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Purpose: To investigate prospectively the relationship between macular and peripapillary vessel density at
progressive retinal nerve fiber layer (RNFL) loss in patients with mild to moderate primary open-angle glaucom

Design: Prospective, observational study.

Participants: One hundred thirty-two eyes of 83 patients with glaucoma followed up for at least 2 yec
(average: 27.3+3.36 months).

Methods: Measurements of macular whole image vessel density (m-wiVD) and optic nerve head whc
image vessel density (onh-wiVD) were acquired at baseline using OCT angiography. RNFL, minimum rim wid
(MRW), and ganglion cell plus inner plexiform layer (GCIPL) thickness were obtained semiannually using spectr:
domain OCT. Random-effects models were used to investigate the relationship between baseline vessel densi
parameters and rates of RNFL loss after adjusting for the following confounding factors: baseline visual field me:
deviation, MRW, GCIPL thickness, central corneal thickness (CCT), and mean intraocular pressure during folloy
up and disc hemorrhage, with or without including baseline RNFL.

Main Outcome Measures: Effects of m-wiVD and onh-wiVD on rates of RNFL loss over time.

Results: Average baseline RNFL thickness was 79.5+14.8 um, which declined with a mean slope of —1.!
um/year (95% confidence interval, —1.28 to —0.85). In the univariate model, including only a predictive factor at
time and their interaction, each 1% lower m-wiVD and onh-wiVD was associated with a 0.11-um/year (P < 0.0C
and 0.06- um/year (P = 0.031) faster rate of RNFL decline, respectively. A similar relationship between low m-wi\
and onh-wiVD and faster rates of RNFL loss was found using different multivariate models. The associatic
between vessel density measurements and rate of RNFL loss was weak (> = 0.125 and r* = 0.033 for m-wi\
and onh-wiVD, respectively). Average CCT also was a predictor for faster RNFL decline in both the univaria
(0.11 pm/year; P < 0.001) and multivariate models.

Conclusions: Lower baseline macular and optic nerve head (ONH) vessel density are associated with a fast
rate of RNFL progression in mild to moderate glaucoma. Assessment of ONH and macular vessel density m:
add significant information to the evaluation of the risk of glaucoma progression and prediction of rates of disea
worsening. Ophthalmology 2018; m:1—9 © 2018 by the American Academy of Ophthalmology

Supplemental material available at www.aaojournal.org.
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Although elevated intraocular pressure (IOP) has been
identified as a major risk factor for primary open-angle
glaucoma (POAG) and current treatments focus on
reducing the IOP to limit disease progression, it is well
documented that some patients continue to worsen despite
TIOP lowering. ' Moreover, in a high percentage of ocular
hypertensive patients, glaucoma does not develop in the 5 to
10 years in which these patients are studied most
commonly.” * These observations suggest that glaucoma
progression is multifactorial in origin and not solely related
to the level of IOP. In this regard, it has been observed that

glaucoma.” ' Decreased ocular perfusion pressure has be
associated with an increase in POAG prevalence, inciden
and progression.g*11 OCT angiography (OCTA), a te
nique of noninvasively imaging the blood vessels of t
optic nerve head (ONH) and retina in vivo, offers t
potential for enhancing our understanding of the role
ocular blood flow and the retinal microvasculature.'””
Optic nerve head vessel density and the retinal nerve fit
layer (RNFL) thickness were found to have similar diz
nostic accuracy for differentiating between healthy a
glaucomatous eyes,'” and decreased vessel density in t
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macular vessel density change is detectable using OCTA
after a short follow-up of 13 months,'® most investigations
of OCTA vessel density to date have been cross-sectional.

Several structural parameters have been evaluated to
allow calculation of the rate of change over time, including
baseline RNFL thickness, rim area, and macular ganglion
cell complex thickness.'”~** The biomechanical properties
of the cornea also have been shown to be related to rates of
RNFL thickness chan§e in glaucomatous eyes.23 In a recent
study, Moore et al®’ used Doppler imaging to evaluate
retrobulbar blood flow and found that lower baseline
ophthalmic artery blood flow velocities were correlated
with structural and functional glaucoma progression.

Optic nerve head and RNFL changes often occur before
detectable visual field changes. Therefore, objective evalu-
ation of structural changes may provide a more sensitive
method for measuring glaucoma progression, particularly in
early disease.””*® To the best of our knowledge, no study
yet has evaluated the linkage of baseline ONH or macular
vessel density and rate of RNFL thinning. The purpose of
the current study was to explore baseline OCTA parameters
associated with structural progression in a cohort of glau-
comatous eyes. We hypothesized that macular and ONH
vessel density information can predict RNFL thinning in
glaucomatous eyes with mild to moderate glaucoma.

Methods

This was a longitudinal, observational cohort study including 132
eyes from 83 patients with POAG enrolled in the Diagnostic In-
novations in Glaucoma Study who underwent OCTA (AngioVue;
Optovue, Inc., Fremont, CA) and spectral-domain (SD) OCT ONH
imaging (Heidelberg Engineering, Inc., Heidelberg, Germany). All
the methods adhered to the tenets of the Declaration of Helsinki
and to the Health Insurance Portability and Accountability Act.
The institutional review boards at the University of California, San
Diego, approved the methods. All participants of the study gave
written informed consent.

Methodologic details of Diagnostic Innovations in Glaucoma
Study have been described previously.”’ In brief, all the patients
underwent an annually comprehensive  ophthalmologic
examination, including best-corrected visual acuity, slit-lamp bio-
microscopy, IOP measurement with Goldmann applanation
tonometry, gonioscopy, dilated fundus examination, stereoscopic
optic disc photography, ultrasound pachymetry, and central corneal
thickness (CCT) measurements in both eyes. Semiannual exami-
nation included IOP, SD OCT imaging, and standard automated
perimetry (SAP) testing.

Inclusion criteria were (1) older than 18 years of age, (2) open
angles on gonioscopy, and (3) best-corrected visual acuity of 20/40
or better. Only those patients with at least 2 years of follow-up and
a minimum of 3 SD OCT scanning sessions were included. Eyes
were classified as glaucomatous if they showed repeatable reliable
glaucomatous visual field damage defined as glaucoma hemifield
test results outside normal limits and pattern standard deviation
(PSD) outside 95% normal limits, glaucomatous optic neuropathy
or suspicious-appearing optic discs, ocular hypertension (IOP
>21 mmHg), or a combination thereof. >*>° Patients with severe
glaucoma (defined as a visual field mean deviation [MD] of less
than —12 dB) were excluded to ensure the ability to detect

Exclusion criteria were (1) history of trauma or intraocu
surgery (except for uncomplicated cataract surgery or glaucos
surgery), (2) coexisting retinal disease, (3) uveitis, and (4) nc
glaucomatous optic neuropathy. Participants with the diagnosis
Parkinson’s disease, Alzheimer’s disease, dementia, or a history
stroke also were excluded. Those with unreliable visual fields
poor-quality OCTA images or SD OCT scans also were exclud
from this report.

Systemic measurements included 2 blood pressure measu
ments obtained at the baseline visit using an Omron Automa
blood pressure instrument (model BP791IT; Omron Healthca
Inc., Lake Forest, IL). Mean ocular perfusion pressure was defin
as the difference between two thirds of mean arterial pressure a
IOP. All patients underwent stereoscopic optic disc photograp
repeated at least every 12 months during follow-up. The imag
were reviewed for presence of disc hemorrhage (DH) with a s
reoscopic viewer (Screen-VU stereoscope; PS Manufacturis
Portland, OR) by 2 or more experienced graders (H.H. and T.
masked to the patients’ identities and to other test results.

OCT Angiography

Optic nerve head and macular vessel density were evaluated
baseline using the AngioVue OCT system (software version 5.6.3.
This system has been described previously.”” In brief, it uses an 84
nm light source and has an A-scan rate of 70000 scans/s anc
bandwidth of 50 nm. Each volume contains 304 X304 A-scans wit
consecutive B-scans captured at each fixed position. The sp
spectrum amplitude-decorrelation angiography method was us
to capture the dynamic motion of the red blood cells and to provid
high-resolution 3-dimensional visualization of perfused reti
vasculature.'> Vessel density was calculated automatically as
proportion of measured area occupied by flowing blood vess
defined as pixels having decorrelation values acquired by the sp
spectrum amplitude-decorrelation angiography algorithm abo
the threshold level. Vessel density in the peripapillary RNFL w
assessed within a 4.5x4.5-mm field of view centered on the ON
Vessel density within the RNFL was measured from the inter
limiting membrane (ILM) to the RNFL posterior boundary usi
standard AngioVue software, and ONH whole en face image ves
density (onh-wiVD) and circumpapillary vessel density were c
tained over the entire 4.5x4.5-mm? scan.

Macular superficial vessel density measurements were cal
lated in a slab from the ILM to the posterior border of the ins
plexiform layer. Macular whole en face image vessel dens
(m-wiVD) measurements were calculated from the entire field
3x3-mm~ scans centered on the fovea. Image quality review w
completed on all scans according to the University of Californ
San Diego, Imaging Data Evaluation and Analysis Reading Cen
standard protocol. Trained graders (H.H., T.S., P..C.M., R.C.
reviewed scans and excluded poor-quality images, defined as i
ages with (1) a signal strength index of less than 48, (2) pc
clarity, (3) residual motion artifacts visible as irregular ves
pattern or disc boundary on the en face angiogram, (4) local we
signal, or (5) segmentation errors. The location of the disc mar
in the ONH scans was reviewed for accuracy and was adjus
manually if required.

Spectral-Domain OCT

The Spectralis SD OCT (Spectralis HRA+OCT, software versi
5.4.7.0; Heidelberg Engineering, Inc.) was used for peripapill:
RNFL thickness, ONH, and macular imaging. Spectralis OCT u:
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obtain images of ocular microstructures. The instrument has an
acquisition rate of 40000 A-scans per second. Spectralis OCT
incorporates a real-time eye-tracking system that couples a
confocal laser-scanning ophthalmoscope and SD OCT scanners to
adjust for eye movements and to ensure that the same location of
the retina is scanned over time. The peripapillary RNFL thickness
was measured using a high-resolution RNFL circle scan, which
consists of 1536 A-scan points from a 12° circle centered on the
optic disc. The qualified RNFL scan obtained within 3 months of
the OCTA image was considered to demonstrate baseline RNFL
thickness for that eye. All images were processed and reviewed by
the Imaging Data Evaluation and Analysis Reading Center. Images
with noncentered scans, inaccurate segmentation of the RNFL, or
quality scores of 15 dB or less were excluded from the analysis.
The 24 radial B-scans of

the Spectralis SD OCT ONH image were used to segment the 48
Bruch’s membrane opening (BMO) points as well as the ILM
automatically. The segmentations were verified manually in each
B-scan and were corrected as needed. The BMO—minimum rim
width (MRW) parameters were calculated as follows and were
similar to the method described elsewhere.”' Bruch’s membrane
opening points in each B-scan were identified and the shortest
distance from the BMO point to the ILM was -calculated,
resulting in 48 values per eye. The global BMO—MRW in the
baseline visit was used as an ONH structure surrogate (MRW) in
the present study.

— The
posterior pole algorithm of the Spectralis SD OCT was used to
obtain 30°x25° volume scans of the macula (61 B-scans spaced
approximately 120 pm apart) centered on the fovea. The central
24°%24° of the measurement cube is segmented by the software
and data are presented in an 8 x8 array of 3°x3° superpixels. Each
B-scan was repeated between 9 and 11 times to improve image
quality. Segmentation of individual retinal layers was performed
with the Glaucoma Module Premium Edition software (Heidelberg
Engineering, Inc., Heidelberg, Germany), and the data were
exported as extensible markup language files. Images were
reviewed for segmentation errors and image artifacts by one of the
investigators (S.M.). Any obvious segmentation errors were cor-
rected manually using the SD OCT device’s built-in software. A
low-quality B-scan image was defined as a quality factor of less
than 15, the presence of more than 10% missing data or inadequate
segmentation, or any artifacts such as mirror artifacts, and was
excluded from the study. The macular layer of interest in this study
was the sum of ganglion cell layer and inner plexiform layer
(GCILP). The average GCIPL thickness of the central 24°x24°
was considered to be the GCIPL thickness.

Statistical Analysis

Descriptive statistics were calculated as the mean and standard
deviation. The evaluation of the effect of ONH and macular OCTA
parameters on rates of change in RNFL thickness in each group
was performed using a linear mixed model with random intercepts
and random slopes.lg‘n‘33 In this model, the average evolution of
the outcome variable (RNFL measurements) was explored using a
linear function of time, and random intercepts and random slopes
introduced patient- and eye-specific deviations from this average
evolution. The model could account for the fact that different eyes
can have different rates of RNFL loss over time, while accom-
modating correlations between both eyes of the same individ-
ual.*>*? Because RNFL decline may depend on disease severity, an
unstructured covariance between random effects was assumed,

predictors were included in the model to explore whether there
a significant effect of the predictor on changes of the outcos
variable over time. Baseline blood pressure measurements, CC
SAP MD, SAP PSD, GCIPL thickness, MRW, OC
parameters, age, race, gender, and mean IOP during follow-
were used as predictors in this investigation. Univariate mod
were constructed containing only 1 predictor along with its int
action with time. Nonparametric tests were used to compared |
predicted RNFL slopes in the eyes with OCTA parameters grea
or less than median vessel density measurements. To evaluate
effect of vessel density predictors while adjusting for potentia
confounding factors, variables that had an effect on the rate
RNFL loss at < 0.10 in the univariate analysis (and th
interaction with time) were entered into the multivariate analy:
along with other predictors consistently reported as having a s
nificant association with glaucoma progression. To reduce coll
earity, only variables with a variance inflation factor of less thar
were included in the final model. Statistical analyses were p
formed using Stata software version 15.0 (StataCorp, Colle
Station, TX). Statistical significance for tests was set at < 0.(

Results

After excluding poor-quality OCTA images (27 eyes) and po
quality SD OCT images (10 eyes), 132 eyes of 83 patie
(mean age, 68.7+10.4 years; mean SAP MD, —2.4442.85 d
were included in the analysis. Table | summarizes the basel
characteristics of the study participants. Average baseline
wiVD and onh-wiVD were 50.0+3.7% and 52.443.7%, resp:
tively. Average baseline RNFL thickness was 79.5£14.7 [
which declined with a mean slope of —1.07 pum/year (95% cor
dence interval [CI], —1.28 to —0.85 pm/year) over a mean peri
of 27.34+3.36 months.

Table 2 shows the effect of each predictive factor on the rates
RNFL loss over time in univariate models. Baseline RN
thickness was associated with greater SAP MD (B = 2.2340.-

< 0.001), lower SAP PSD (B = —2.11+0.37; < 0.00
thicker CCT (B = 0.12340.028; < 0.001), and greater
wiVD (B = 0.90+0.39; < 0.001) and onh-wiVD (P
1.861+0.28; = 0.022). The association of m-wiVD and basel
RNFL thickness ( Z = 0.06) was weaker than onh-wiVD ( 2
0.24).

In univariate analysis, baseline m-wiVD and onh-wiVD ha
significant effect on rates of RNFL thinning over time (< 0.0
and = 0.031, respectively). Each 1% reduction in m-wiVD a
onh-wiVD was associated with a 0.11-m/year ( < 0.001) a
0.06-Um/year (= 0.031) faster rate of RNFL thickness declii
respectively (Table 2). Figure 1 shows the relationship betwe
predicted slopes of change in RNFL thickness and basel
OCTA parameters. Lower average m-wiVD and onh-wiVD w
associated with faster rate of RNFL loss ( > = 0.125 and
0.001, and 2 =0.033 and = 0.042, respectively).

Macular (GCIPL thickness) and ONH (MRW) structu
parameters also were correlated with the rate of RNFL loss. Eacl
pm less in GCIPL thickness was correlated with a 0.04-pm/y
(< 0.001) faster rate of RNFL loss and each 10 [im less in MR
was associated with 0.03-Wm/year ( = 0.036) faster rate of RN
loss (Table 2). Figure 2 depicts the association of the predic
slopes of change in RNFL thickness and structural parameters.

Average CCT also was associated significantly with rates
RNFL thickness change over time, with each 10-mmHg thin
CCT measurement associated with a 0.06-pLm/year faster rate
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Table 1. Demographics and Ocular Characteristics of the Study
Population

Age (yrs), mean + SD 68.7+10.4
Gender (female:male) 71:61

Race (black:nonblack) 26:106
Follow-up (mos), mean + SD 27.343.36
Median no. of visits (25th, 75th percentile) 4 (4,5)
Self-reported history of diabetes, no. (%) 4 (30.3)
Self-reported history of hypertension, no. (%) 27 (20.4)
Surgery during follow-up, no. (%)

Cataract extraction 7(5.3)

Filtering surgery 3(2.2)
Disc hemorrhage during follow-up, no. (%) 11 (8.0)
Blood pressure (mmHg), mean + SD

Diastolic 79.44-10.8

Systolic 130.8£18.6
MOPP (mmHg), mean + SD 54.848.2
IOP (mmHg), mean + SD

Baseline 14.3744.14

Average 14.43+3.53
CCT (pm) 542.0+45.6
Baseline SAP (dB), mean 4+ SD

MD —2.44+2.85

PSD 3.9443.19
Baseline RNFL thickness (m), mean £ SD 79.54+14.8
Baseline GCIPL thickness ([tm), mean & SD 52.6+5.4
Baseline MRW (tm), mean 4+ SD 233.2+63.3

RNFL slope (95% CI), wm/yr
Baseline vessel density (%), mean + SD

—1.07 (—1.28 to —0.85)

Macular whole en face 50.043.7
Optic nerve head whole en face 52.443.7
Circumpapillary 56.7+3.9

CCT = central corneal thickness; CI = con dence interval; GCIPL =
ganglion cell—inner plexiform layer; IOP = intraocular pressure; MD =
mean deviation; MOPP = mean ocular perfusion pressure; MRW = min-
imum rim width; PSD = pattern standard deviation; RNFL = retinal nerve

ber layer; SAP = standard automated perimetry; SD = standard deviation.

SAP PSD ( = 0.094) showed a borderline effect on rate of RNFL
decline (Table 2).

Tables 3 and 4 show the results of the multivariate models of
baseline OCTA parameters on rates of RNFL thickness change
over time, adjusting for the effect of age, presence of DH, SAP
MD, mean IOP during follow-up, CCT, and structural parame-
ters. Each 1% decrease in m-wiVD and onh-wiVD was associated
with a 0.09-pum/year ( = 0.014) and 0.07-pm/year ( = 0.026)
faster rate of RNFL loss, respectively. Similar results were found
when circumpapillary vessel density was included in the multi-
variate model instead of onh-wiVD (0.06 pm/year for each 1%
decrease in circumpapillary vessel density; = 0.018; Table S1,
available at www.aaojournal.org; Fig S1, available at
www.aaojournal.org). After including baseline RNFL thickness
in the multivariate model (model 2), the results did not change
(Tables 3 and 4; Table S1).

Central corneal thickness also was associated statistically
significantly with the rate of RNFL loss in the multivariate model,

parameters, and rate of RNFL loss in the final model. Higher me
IOP during follow-up was associated with a faster rate of RN
loss (borderline statistical significance) in the multivariate mo

(0.07 pm/year for each 1-mmHg increase; = 0.060 in model
Table 3).

Discussion

In this study, OCTA parameters were associated signi
cantly with the rate of RNFL decline in patients with m:
to moderate POAG followed up over time. Eyes wi
lower baseline m-wiVD and onh-wiVD tended to progre
significantly faster than those with higher values. Such
association was present even in a multivariate moc
adjusting for structural parameters and factors knov
potentially to affect rates of glaucoma progression. The
data demonstrate that vascular density parameters c
tained from OCTA are a risk factor for glaucoma p1
gression. These findings suggest that assessment of ON
and macular vessel density adds significant information
the evaluation of the risk of glaucoma progression a
prediction of rates of change in the disease.

Ischemia to the optic nerve and reduced ocular blo
flow have been shown to be associated with developme
and progression of glaucoma.” ®?* In the Baltimore E
Study, lower perfusion pressure was linked strongly to
increased prevalence of POAG, demonstrating a 6-fc
increase in risk for those in the lowest category
perfusion pressure.” The hemodynamic theory
glaucomatous  optic  neuropathy  has  prompt
researchers to investigate quantitative methods f{
assessing ocular hemodynamics in glaucoma. Moc
et al’* studied the association of retrobulbar blood flc
on functional progression using color Doppler imagi
reported that a lower ophthalmic artery end diasto
velocity correlated with visual field deterioration
primary patients with open-angle glaucoma over a
year period. Other investigators also used color Dopp
to show a decrease in short ciliary artery blood flow tl
perfuses the ONH in progressive glaucomatous eyes.8
With the advent of OCTA,&35 direct evaluation of t
superficial and the deep retinal vessels linked to retit
ganglion cells (RGCs), including those in the peripap
lary and macula region, now is possible.'”"'* Recent :
ports have found a good intrasession variability of vario
macular and ONH vessel density measures for healthy a
glaucomatous eyes.3 37 However, there is significe
controversy regarding whether vascular attenuation a
dropout are a consequence of RGC loss and reduc
blood supply demand, or if the vascular changes prece
RGC loss and have a causative role.

In the current study, each 1% lower m-wiVD and on
wiVD at baseline was associated with a 0.11-llm/year a
0.06-pum/year faster rate of RNFL decline, respective
Similarly, in a recent study, glaucomatous eyes w
corresponding choroidal microvascular dropout detect
by OCTA at the prior DH site exhibited a faster rate

MATTT a1 S ' ™TT 1. 1.t
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Table 2. Results of Univariate Analysis Evaluating the Effect of Each Predictive Factor on Retinal Nerve Fiber Layer Measurements
Baseline (B;) and Over Time (B;) in Glaucomatous Eyes

1£Standard Error* P Value £ Standard Error’ P Va
Age (per 10 yrs older) —0.70£1.43 0.623 —0.1840.09 0.0
Gender (female) 3.49+3.07 0.256 —0.13+0.22 0.5
Race (black vs. nonblack) 5.214£3.96 0.188 0.2240.24 0.3
Blood pressure (per 1 mmHg higher)
Diastolic —0.154+0.121 0.213 —0.004+-0.008 0.¢
Systolic 0.008+0.073 0.909 —0.005+0.006 0.
MOPP (per I mmHg higher) —0.140+0.174 0.421 —0.011+0.013 0.3
Surgery during follow-up (yes vs. no)
Cataract extraction 7.62+0.362 0.362 0.32+0.48 0.5
Trabeculectomy —2.52 +5.484 0.646 0.11+0.56 0.8
Disc hemorrhage during follow-up (yes vs. no) 8.885+4.33 0.041 —0.495+0.424 0.2
Baseline IOP (per 1 mmHg higher) 0.20+0.37 0.588 0.02+0.03 0.€
Mean IOP during follow-up (per 1 mmHg higher) 0.52+0.44 0.230 0.01+0.04 0.8
CCT (per 10 pum thinner) —1.23+0.28 <0.001 —0.06+0.02 0.(
Baseline SAP MD (per 1 dB lower) —2.234+0.45 <0.001 —0.0740.04 0.C
Baseline SAP PSD (per 1 dB higher) —2.1140.37 <0.001 —0.054+0.03 0.C
Baseline RNFL (per 1 tm lower) —0.974+0.01 <0.001 —0.01+0.006 0.C
Baseline GCIPL (per 1 pm lower) —2.12+0.14 <0.001 —0.04+0.001 0.C
Baseline MRW (per 10 m lower) —1.5040.01 <0.001 —0.0340.01 0.(
m-wiVD (per 1% lower) —0.90+0.39 0.022 —0.11+£0.03 <0.C
onh-wiVD (per 1% lower) —1.86+0.28 <0.001 —0.06+0.03 0.C
cpVD (per 1% lower) —1.774£0.26 <0.001 —0.06+0.02 0.C

CCT = central corneal thickness; cpVD = circumpapillary vessel density; GCIPL = ganglion cell—inner plexiform layer, IOP = intraocular pressu
MD = mean deviation; MOPP = mean ocular perfusion pressure; MRW = minimum rim width; m-wiVD = macular whole image en face vessel densi
onh-wiVD = optic nerve head whole image en face vessel density; PSD = pattern standard deviation; RNFL = retinal nerve ber layer; SAP = stand
automated perimetry.

*Corresponds to the effect of each predictive factor on the baseline RNFL measurements. Negative values correspond to lower RNFL measurements
baseline.

fCorresponds to the effect on change over time. Negative values correspond to faster RNFL decline over time.

or around the ONH developed faster structural
deterioration: first, reduced optic disc and retina
perfusion lead to faster RGC death, and second, OCTA

provides information about the existence
dysfunctional RGCs with lower metabolic demands
vascular dropout.
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Scatterplots illustrating signi cant positive associations between rate of change in retinal nerve ber layer (RNFL) thickness and ( ) basel

ganglion cell—inner plexiform layer (GCIPL) thickness and ( ) global minimum rim width (MRW).

It has been well documented that vessel density mea-
surements in the peripapillary retina are correlated signiﬁ-
cantly with RNFL thickness and visual field loss.'®' "%
However, measuring the macular vessel density in the
diagnosis or evaluation of glaucoma has advantages
different from measuring the ONH vessel density. Highly
myopic eyes may have less peripapillary retinal perfusion
than emmetropic eyes™ that may impede the discrimination
between glaucomatous and normal myopic eyes. Moreover,
focal RNFL damage in early glaucoma may be more evident
in the retina farther from the peripapillary area,”” and
therefore, the ONH vessel density or the RNFL thickness
may not identify early glaucomatous changes. Macular
vessel density has been shown to be reduced in
glaucomatous eyes compared with healthy eyes.””*
Similar to a previous study of Taiwanese population,** our
data on patients with mild to moderate glaucoma showed
that RNFL thickness has a stronger correlation with ONH

vessel density than macular vessel density. Rao et a
reported that the diagnostic ability of the vessel dens
parameters of OCTA was only moderate and that macu
vessel density had significantly lower diagnostic abilit
in POAG than the ONH density. Nonetheless, macu
vessel density could predict the RNFL deterioration in t
present study even after adjusting for GCIPL thickness.
It has been well documented that the rate of RNFL Ic
measured with SD OCT is useful for identifying whi
glaucoma suspect patients are at the highest risk
demonstrating visual field defects or which glaucoma ey
are at the highest risk of visual field progression.”
Several other clinical and demographic factors also ha
been shown to be associated with glaucoma progression
previous studies.”***** These factors may not be consiste
in different studies, and not a single factor has been shos
to predict glaucoma progression. In most of these studi
the significance of the association of baseline predictc

Table 3. Results of Multivariate Linear Mixed-Effects Model Assessing the Effect of Macular Whole Image En Face Vessel Density
Retinal Nerve Fiber Layer Measurements over Time Adjusting for Potential Confounders before (Model 1) and after (Model 2) Includi
Baseline Retinal Nerve Fiber Layer Measurement

2% P Value S* P Val;
Age (per 10 yrs older) —0.07+0.09 0.423 —0.07+0.09 0.39¢
Mean IOP during follow-up (per 1 mmHg higher) —0.074+0.03 0.060 —0.074+0.03 0.07:
CCT (per 10 pum thinner) —0.07+0.02 0.002 —0.06+0.02 0.00!
Disc hemorrhage during follow-up (yes vs. no) —0.471+0.44 0.280 —0.53+0.43 0.22¢
Baseline SAP MD (per 1 dB lower) —0.007+0.038 0.853 —0.00540.035 0.881
Baseline GCIPL (per 1 pm lower) —0.005+0.002 0.795 —0.002+£0.031 0.93
m-wiVD (per 1% lower) —0.09+0.03 0.014 —0.09+0.03 0.01-
Baseline RNFL (per 1 um lower) — — —0.005£0.011 0.94(

CCT = central corneal thickness; GCIPL = ganglion cell plus inner plexiform layer; IOP = intraocular pressure; MD = mean deviation; m-wiVD = macu

whole image en face vessel density; RNFL = retinal nerve ber layer; SAP = standard automated perimetry; — = RNFL was not used as a predictor of los:
AA_1.1 1
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Table 4. Results of Multivariate Linear Mixed-Effects Model Assessing the Effect of Optic Nerve Head Whole Image En Face Vess
Density on Retinal Nerve Fiber Layer Measurements over Time Adjusting for Potential Confounders before (Model 1) and after (Model
Including Baseline Retinal Nerve Fiber Layer Measurement

2 P Value o* P Vi
Age (per 10 yrs older) —0.07+0.09 0.450 —0.08+0.09 0.31°
Mean IOP during follow-up (per 1 mmHg higher) —0.0440.03 0.232 —0.054+0.03 0.20¢
CCT (per 10 pum thinner) —0.074+0.02 0.012 —0.06+0.02 0.01¢
Disc hemorrhage during follow-up (yes vs. no) —0.554+0.40 0.165 —0.594+0.40 0.13¢
Baseline SAP MD (per 1 dB lower) —0.003+0.041 0.928 —0.008+0.040 0.84(
Baseline MRW (per 10 pm lower) —0.001+0.010 0.930 —0.001+0.010 0.97'
onh-wiVD (per 1% lower) —0.074+0.03 0.026 —0.07+0.03 0.04¢
Baseline RNFL (per 1 pm lower) — — —0.001£0.009 0.93(

CCT = central corneal thickness; IOP =

intraocular pressure; MD = mean deviation; onh-wiVD = optic nerve head whole image en face vessel densi
MRW = minimum rim width; RNFL = retinal nerve ber layer; SAP = standard automated perimetry; —

=RNFL was not used as a predictor of loss in Mode

*Effect on change over time. Negative values correspond to faster RNFL decline over time.

determining glaucoma is weak.”***** This may be because
of the differences in inclusion criteria, participant popula-
tion, or end point definitions between studies. A joint lon-
gitudinal survival model in glaucoma suspects has shown
that a 0.1-m/year, 0.5-Um/year, and 1-{im/year faster rate
of RNFL thickness loss corresponded to a 10%, 31%, and
100%, respectively, increased risk of visual field defects
developing.”” In the present study, lower baseline vessel
density of 1% was associated with up to a 0.11-Um/year
faster rate of RNFL decline. The strength of association
was weak, however. To control the effect of these factors
on the rate of RNFL loss, variables with borderline
significance in univariate analysis were included in
multivariate models. After adjusting for these factors,
OCTA and CCT measurements were predictive
independently of the rate of RNFL loss.

The impact of age-related structure change in the RNFL
measurement should be considered in longitudinal studies.
Estimates of significant mean RNFL rates of loss in healthy
eyes of between —0.33 pm/year (cross-sectional analysis)
and —O0. 52 Um/year (longitudinal analysis) have been
reported “In glaucoma patients, this rate was reported to
be between 0.90 wm/year and 2.08 wm/year.””*° The rate of
RNFL lossin the present study (mean, 1.07 lim/year) was very
similar to that in previous reports in glaucomatous eyes,””*
although we excluded eyes with advanced glaucoma.

It is noteworthy to acknowledge that the rate of change in
RNFL thickness is affected by glaucoma severity. Because
of the floor in structural measurements, eyes with advanced
glaucoma are unlikely to show fast rates of change in RNFL
thickness.””** To overcome this concern, we included only
eyes with mild to moderate glaucoma. However, the infor-
mation about dynamic range for vessel density is sparse and
may be different for ONH vessel density and macular vessel
density. A recent study has shown that vessel density con-
tinues to decrease in more advanced cases. ' However, other
investigators have proposed that macular vessel density
reached the floor earlier in the dlsease course and that

I Vs nIV U FUSESE B LASSIN DRI R NS IR S —— - ta. . O

_——— 1

relationship of vessel density and structure across differe
severities of the disease and to explore the differences
ONH and macular vessel density dynamic range.

Whether baseline disease severity additionally should
included as a fixed-effect term in mixed models of disez
severity as the dependent variable is controversial. Glymc
et al® suggest that baseline adjustment in analyses
change may induce spurious statistical associations w
inflated regression coefficients. They show that in mq
causal situations, models without baseline adjustment :
unbiased and a better model for statistical analys
Nevertheless, we used both approaches, one model w
baseline RNFL thickness included and one without it.
both models, OCTA parameters were a significe
predictor of the rate of RNFL decline in glaucor
patients. We recognize that our study is not withc
limitations. Eyes with advanced glaucoma were exclud
in the present study and the results may not
generalized to eyes with advanced glaucoma. Because t
high-resolution large field of the macula scan has not be
in existence long enough to allow for adequate patic
follow-up for this type of study, the 3 x3 map was used. It
possible that the larger field with the newer software h
more information about the posterior pole vascular chang
and would improve the predictive ability of OCTA me
surements. Moreover, the follow-up period was not lo
enough to evaluate visual field deterioration, because hi
intraindividual variability of visual field necessitates a larg
number of visits.

To summarize, eyes with lower macular and ONH ves:
density showed faster rates of RNFL decline measured
SD OCT. These findings offer new insights about glaucor
management and support the role of OCTA parameters a:
factor to be considered in the assessment of the risk
progression in patients with POAG.
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