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PURPOSE. To determine the relationship among visual field,
neural structural, and blood flow measurements in glaucoma.

METHODS. Case-control study. Forty-seven eyes of 42 patients
with perimetric glaucoma were age-matched with 27 normal
eyes of 27 patients. All patients underwent Doppler Fourier-
domain optical coherence tomography to measure retinal
blood flow and standard glaucoma evaluation with visual field
testing and quantitative structural imaging. Linear regression
analysis was performed to analyze the relationship among
visual field, blood flow, and structure, after all variables were
converted to logarithmic decibel scale.

RESULTS. Retinal blood flow was reduced in glaucoma eyes
compared to normal eyes (P < 0.001). Visual field loss was
correlated with both reduced retinal blood flow and structural
loss of rim area and retinal nerve fiber layer (RNFL). There was
no correlation or paradoxical correlation between blood flow
and structure. Multivariate regression analysis revealed that
reduced blood flow and structural loss are independent
predictors of visual field loss. Each dB decrease in blood flow
was associated with at least 1.62 dB loss in mean deviation (P
� 0.001), whereas each dB decrease in rim area and RNFL was
associated with 1.15 dB and 2.56 dB loss in mean deviation,
respectively (P � 0.03).

CONCLUSIONS. There is a close link between reduced retinal
blood flow and visual field loss in glaucoma that is largely
independent of structural loss. Further studies are needed to
elucidate the causes of the vascular dysfunction and potential
avenues for therapeutic intervention. Blood flow measurement
may be useful as an independent assessment of glaucoma
severity. (Invest Ophthalmol Vis Sci. 2012;53:3020–3026)
DOI:10.1167/iovs.11-8552

Glaucoma is the second leading cause of blindness
worldwide1 and affects approximately 60 million people.2

In traditional models of glaucoma pathophysiology, elevation of

intraocular pressure (IOP) leads to structural loss of neural
tissue at the optic nerve head (ONH) with subsequent visual
field loss.3 More recently, a multifactorial etiology of glaucoma-
tous optic neuropathy has gained greater recognition as studies
reveal that IOP control alone cannot prevent progression in all
patients.4–7

A number of studies suggest that vascular factors play a
critical role in the pathophysiology of glaucoma, with the
premise that low ocular blood flow may lead to retinal ganglion
cell damage. Prospective trials have demonstrated blood flow
deficiencies in primary open angle glaucoma in the ophthal-
mic,8–10 retinal,8,11 choroidal,12 and retrobulbar circulations.13

These trials have instigated a renaissance of interest in
metabolic ophthalmic assessment in glaucoma. In 2009, the
World Glaucoma Association issued a consensus supporting
the investigation of neuroretinal structure and blood flow in
glaucoma.14

A central challenge in the study of ocular perfusion has
been accurate and reliable measurement of blood flow. Optical
coherence tomography (OCT) is commonly used in the
diagnosis and management of retinal diseases15–17 and
glaucoma.18–19 A novel application using Doppler OCT can
rapidly and accurately quantify retinal blood flow. This
modality detects a Doppler shift of reflected light, which
provides information about flow and movement.20–22 A
recently developed double circular scanning protocol allows
for precise quantification of retinal blood flow using Doppler
OCT.23 In 2007, Doppler OCT was first used to measure retinal
blood flow in vivo.24,25 Phantom flow measurements identified
the difference between measured flow and actual flow as less
than 10%.26 A pilot study using Doppler OCT identified a
significant correlation between reduced retinal blood flow and
visual field loss in glaucoma.27

While there is general consensus that ocular blood flow is
reduced in glaucoma, the precise relationship among visual
field loss, blood flow, and structural damage remains contro-
versial. The purpose of this study was to assess whether or not
reduced retinal blood flow in glaucoma, as measured by
Doppler OCT, is associated with neural structure loss or is
representative of an independent vascular dysfunction that
leads to visual field loss.

METHODS

Study Population

This study was performed at the Doheny Eye Institute at the University

of Southern California (Los Angeles, CA) and the Bascom Palmer Eye

Institute at the University of Miami (Miami, FL). The research protocols

were approved by the institutional review boards at both institutions

and carried out in accordance with the tenets of the Declaration of

Helsinki. Written informed consent was obtained from each subject

after explanation of the nature and possible consequences of the study.

From the 1Doheny Eye Institute, Keck School of Medicine,
University of Southern California, Los Angeles, California; the 2Casey
Eye Institute, Oregon Health & Science University, Portland, Oregon;
and the 3Bascom Palmer Eye Institute, Miami, Florida.

Supported by National Institutes of Health Grants R01
EY013516 and P30 EY03040 and by a grant from Research to
Prevent Blindness.

Submitted for publication September 7, 2011; revised Novem-
ber 30, 2011; accepted March 4, 2012.

Disclosure: J.C. Hwang, None; R. Konduru, None; X. Zhang,
None; O. Tan, Optovue, Inc. (F, P); B.A. Francis, None; R. Varma,
None; M. Sehi, None; D.S. Greenfield, None; S.R. Sadda,
Optovue, Inc. (F), Carl Zeiss Meditec (F), Optos PLC (F), Topcon
Medical Systems (I, P); D. Huang, Optovue, Inc. (F, I, P, R)

Corresponding author: David Huang, Casey Eye Institute,
Oregon Health & Science University, 3375 SW Terwilliger Boulevard,
Portland, OR 97239-4197; davidhuang@alum.mit.edu.

Investigative Ophthalmology & Visual Science, May 2012, Vol. 53, No. 6

3020 Copyright 2012 The Association for Research in Vision and Ophthalmology, Inc.



The normal and perimetric glaucoma subjects were part of the

Advanced Imaging for Glaucoma (AIG) study, and their inclusion

criteria for that study were reported in a previous publication28 and on

www.AIGStudy.net. Briefly, the normal participants had IOPs of less

than 21 mm Hg for both eyes, a normal Humphrey Swedish Interactive

Threshold Algorithm (SITA) 24-2 standard visual field with mean

deviation (MD), and pattern standard deviation (PSD) within 95% limits

of the normal reference. They also had a glaucoma hemifield test

within 97% limits, a central corneal thickness ‡500 lm, a normal-

appearing ONH, a normal nerve fiber layer, an open anterior chamber

angle as observed by gonioscopy, and no history of chronic ocular or

systemic corticosteroid use. The age distribution of the controls

matched that of the glaucoma cases. The perimetric glaucoma

participants had at least one eye that fulfilled the following criteria:

glaucomatous (abnormal) visual field loss with PSD or glaucoma

hemifield test outside normal limits (P < 0.05 and P < 1%,

respectively) in a consistent pattern on both qualifying visual fields.

They also had ONH changes such as diffuse or localized rim thinning,

disc (splinter) hemorrhage, vertical cup/disc ratio greater than the

fellow eye by

>0.2, or a notch in the rim detected on baseline dilated fundus

examination and confirmed by masked reading of stereo disc

photographs.

Optical Coherence Tomography

A spectrometer-based23,29 Fourier-domain OCT (FDOCT) system was

used for Doppler imaging (RTVue; Optovue Inc., Fremont, CA). This

system operated at a wavelength of 840 nm with an axial resolution of

5 lm and a transverse resolution of 20 lm in tissue. The power

incident on the eye was 750 lW, and the time interval between two

sequential axial scans was 36.7 ls. The maximum measurable Doppler

shift was 13.6 kHz at the phase wrapping limit of 6p radian phase shift

between sequential axial scans. This corresponds to a maximum

measurable axial velocity component in the eye of 4.2 mm/s.

Doppler Image Acquisition and Processing

After pupil dilation with 1% tropicamide and 2.5% phenylephrine eye

drops, each subject was seated in front of the OCT scanner and instructed

to look at the internal fixation target. The subject’s head was stabilized by

a chin rest. The fundus of the subject eye was visualized on a real-time

video display. Doppler imaging was performed with FDOCT, using a

double circular scan pattern around the optic disc (Fig. 1). The double

circular scan pattern contained circles of 2 diameters, 3.4 mm and 3.75

mm, and was centered on the optic disc. The frame rate was 6 frames per

second. Each scan contained 12 frames and was recorded over

consecutive 2-second intervals. Five or 6 repeated scans were performed

on one randomly selected eye for each subject. Retinal blood flow was

measured by graders at the Doheny Doppler OCT reading center, using

the semi-automated software DOCTORC (created by coauthor O. Tan at

the University of Southern California and the Oregon Health & Science

University), which was adapted from a previously described method.23

Blood vessels were identified based on Doppler and reflectance

OCT images. Vessel type, vein versus artery, was decided based on OCT

images and fundus photographs. The pixel ranges were 2.7 or 2.9 lm in

the horizontal dimension and 3.1 lm in the vertical dimension. Vessel

diameter (D) was measured by computing caliper on the cross-sectional

Doppler OCT images and was used to compute lumen area (pD2/4). The

venous cross-sectional areas for all branch vessels around the optic disc

were summed to obtain the total venous area for the eye. The Doppler

angle, between the vessel and OCT beam, was measured by the relative

position of each vessel in the two concentric OCT images.

The effect of eye motion on the calculation of Doppler angle was

small because of the short time interval between the inner and outer

circular scans (0.16 second). The error was further minimized by

averaging the Doppler angle estimates from 6 pairs of concentric

circular scans. Flow velocity was computed from the Doppler shift and

Doppler angle, with steps to account for the effect of background

retinal motion and transverse scan step size.23 The Doppler angle in

our study was small enough that the axial velocity component for the

great majority of veins was within the range of the OCT systems used.

When the peak axial Doppler shift was between p and 2p (or -p and

-2p) at the center of the vessel, a phase unwrapping algorithm was

applied automatically to allow valid flow measurements.30 The phase

unwrapping algorithm ensured that all appropriate multiples of 2p
were included in the calculated angle for flow measurements. Doppler

shifts of greater than 62p did not occur in any vein in this data set.

However, faster arterial velocities could cause multiple phase wrapping

(>2p or <-2p), and we did not measure arterial flow because of this

difficulty.

Veins were identified by the flow direction toward the optic disc.

The volumetric blood flow rate for each pixel was calculated by

multiplying the velocity by vessel area. Flow within a vein was

calculated by summing the flow in the pixels over lumen cross-section.

Flow measurements were averaged over each 2-second recording.

Measurements from all valid scans were averaged. Total retinal blood

flow was calculated by summing flow from all detectable veins. Retinal

FIGURE 1. Measurement of retinal blood flow. (A) Optical coherence tomography (OCT) using a double circular scanning protocol imaged retinal
blood vessels emanating from the optic nerve. (B) The incident angle h between the beam and the blood vessel was determined by the relative
position of the blood vessel in 2 cross-sectional OCT images. The Doppler shift of reflected light was detected by OCT. Arteries and veins were
distinguished by the direction of flow as determined by the signs (blue or red) of the Doppler shift and the angle h. Velocity was calculated using the
Doppler shift and angle h. (C) Volumetric blood flow rate was calculated by multiplying the velocity with the vessel cross-sectional pixel area. Flow
measurements were averaged over a 2-second recording. (D) Total retinal blood flow was calculated by summing flow from all detectable veins.
Image magnification ratio is 3.39:1.00 (vertical:horizontal).
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blood flow in arteries and veins should have an equal sum because

inflow must equal outflow in any steady state system that obeys the

law of conservation of mass. This has been confirmed by actual

measurements of retinal arterial and venous flows with a number of

techniques.31 Thus, measuring total venous flow alone is sufficient to

quantify the total retinal blood flow. Average venous velocities were

obtained by dividing the total retinal flow by the total venous areas.

Visual Field Testing

Visual fields were tested in normal and glaucoma subjects using the

Humphrey Field Analyzer II (Carl Zeiss Meditec, Inc., Dublin, CA) with

the 24-2 threshold test, size III white stimulus, and the SITA standard

24-2.

Structural Analysis

Standard quantitative imaging modalities were used to assess structural

parameters of the retinal nerve fiber layer (RNFL). Thickness was

determined by scanning laser polarimetry (SLP) with enhanced corneal

compensation (GDx-ECC; Carl Zeiss Meditec) and FDOCT using the

RTVue. Disc rim area was measured by confocal scanning laser

ophthalmoscopy (HRT3; Heidelberg Engineering, GmbH, Dossenheim,

Germany), and ganglion cell complex thickness (GCC) was measured

by FDOCT using the RTVue.

Statistical Analysis

Two-sided t-tests were used to compare the average values of

measurements. The authors used the generalized estimating equation

method to account for the correlation between both eyes from the

same participant. Because visual field values for mean deviation and

pattern standard deviation were reported in logarithmic dB scale,

values for blood flow, rim area, RNFL, and GCC thickness were

converted to logarithmic dB scale by 10 · log10 [value/(average value

of the normal group)] to improve the correlation linearity and

strengthen the correlation coefficient values. Linear regression was

then used to analyze the effect of blood flow and structural parameters

on the visual fields. All of the statistical analyses were performed with

SAS software (SAS 9.1.3; SAS Institute, Cary, NC).

RESULTS

A total of 47 consecutive eyes of 42 patients with glaucoma
were age-matched with 27 normal eyes of 27 patients. There
were no significant differences in age, systemic hypertension,
and diabetes mellitus between the two groups (Table 1). There
was also no significant difference between the control and
glaucoma groups for use of systemic antihypertensive medica-
tions, diastolic blood pressure, systolic blood pressure,
diastolic ocular perfusion pressure, and systolic ocular
perfusion pressure. However, the mean IOP was lower in
glaucoma eyes (P ¼ 0.03), which were all undergoing
treatment.

Traditional measures of function and structure were
consistent with expected findings for glaucoma eyes (Table
2). Glaucoma eyes demonstrated visual field loss with lower
MD values and higher PSD values compared to normal eyes (P
< 0.0001). Structural evaluation identified loss of disc rim area,
GCC thickness, and RNFL thickness in glaucoma eyes relative
to normal eyes (P < 0.0001).

TABLE 1. Baseline Characteristics of Normal and Glaucoma Subjects

Characteristic Normal Glaucoma P Value

Patients, n 27 42

Eyes, n 27 47

Age (years) 62.1 6 9.0 61.4 6 8.7 0.73

Diabetes mellitus, n (%) 1 (4) 3 (7) 0.99

Systemic hypertension, n (%) 10 (37) 15 (36) 0.84

Systemic antihypertensive medication, n (%) 4 (15) 11 (23) 0.56

Intraocular pressure (mm Hg) 14.3 6 2.1 13.5 6 2.4 0.13

Diastolic blood pressure (mm Hg) 82.5 6 8.6 80.3 6 8.0 0.32

Systolic blood pressure (mm Hg) 130.3 6 17.1 124.6 6 12.0 0.12

Diastolic ocular perfusion pressure (mm Hg) 68.6 6 8.9 66.8 6 7.5 0.41

Systolic ocular perfusion pressure (mm Hg) 116.4 6 17.6 111.1 6 11.1 0.27

TABLE 2. Results of Diagnostic Testing

Parameter Normal Glaucoma P Value

Visual field

Mean deviation (dB) 0.16 6 1.00 -4.39 6 4.14 <0.0001

Pattern standard deviation (dB) 1.61 6 0.39 6.54 6 4.45 <0.0001

Structural assessments

cSLO rim area (mm2) 1.52 6 0.34 1.01 6 0.29 <0.0001

SLP RNFL thickness (lm) 54.6 6 4.9 44.2 6 6.3 <0.0001

FDOCT RNFL thickness (lm) 104.6 6 7.4 82.9 6 8.6 <0.0001

GCC thickness (lm) 92.5 6 6.6 80.7 6 7.7 <0.0001

Total retinal blood flow (lL/min) 45.5 6 9.5 34.9 6 8.5 <0.001

Arterial area (mm2) 0.033 6 0.0077 0.028 6 0.0074 0.006

Venous area (mm2) 0.047 6 0.012 0.041 6 0.0086 0.01

Arterial velocity (mm/sec) 23.9 6 7.2 21.8 6 7.3 0.22

Venous velocity (mm/sec) 16.3 6 2.8 14.5 6 3.7 0.03

dB, decibel; cSLO, scanning laser ophthalmoscopy; SLP, scanning laser polarimetry; RNFL, retinal nerve
fiber layer; FDOCT, Fourier-domain optical coherence tomography; GCC, ganglion cell complex.
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Visual field loss was correlated with some measures of
structural change. MD was correlated with rim area and RNFL
thickness (P � 0.02) measured by FDOCT (Table 3), but was
not correlated with GCC or RNFL thickness determined by
scanning laser polarimetry (P ‡ 0.12). Univariate analysis
(Table 4) confirmed a direct relationship between the MD and
both disc rim area and RNFL thickness as measured by FDOCT.
Each dB decrease in rim area and RNFL was associated with a
1.11 dB and 3.29 dB decrease in mean deviation, respectively
(P � 0.03). Univariate analysis did not demonstrate any
significant correlation between visual field loss (MD and PSD)
and both diastolic and systolic perfusion pressures (data not
shown). Multivariate analysis confirmed a largely independent
relationship between structural loss and visual field loss, even
after accounting for reduced blood flow (Table 4).

Total retinal blood flow was significantly reduced in
glaucoma eyes with decreased vessel area and venous velocity
compared to normal eyes (P � 0.03, Table 2). Blood flow
reduction was correlated with visual field loss, but had no
correlation or paradoxical correlation with structural loss of
neural tissue (Table 3). Blood flow was negatively correlated to
RNFL thickness as determined by SLP (P ¼ 0.01) but had no
significant correlation with rim area, RNFL thickness as
determined by FDOCT, or GCC thickness (P ‡ 0.23). The
reasons underlying the paradoxical correlation between blood
flow and RNFL thickness determined by SLP are unclear.

Univariate analysis showed that blood flow was highly
correlated with visual field loss as measured by MD (Table 4).
Univariate analysis did not demonstrate any significant
correlation between total retinal blood flow and either
diastolic or systolic perfusion pressures. Multivariate analyses
confirmed a largely independent relationship between reduced
blood flow and visual field loss, even after accounting for
structural loss of rim area or RNFL thickness (Table 4). In these

multivariate analyses, blood flow was the dominant explana-
tory variable, accounting for more than twice the variance (R2)
in visual field MD as rim area or RNFL thickness (Table 4).
Further multivariate analysis, which incorporated variables of
diastolic perfusion pressure, systolic perfusion pressure, and
use of systemic antihypertensive medication, did not alter the
significant relationship between reduced blood flow and visual
field loss.

Mean IOP was significantly lower in glaucoma eyes, all of
which were undergoing treatment, compared with normal
eyes (P ¼ 0.03). IOP in glaucoma eyes was not significantly
correlated to measurements of visual field, structure, or blood
flow (Table 3).

DISCUSSION

The purpose of this study was to determine the relationship
among visual field loss, structural loss of neural tissue, and
blood flow reduction in glaucoma. The authors’ multivariate
regression analysis revealed that blood flow reduction and
structural loss were both significant and independent predic-
tors of visual field loss in glaucoma patients. In addition, there
was no correlation or paradoxical correlation between blood
flow and structural changes. These findings suggest that
structural evaluation alone can, at best, only provide a partial
understanding of disease severity. Retinal blood flow, as
measured by OCT, was more than twice as important as
structural variables in explaining the variation in visual field
MD. Therefore blood flow measurements may potentially be at
least as important as structural measurements in the diagnostic
and prognostic evaluation of glaucoma.

There are a number of possible causal relationships among
blood flow, IOP, ONH structure, and visual field loss (Fig. 2). In

TABLE 3. Age-adjusted Correlation Coefficient Matrix on Visual Field, Blood Flow, Structural Parameters, and Intraocular Pressure in Glaucoma
Patients

Parameter

Visual Field

MD (dB)

Visual Field

PSD (dB)

Blood Flow*

(dB)

cSLO Rim

Area* (dB)

SLP RNFL*

(dB)

FDOCT

RNFL* (dB)

FDOCT

GCC* (dB)

Visual field PSD (dB) -0.88 (<0.01)†

Blood flow* (dB) 0.48 (<0.01) -0.26 (0.09)

cSLO rim area* (dB) 0.34 (0.02) -0.31 (0.04) -0.02 (0.91)

SLP RNFL thickness* (dB) 0.24 (0.12) -0.28 (0.07) -0.37 (0.01) 0.67 (<0.01)

FDOCT RNFL thickness* (dB) 0.37 (0.01) -0.25 (0.10) 0.19 (0.23) 0.36 (0.02) 0.36 (0.02)

FDOCT GCC thickness* (dB) 0.20 (0.20) -0.19 (0.23) 0.03 (0.84) 0.31 (0.04) 0.35 (0.02) 0.68 (<0.01)

Mean intraocular pressure (mm Hg) -0.01 (0.93) -0.12 (0.44) -0.12 (0.45) 0.07 (0.66) 0.07 (0.67) 0.15 (0.35) 0.14 (0.37)

FDOCT, Fourier-domain optical coherence tomography; PSD, pattern standard deviation; MD, mean deviation; cSLO, confocal scanning laser
ophthalmoscopy; SLP, scanning laser polarimetry; RNFL, retinal nerve fiber layer; GCC, ganglion cell complex.

* Parameters converted to dB scale by 10 · log10 [value/(average value of the normal group)]. Pre-conversion physical units were lL/min for
blood flow, mm2 for cSLO rim area, and lm for SLP RNFL thickness, FDOCT RNFL thickness, and FDOCT GCC thickness.

† Pearson’s R (P value to test jRj ¼ 0).

TABLE 4. Linear Regression Models to Predict Mean Deviation Associated with Blood Flow, Rim Area, and Retinal Nerve Fiber Layer Thickness in
Glaucoma Patients

Model

Variable 1 Variable 2

Total R2Parameter (dB)* Slope (P value) R2 Parameter (dB)* Slope (P value) R2

1 Blood flow 1.91 (<0.001) 0.29

2 cSLO rim area 1.11 (0.03) 0.10

3 FDOCT RNFL thickness 3.29 (0.01) 0.13

4 Blood flow 1.93 (<0.001) 0.26 cSLO rim area 1.15 (0.006) 0.10 0.36

5 Blood flow 1.62 (0.001) 0.24 FDOCT RNFL thickness 2.56 (0.03) 0.09 0.33

FDOCT, Fourier-domain optical coherence tomography; RNFL, retinal nerve fiber layer; cSLO, confocal scanning laser ophthalmoscopy.
* Parameters converted to dB scale (see Table 3).
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clinically detectable glaucoma, the ONH has already undergone
significant structural change with the loss of nearly 50% of
retinal nerve fibers.32 It is possible that neural tissue loss drives
the reduction in blood flow through decreased metabolic
demand33 (Fig. 2A) or that neural structure loss is a
consequence of ischemic damage due to perfusion deficits
(Fig. 2B). Alternatively, visual field loss may arise from reduced
blood flow that is independent of structural loss (Fig. 2C). The
distinction is critical because the identification of a vascular
dysfunction independent of structural loss raises the possibility
of a new metric for glaucoma evaluation and the potential for a
novel therapeutic target. The authors’ analysis suggests that
structural thinning of the RNFL or disc rim is not a critical
intermediate link or confounding variable when evaluating the
relationship between reduced blood flow and visual field loss.
Therefore, reduced blood flow in glaucoma appears to be
neither a major consequence nor a strong driver of neural
tissue loss, and is largely independently associated with visual
field loss in glaucoma.

While this study identifies blood flow as a predictor of
visual loss, the precise pathophysiological link between blood
flow and glaucoma remains unclear. Ocular perfusion pressure
is the driving force for the blood circulation in the eye, and is
defined as the difference between mean arterial blood pressure
and venous pressure, which is approximately equal to IOP.
Several studies have demonstrated significant associations
between ocular perfusion pressure, blood flow, and visual
function.34–38 Some studies have demonstrated a positive
correlation between systemic blood pressure and glaucoma,39

while others identified a negative correlation40 or no correla-
tion.41 These conflicting results suggest that the link between
blood pressure and glaucoma is complex, and may depend on
many other factors such as medications and vascular autoreg-
ulation.

Intraocular pressure has been evaluated extensively and is
an important risk factor for glaucoma. However, IOP is an
imperfect correlate of visual field loss. In some patients,
disease progression can occur despite adequate IOP control,4–7

while in ocular hypertensive patients there may be no
structural or functional consequence despite sustained eleva-
tion of IOP.6 Therefore, it seems that the level of glaucomatous
damage depends on the susceptibility of an individual eye to a
certain level of IOP. Similarly, it is possible that the amount of
RNFL loss depends on the susceptibility of an individual eye to
a certain level of retinal blood flow. A number of population-
based studies identified a strong association between low
perfusion pressure and glaucoma.40–43 This study did not
demonstrate any significant correlation between visual field
loss or total retinal blood flow, and either diastolic or systolic
perfusion pressures. Further studies are warranted to elucidate
the precise relationship between the various vascular factors
and glaucoma. Direct measurement of retinal blood flow may
provide insight on how other vascular factors affect ocular
perfusion, which in turn could lead to glaucoma progression.

Vascular deficiencies in glaucoma may also be related to
unstable perfusion and dysfunctional autoregulation. Noctur-
nal circadian dips in blood pressure with presumed ischemic
damage have been implicated in disease progression.44–46

However, blood pressure is an imperfect surrogate of ocular
perfusion, since brachial and ocular blood pressures likely vary
in diseased vascular beds and significant differences can arise
with positional change. Further studies assessing hour-to-hour
variability in blood flow using Doppler OCT would allow a
stronger understanding of the influence of circadian variation
on ocular perfusion and glaucoma.

Autoregulation of ocular capillary beds causes shifts in
regional blood flow in accordance with tissue demand and
adds further complexity to assessing ocular perfusion. Auto-

regulation may mitigate shifts in blood pressure and IOP, and
recent studies suggest that autoregulation may be dysfunction-
al or absent in glaucoma patients.47 In healthy eyes, retinal and
ONH blood flow are autoregulated and maintained at a
relatively constant level, despite diurnal variations of IOP and
ocular perfusion pressure. Ocular blood flow in the eye is
autoregulated via local mechanisms, and includes metabolic
and mechanical autoregulation. Metabolic autoregulation is
influenced by local conditions, such as nutritional needs,
carbon dioxide or oxygen levels, and adenosine levels when
ATP is not being produced because of hypoxia.48 Mechanical
autoregulation is triggered by changes in systemic blood
pressure, IOP, ocular perfusion pressure, or shear stress. It
seems that some factors such as endothelin-1 and nitric oxide,
released by the vascular endothelium, are responsible for the
regulation of local perfusion in the retina and ONH.49 In
glaucoma, ocular flow dysregulation is common and is closely

FIGURE 2. Possible relationships among blood flow, intraocular
pressure, structure, and visual field loss in glaucoma. (A) Reduced
blood flow could be a consequence of neural tissue loss arising from
elevated intraocular pressure. (B) Reduced blood flow and elevated
intraocular pressure could both lead to neural structure loss. (C)
Reduced blood flow could be an independent cause of visual field loss.
IOP, intraocular pressure.
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associated with the systemic vascular dysregulation mediated
by endothelial dysfunction,50 and systemic factors such as
vasospasm or atherosclerosis may influence it.51 The severity
of glaucoma may affect retinal function, and thereby the
metabolic need and the level of retinal blood flow. The fact that
each dB reduction in blood flow was associated with nearly 2
dB reduction in visual field MD suggests that glaucoma may
affect the functioning of not only the ganglion cell layer and
nerve fiber layer, but other inner retinal layers as well.
Additional studies employing Doppler OCT may advance our
understanding of vascular dysregulation in glaucoma.

The principal finding of this study, that retinal blood flow is
a largely independent metric of visual function, raises new
questions. Retinal blood flow may not only act as a useful
complementary variable for the diagnosis and monitoring of
disease progression, but may also serve as a potential
therapeutic target. However, critical questions need to be
addressed before these possibilities are realized. First, we need
to gain a stronger understanding of ocular blood flow
physiology and its diagnostic potential. When do changes first
manifest in the glaucoma disease process? What is the
sensitivity and specificity of reduced ocular blood flow? Are
there racial differences in normative values? Is there a circadian
influence on ocular perfusion? What are the implications of
reduced retinal blood flow on retinal function in glaucomatous
eyes? Second, we need to understand the mechanisms by
which ocular blood flow is lowered or raised. Does lowering
IOP increase blood flow? Are systemic factors at play? Can
increasing blood pressure improve ocular perfusion? What are
the systemic risks? Third, we need to assess the functional
benefits of improving ocular perfusion. Could enhanced blood
flow improve visual field function? Or slow visual field loss? Or
reduce structural change?

There are a number of limitations to this study. First, the
study employed a non-interventional case-control design,
which can identify associations but cannot determine causa-
tion. Although the pattern of correlation is highly suggestive of
causation, further assessments using alternative study designs
will be needed to confirm a causal link between reduced blood
flow and glaucoma. Second, the case-control design is also
susceptible to confounding elements not accounted for in
control selection. The study’s glaucoma and normal groups
were age-matched and there were no significant differences
between the groups for history of hypertension and diabetes
mellitus. There was also no significant difference in use of
antihypertensive medications, diastolic ocular perfusion pres-
sure, and systolic ocular perfusion pressure. However, there
may be relevant confounding elements that remain unidenti-
fied and the potential confounding impact of both ocular and
systemic medications warrants further investigation. Third, this
study assessed total retinal blood flow, but not localized retinal
flow. RNFL loss is more localized in early to moderate
glaucoma, and there may be significant correlations between
localized RNFL loss and localized retinal flow. This study was
not able to evaluate the microcirculation of the neuroretinal
rim, because the double-circular Doppler OCT used in the
study was not designed for this purpose. Similarly, technolog-
ical limitations precluded precise, non-invasive measurements
of blood flow in the short posterior ciliary arteries. These may
be relevant to the glaucoma disease process because they
partly supply the ONH. Fourth, there is variability in repeat
measurements of retinal blood flow using Doppler OCT, and
previous studies reported the coefficient of variation to be
approximately 10–14%.27,52 Future studies confirming the
reliability of the authors’ findings would be instructive.

In summary, this study demonstrated that retinal blood flow
measurement may be useful as a novel variable in glaucoma
assessment. The authors’ analysis demonstrated that reduced

blood flow is associated with visual field loss and largely
independent of thinning of the disc rim or the RNFL.
Therefore, blood flow assessment provides information on
glaucoma disease severity that is not captured by structural
evaluation alone. Further investigations in ocular perfusion are
warranted, and may open the possibility of a paradigm shift in
the diagnosis and treatment of glaucoma.
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