represents the
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autoregulation status in glaucoma. However, according to
studies in cerebral circulation, autoregulation may change
differently depending upon the disease. For example, the
autoregulatory curve may shift toward the higher OPP in
chronic hypertension24; in ischemic cerebrovascular diseases,
a loss of autoregulation could be simply attributed to an
alteration within the lower slope of OPP,43 while the normal
plateau can be absent in diabetes.44 Because the autoregulation
curve changes within glaucoma are still unknown, the BF
change measured at a given OPP may not represent the exact
autoregulation status. This is a likely source of discrepancy
between the studies in which autoregulation capacity is
examined at different OPPs. However, to construct a complete
autoregulation curve covering a full range of OPP is difficult, if
not impossible, in a clinical setting.

The nonhuman primate (NHP) EG model with chronic IOP
elevation has been used to study ONH BF.14,45 In our previous
studies using this model, ONH BF in the EG eye has been found
to be significantly lower than in the control eye when the BF
was measured at a reduced OPP by increasing the IOP to 40
mm Hg.14 In these eyes, the basal ONH BF (i.e., under
manometric IOP control at 10 mm Hg) changes in a biphasic
manner over the course of longitudinal follow-up through
stages of EG: ONH BF is slightly increased during the early
stage and then undergoes a continuous decline through later
stages of EG.13,14 This altered ONH BF observed under
manometric IOP control at both normal and raised IOP
suggests that ONH autoregulation is likely interrupted after a
period of chronic IOP elevation in EG and progresses
secondary to the continuous optic neuronal degeneration.

In the current study on this cohort of NHP EG, we tested an
assumption that chronic IOP elevation results in autoregulation
impairment, which is associated with the reduced ONH BF
demonstrated in our previous studies.13,14 This was achieved
by comparing the autoregulation curve between EG and
normal control eyes. The autoregulation curve was created
based on a series of relative ONH BF changes, each measured
in response to an acute OPP decrease induced by instanta-
neous IOP elevation monitored across stages of EG. In addition
to the comparison of the whole autoregulation curve between
the study eye groups, parameters that characterize the
autoregulation curve, including the lower slope, LLA, and
plateau (see Fig. 1), were compared for individual animals
(pairs of eyes) as well. Although the experimental model
precludes a scenario whereby vascular dysregulation could
serve as a primary insult in glaucomatous damage,46 the results

for the first time reveal a general pattern for an autoregulation
curve within the ONH after chronic IOP elevation. Since the BF
was measured after it reached a steady state post-OPP
challenge, these measurements represent so-called static
autoregulation, in contrast to ‘‘dynamic autoregulation’’ that
describes the rapid, continuous course of BF response during
an OPP challenge,47,48 which will be reported separately.

METHODS

Animals and Anesthesia

Fifteen adult rhesus monkeys (Macaca mulatta) were included
in the study, 14 females and 1 male. Their average age at the
beginning of the study (6SD) was 9.0 6 2.6 years (range, 5–14
years), and average weight was 6.4 6 1.7 kg. In all cases,
anesthesia was induced with intramuscular ketamine (15 mg/
kg; Henry Schein Animal Health, Dublin, OH) and xylazine (1.5
mg/kg; Akorn, Inc., Decatur, IL), along with a single
subcutaneous injection of atropine sulfate (0.05 mg/kg; Butler
Schein Animal Health, Dublin, OH). Animals were then
intubated and breathed air plus 10% oxygen spontaneously.
Heart rate, end tidal CO2, and arterial oxygenation saturation
were monitored continuously. Body temperature was main-
tained with a heating pad at 378C. Pupils were fully dilated
with 1.0% tropicamide (Alcon Laboratories, Inc., Fort Worth,
TX). One of the superficial branches of a tibial artery was
cannulated with a 27-gauge needle, which was connected to a
pressure transducer (BLPR2; World Precision Instruments,
Sarasota, FL) and a four-channel amplifier system (Lab-Trax-4/
24T; World Precision Instruments) for continuous arterial
blood pressure (BP) recording. Anesthesia was maintained by
continuous administration of pentobarbital (8–12 mg/kg/h,
intravenous) using an infusion pump (Aladdin; World Science
Instruments, Inc., Sarasota, FL) for all procedures except
during trabecular meshwork laser sessions. All procedures
were performed with the animals under general anesthesia,
adhering to the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research, and were approved and
monitored by the Institutional Animal Care and Use Committee
at Legacy Research Institute.

Retinal Nerve Fiber Layer Thickness Measurement

The progression of structural damage during the development
of EG was monitored by longitudinal measurements of
peripapillary retinal nerve fiber layer thickness (RNFLT) in

FIGURE 1. A schematic showing an autoregulation curve that describes the relationship between BF and perfusion pressure.
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both eyes of each animal using a spectral-domain optical
coherence tomography (SD-OCT) instrument (Spectralis; Hei-
delberg Engineering GmbH, Heidelberg, Germany). For each
measurement, a single circular B-scan (128 diameter) was
performed; 9 to 16 individual sweeps were averaged to
comprise a final B-scan at each session. The automated layer
segmentations generated by the instrument were manually
corrected when the algorithm had obviously erred during
delineation of the RNFL inner and outer borders. Spectral-
domain OCT data were exported for extraction of RNFLT
values by custom software.49

Induction of Chronic Unilateral Experimental IOP
Elevation

Laser treatment to one eye of each animal was performed
under ketamine and xylazine anesthesia. One hundred eighty
degrees of the trabecular meshwork (50-lm spot size, 1.0-
second duration, 600–750 mW power) was treated in each of
two separate sessions at least 2 weeks apart. After each
treatment, a sub-Tenon’s injection of 0.5 mL dexamethasone
(10 mg/mL; APP Pharmaceuticals LLC, Shaumberg, IL) was
given in the inferior fornix of the treated eye. Laser treatments
were repeated (but limited to a 458 or 908 sector) on
subsequent occasions as necessary to achieve sustained IOP
elevation.

IOP Measurement

Intraocular pressure was measured at each test session by
rebound tonometry (Tonopen XL; Reichert, Inc., Depew, NY)
in both eyes of each animal (a mean of three measurements per
eye) within 30 minutes of general anesthesia induction. After
the initial IOP measurements, IOP was set in both eyes
manometrically to 10 mm Hg. Two 27-gauge needles were
inserted into the anterior chamber of each eye. One needle was
connected to a manometer set at 10 mm Hg; the other was
connected to a pressure transducer to record actual eye
pressure as previously described.13

Blood Flow Measurement With Laser Speckle
Flowgraphy

The laser speckle flowgraphy (LSFG) technique (Softcare;
Iizuka, Japan) was used to measure BF in the NHP ONH and
has been described in detail within previous publica-
tions.14,50,51 In brief, a fundus camera equipped within the
LSFG device was focused on an area centered on the ONH. The
area is approximately 3.8 3 3 mm (width 3 height). After the
laser is switched on (k¼ 830 nm, maximum output power, 1.2
mW), a speckle pattern is generated due to random interfer-
ence of the scattered light from the illuminated tissue area. The
speckle pattern is continuously imaged by a charge-coupled
device (700 3 480 pixels) at a frequency of 30 frames per
second for 4 seconds at a time.

Offline analysis software (LSFG Analysis; Softcare) com-
puted mean blur rate (MBR) of the speckle images. Mean blur
rate is a squared ratio of mean intensity to the standard
deviation of light intensity of the image, which varies
temporally and spatially according to the velocity of blood
cell movement and correlates well with capillary BF within
the ONH validated by the microsphere14 and the hydrogen
clearance methods.52 Thus, the MBR has been used as a BF
index. A composite MBR map representing BF distribution
within the ONH disc was generated from the images of each
4-second series. After eliminating the area corresponding to
large blood vessels within the images, capillary BF within the

remaining ONH disc area was averaged and reported in
arbitrary units (AU) of MBR.

Quantification of Static Blood Flow Autoregulation

For each measurement of static BF autoregulation, the IOP in
the test eye was manometrically set at 10 mm Hg and left to
equilibrate for at least 5 minutes. With all vital signs (oxygen
saturation, heart rate, and end tidal CO2) stabilized, baseline BF
(MBR) was measured with the LSFG for 4 seconds. The saline
reservoir was then switched to a height calibrated to be
equivalent to 30, 40, or 50 mm Hg and kept at the higher level
for at least 3 minutes. After the BF was measured again for
another 4 seconds, the reservoir was returned to the previous
level (10 mm Hg). The percentage BF change measured at each
acutely elevated IOP level relative to that measured at an IOP of
10 mm Hg was calculated. During each test session, the above
measurement protocol was repeated for all three levels of
acute IOP elevation. A series of the relative ONH BF changes
measured at different OPP levels during multiple test sessions
was used to create autoregulation curves for both EG and
control eyes.

The OPP was estimated by subtracting the IOP from the
recorded mean arterial BP (diastolic pressure þ one-third of
pulse pressure) and an additional 5 mm Hg to account for the
height difference between the eye and the artery where BP
was recorded.

Experimental Design

For each animal, three to five prelaser baseline sessions were
included to establish baseline values of IOP, RNFLT, and ONH
autoregulation in each eye. Then chronic IOP elevation was
initiated by laser treatment in one eye of each animal.
Thereafter, the same measurements were repeated once every
2 weeks for the duration of the postlaser follow-up. Most
animals (9 of 15) were followed until a relatively advanced
stage, when RNFLT in the EG eye was reduced by more than
35% of its prelaser baseline value. Six of the 15 animals were
followed only during an earlier stage of EG, then killed in order
to evaluate histological and molecular changes in early EG eyes.
In these animals, the average RNFLT was reduced by less than
10%, on average. At the end of each experiment, the animals
were killed humanely under deep anesthesia for histopatho-
logical studies.

Data Analysis and Statistics

The relative ONH BF changes obtained at different OPPs were
fitted with segmental linear regression to determine three
parameters: the lower slope, LLA, and plateau (Prism 6.03;
GraphPad Software, Inc., La Jolla, CA). The difference between
autoregulation curves of the EG eye and control eye was
evaluated with a mixed model of covariance analysis (ANCO-
VA) using the Satterthwaite method for control of random
effect (Statistica 12; StatSoft, Inc., Tulsa, OK). All IOP, RNFLT,
and BF were reported as an average 6 standard deviation (SD)
unless otherwise specified. Mean difference of the measure-
ments was evaluated by Student’s t-test after the data were
confirmed to have normal distribution.

RESULTS

Intraocular Pressure and RNFLT

Within the baseline testing sessions, there was no difference
between the two eyes for mean IOP (14.1 6 2.1 vs. 13.8 6
2.3, P ¼ 0.28). Postlaser IOP in the EG eyes was significantly
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increased compared with that in the control eyes (20.2 6 5.9
vs. 12.3 6 2.6 mm Hg, respectively (P < 0.0001). Peak IOP
was 42.2 6 10.2 mm Hg for EG eyes and 18.9 6 2.8 mm Hg for
control eyes. The average duration of postlaser treatment was
7.7 6 2.6 months (ranging from 3.6 to 12.5 months). The
average values for RNFLT in the control eyes at the end of
longitudinal follow-up were�0.4% 6 2.3% relative to baseline
(ranging from �6.2% to þ4.3%). The average RNFLT in the EG
eyes at the end of the experiment was �33 6 22% relative to
baseline values (P < 0.001). In the six animals followed only to
an earlier stage of EG, the average RNFL loss was 9 6 8% below
baseline (ranging from 3.5% above to 17.1% below baseline) in
the EG eyes. The nine advanced EG eyes had RNFLT loss of 46
6 11%, ranging from 36% to 62%).

ONH BF Autoregulation in Control Eyes

To describe the P-F relationship within the range of ambient
OPP, or ONH autoregulation curve, all the tests (n¼ 723) from
eyes without laser treatment (contralateral control, n ¼ 15
eyes) and the designated EG eyes before any laser treatment
(‘‘prelaser,’’ n ¼ 15) were included for the analysis. This
analysis aims to determine the range of OPP within which the

ONH BF remains relatively stable. As shown in Figure 2, the
ONH BF (AU) was measured at OPPs from 48 to 115 mm Hg.
Since the IOPs during the BF measurements were all set at 10
mm Hg, the varied OPP resulted from the difference of BP
between animals and between longitudinal tests. Analysis of a
linear regression showed that the ONH BF within the range of
OPP did not correlate (R2 ¼ 0.003).

Figure 3 shows the percentage ONH BF change from each
of the test dates in Figure 2 after the IOP was acutely increased
from 10 to 30, 40, or 50 mm Hg. This analysis aims to establish
an additional portion of the autoregulation curve, specifically
to determine the LLA (OPP from where BF starts to decline)
and to characterize the lower slope. As shown, a segmental
linear regression generated two distinguishable regression
lines. The LLA was defined as the intersection of the two
regression lines, which was approximately 40.7 mm Hg OPP
(95% confidence limit (CL): 38.81–42.52). The ONH BF
changed little (plateau) if the resultant OPP was above the
LLA, but the BF started to decline (lower slope) once the OPP
was below the LLA. The intercept of the lower slope was
�39%.

In Figure 4, the same BF data in Figure 3 are plotted against
percentage OPP change; that is, the relative decrease of OPP
(%) resulted from the acute IOP increase from 10 to 30, 40, and
50 mm Hg. Segmental linear regression analysis showed that
the BF started to decline when the OPP decreased more than
43%.

ONH BF Autoregulation in EG Eyes

Comparison of Autoregulation Curves Between EG
and Control Eyes. In this analysis, the ONH BF changes (%) in
response to the acute OPP decrease in all postlaser tests (n ¼
352) in EG eyes were pooled together to construct an
autoregulation curve. This curve was then compared with
that derived from control eyes (n¼ 723 tests) in Figure 3. The
reason for pooling all the tests together was to enhance the
statistical power. However, since RNFLT loss progressed more
slowly in some animals, the results may be biased toward those
animals with a greater number of tests. This random effect was
controlled by the Satterthwaite method while a mixed model
of ANCOVA was used to test the difference between EG and
control eyes. The result showed no difference between the
two groups of eyes (P ¼ 0.71), although the lower slope and
the plateau showed a tendency toward a slightly greater BF

FIGURE 2. Optic nerve head BF (AU) measured at different OPPs when
the IOP was controlled manometrically at 10 mm Hg in all eyes without
laser treatment and all eyes before laser treatment. Note that the lowest
OPP was 48 mm Hg, which is higher than the LLA shown in Figure 3. A
linear regression was fitted for all the data (Y¼ 0.01 3 Xþ 10.94, R2¼
0.003; red dotted lines: standard error).

FIGURE 3. The relative ONH BF change (%) after the OPP was reduced
by increasing the IOP in the normal control eyes (n ¼ 723 tests). The
solid red lines are two regression lines fitted by segmental linear
regression, representing the lower slope and the plateau. The red

dotted lines are standard errors. The LLA (40.7 mm Hg) is marked with
a vertical blue dotted line.

FIGURE 4. Blood flow change (%) is plotted against the percentage
OPP decrease induced by manometrical IOP increase within each test.
The data were fitted with a segmental linear regression. The
intersection of the two regression lines (�43%) indicates the
percentage of OPP change from which the BF started to decline. Red

dotted lines: standard error.
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decrease in EG eyes. A further comparison specifically for the
lower slope, LLA, and the plateau showed no remarkable
difference between the two groups of eyes as well (P¼ 0.50, P

¼ 0.72, and P ¼ 0.85, respectively; see Fig. 5).
Since the BF changes in EG eyes were collected throughout

the experiment after laser treatment, pooling all the data,
including the early stage, could potentially mask a possible
ONH autoregulation change. Therefore, the above analysis was
repeated in two subdivided groups, (1) earlier-stage EG (n¼ 15
eyes), in which RNFLT loss was less than 20%, and (2)
advanced EG eyes (n¼ 9 eyes), in which RNFLT loss was more
than 20%. Thereby, the autoregulation curve representing each
subgroup was compared with the control eyes for the whole
curve, the slope, and the plateau. The results showed that
none of the parameters or LLA in the EG eye was significantly
different compared with normal control eyes (Fig. 6, Table).

Comparison of the Autoregulation Curve Between
Individual EG Eye and Pooled Controls or the Contra-
lateral Control Eye. In the previous analyses, the BF
measurements in the EG and control eyes were pooled
together to generate the autoregulation curves. Although the
approach enhanced the overall statistical power, it might have

overlooked the individual eyes with possible autoregulation
changes. Therefore, in this analysis the autoregulation curve
from each EG eye was compared with either pooled controls
or the contralateral control eye. Three animals were excluded
due to too few data points on the lower slope (0–2) to perform
the analysis. The results demonstrate no significant difference
between each EG eye and pooled control eyes or their own
contralateral control eye (data not shown).

DISCUSSION

To test the prediction that chronic IOP elevation impairs ONH
static autoregulation capacity in this NHP glaucoma model, the
ONH BF autoregulation curve was created from BF responses
across a wide range of OPP and compared between EG eyes
and control eyes. The results showed that within the ONH of
the control eyes, BF was effectively regulated within the OPP
range from 41 to 115 mm Hg. Conversely, when the OPP was
below 41 mm Hg, the BF declined linearly with OPP. In the EG
eyes, the autoregulation curve and the corresponding param-
eters showed no significant difference from the control eyes,
regardless of whether the comparison was made between
pooled data or individual animals.

An important parameter measuring the autoregulation
efficacy is the critical OPP point (LLA), from where and below
the BF starts to decline. Previous studies investigating the ONH
autoregulation showed that LLA varied in a wide range, within
and between species, from 20 to 48 mm Hg53,54 in cats and 30
mm Hg in monkeys.55 In humans, the LLA was estimated to be
between 10 and 26,56 22,57 or 39 mm Hg58 based on the BP
and IOP provided in the papers. In these studies the critical
point at which BF started to decline was expressed by
percentage OPP change; this corresponding critical point
was 20%,59 40%,60 or 60%57,61 OPP decrease from an ambient
level.57,61 In the current study in NHP ONH, the BF started to
decline from OPP 41 mm Hg (Fig. 3), or 43% if the OPP change
was expressed by a percentage decrease (Fig. 4).

Besides the difference in species, BF measurement meth-
odology, speed of OPP change,57 and individual variation,57,59

the approach to determining the LLA may account for the
differences of the measured LLA. To define a LLA often requires
identifying an OPP level below which the BF decreases
significantly. In studies with a smaller sample size and larger
measurement variation, this BF level is often found at a much
lower OPP compared to that in a study with a larger sample
size and smaller measurement variation. In the current study,
the LLA was estimated by determining the intersection of two
regression lines generated by a segmental linear regression
model, which defines the LLA as an OPP where the BF just
begins to decline.

A previous study on this same cohort of NHP glaucomatous
animals62 showed that beyond approximately 10% of RNFLT
loss, the ONH BF in EG eyes progressively declined to more
than 20% below the baseline value, and the decrease was

FIGURE 5. Comparison of the ONH BF autoregulation curve between
control (black) and EG (red) eyes (n ¼ 15 eyes for each). The total
numbers of tests were 723 for control eyes and 352 for EG eyes.
Analysis with a mixed model of ANCOVA showed no difference
between EG and the control eyes (P¼ 0.71). The probabilities that the
lower slope, LLA, and plateau were the same between the two eyes are
marked correspondingly in the graph.

FIGURE 6. The ONH autoregulation curves in early EG eyes (blue; n¼
297 tests from 15 eyes), advanced EG eyes (red; n¼ 132 tests from 9
eyes), and all control eyes (black). The data from each group were
fitted with a segmental linear regression model.

TABLE. Probability That the Autoregulation Curve and Corresponding
Parameters in Early and Advanced EG Eyes Were the Same as in Control
Eyes

Whole

Curve*

Lower

Slope† LLA† Plateau†

Early EG P ¼ 0.48 P ¼ 0.22 P ¼ 0.53 P ¼ 0.74

Advanced EG P ¼ 0.85 P ¼ 0.95 P ¼ 0.40 P ¼ 0.89

* Mixed model of ANCOVA.
† Segmental linear regression model.
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correlated closely with the loss of RNFLT. It was proposed in
that study that this reduced BF was at least partially a result of
reduced metabolic demand after retinal ganglion axon loss
and/or possibly a result of autoregulation dysfunction. In the
current study, when the P-F relationship was described based
upon static BF autoregulation and compared between EG and
control eyes, it failed to show any significant difference in
static autoregulation. Thus, it seems that at least in these
chronic IOP-induced EG eyes, the static autoregulation is not a
predominant factor accounting for the reduced ONH BF
observed in the previous study.62

There are additional factors that should be considered
regarding this insignificant autoregulation difference. First, in
this NHP EG model, the ONH BF in the prelamina and lamina
region during the early stage was in fact increased.62 In a
subgroup of these experiments, the increased BF was also
observed during the later stages within the retrolaminar
region.14 These findings agree with earlier studies in the same
NHP EG model, which showed both increased and decreased
ONH BF45 and upregulated retinal BF in the early stages of
human glaucoma.63 On the one hand, this strongly suggests
autoregulation dysfunction occurring in glaucoma; on the
other hand, the up- and downregulated BF change may obscure
the observation of a potential autoregulation change in the
ONH. More importantly, the different sensitivities of autoreg-
ulation components should also be taken into account. As
mentioned previously, static and dynamic aspects are two
related but different components during the process of
autoregulation. Studies in the brain have shown that each
component may represent different mechanisms.64 Under
certain diseased conditions, such as acute ischemic stroke
and brain injuries, the impairment to these two components
has been demonstrated to be disassociated.65,66 One additional
factor that likely contributes to the insignificant change
observed here for static autoregulation is the wide variation
of ONH BF response to the acute IOP increase in both control
and EG eyes (see Fig. 3). This large variation has been observed
in the human ONH as well. In those studies, after the IOP was
acutely increased by a negative pressure suction cup on the
sclera, the ONH BF reduction varied between approximately
15%59 and >50%57 (estimates based on the data provided in
these previous reports). Thus, this variation is likely one of the
sources of variability in the detection of autoregulation changes
in both human glaucoma and this EG model.

Several limitations are associated with this study. As has
been detailed in previous reports, the LSFG, like most other
optically based techniques, has limited tissue penetration in
addition to the inherent calibration error between in vitro and
in vivo measurements.14,51,62 The BF measured by the LSFG
derives largely from the anterior portion of the optic nerve and
to a certain degree underestimates true BF. This is also part of
the reason for the higher intercept in normal eyes (�39% at
OPP¼0), although a nonzero BF intercept is possible at ‘‘zero’’
OPP because the systolic arterial pressure can be ~30 mm Hg
above mean arterial pressure67 used for the calculation of OPP.
It should also be noted that the present study was conducted in
anesthetized animals. Even though the anesthetics were
carefully selected to minimize the inhibitory effect upon
autoregulation during the tests, caution is warranted in
comparing the results with human subjects. In addition,
chronic IOP elevation and the course of EG in NHP eyes are
still relatively rapid compared to observations in human
glaucoma because peak IOP in the EG eyes was probably
higher than most treated human glaucoma and damage
developed in mere months. It is possible that the ONH
autoregulation system is still functionally intact despite loss of
neuronal tissue (i.e., RNFLT loss).

In summary, the current study demonstrated, first, that the
normal ONH in NHP has a strong autoregulation capability to
maintain a constant BF within the OPP range from 41 mm Hg
and above. Secondly, it showed that chronic IOP elevation
causes no remarkable autoregulation change in the ONH of EG
eyes when examined by the static component. Thirdly,
although the results may support our previous premise that
reduced ONH BF in the EG eye is largely a result of reduced
metabolic demand after neuronal tissue loss, continuing
investigation utilizing different approaches, specifically exam-
ining the dynamic autoregulation component within the ONH
of these same EG animals, is necessary. A parallel report on this
series of studies will describe the details of dynamic
autoregulation in the ONH of this EG model.
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