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Abstract

Purpose: To evaluate the association between optical coherence tomography angiography
(OCTA) macular and circumpapillary vessel density and visual field mean deviation (MD) in
advanced primary open angle glaucoma (POAG).

Design: Cross-sectional study.

Methods: Macula (superficial layer) and optic nerve head [ONH, with (capillary density :CD)
and without (vessel density: VD) automated removal of large vessels] OCTA of 34 eyes (34
patients, MD < -10 dB) were investigated as macula whole image VD (wiVD), parafoveal VD
(pfvD), ONH wiVD, wiCD, circumpapillary VD (cpVD), and cpCD. Spectral domain OCT
circumpapillary retinal nerve fiber layer (cpRNFL), macular ganglion cell complex (GCC) and
ganglion cell inner plexiform layer (GC-1PL) were also analyzed.

Results: Macular and ONH VD decreased significantly with worsening MD. Each 1 dB decrease
in MD was associated with a reduction of 0.43% and 0.46% for macular wiVD and pfVD with R2
of 0.28 and 0.27, respectively (all P <0.01). The association between MD and VD was strongest
for measures of ONH with large vessels removed, wiCD and cpCD followed by wiVD and cpVD
with R2 of 0.26, 0.22, 0.17, 0.14, and a VD reduction of 0.43%, 0.51%, 0.33%, 0.40%,
respectively (all P <0.02). There was a reduction of 1.19 um in Avanti parafoveal GCC, 1.13 ym in
Spectralis GC-IPL, and 1.01 um in Spectralis cpRNFL, with RZ of 0.19 (P =0.006), 0.23 (P
=0.002), 0.24 (P=0.002), respectively.

Conclusions: ONH and macula OCTA vessel density and thickness are associated with the
severity of visual field damage in advanced POAG.

"Corresponding author: Robert N. Weinreb, Hamilton Glaucoma Center, Shiley Eye Institute, and Viterbi Family Department of
Ophthalmology, University of California San Diego, La Jolla, CA, United States., rweinreb@ucsd.edu.
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INTRODUCTION

The pathogenesis of primary open angle glaucoma is not fully understood but there is
considerable evidence that vascular factors are involved.1~3 Numerous methods have been
employed to evaluate the blood flow of the optic nerve and retina in order to gain insight into
this relationship.4-10 However, until recently there have not been robust methods available
for studying the microvasculature and distinguishing the contributions of various vascular
beds to optic nerve head and retina perfusion in individuals with glaucoma. Optical
coherence tomography angiography (OCTA) now provides qualitative and quantitative
information of the perfused microvasculature of various retinal regions including the optic
nerve, peripapillary retina and macula.11-19

Using a prototype OCTA system, Jia et alll demonstrated that there was decreased optic disc
perfusion in early to moderate glaucoma eyes compared to healthy eyes. It subsequently was
reported that circumpapillary vessel density was reduced in glaucomatous eyes!3:20-22 and
was highly correlated with VF mean deviation (MD)13: 21 and OCT-measured tissue
thickness.23:24 Although it currently is well accepted that VF measurements are associated
with vessel density and RNFL tissue thickness in mild to moderate glaucoma, it has not been
determined whether these relationships are maintained in advanced disease for OCTA vessel
density and OCT tissue thickness measurements.

The purpose of the current study was to investigate whether macula and circumpapillary
OCTA vascular density measurements have sufficient dynamic range to potentially detect
disease related change in advanced primary open angle glaucoma by cross-sectionally
assessing the associations between VF sensitivity and vessel density. Advanced glaucoma
patients are of particular interest because the standard structural and functional tests used to
detect progression are of diminished value.25-29 Significant associations would suggest the
possibility of detecting changes in vessel density for clinical management of advanced
primary open angle glaucoma and that this may inform glaucoma monitoring of such
patients.

METHODS

This cross-sectional study included patients with advanced primary open-angle glaucoma
enrolled in the Diagnostic Innovations in Glaucoma Study (DIGS). The DIGS is an ongoing
prospective, longitudinal study at the Hamilton Glaucoma Center, University of California,
San Diego, designed to evaluate ocular anatomical structure and visual function in
glaucoma. Details of the DIGS protocol have been described previously.30 All methods
adhered to the tenets of the Declaration of Helsinki and the Health Insurance Portability and
Accountability Act and were approved by the institutional review board at the University of
California, San Diego. Informed consent was obtained from all participants.

One eye each from 34 primary open angle glaucoma patients over the age of 18 years with
best-corrected visual acuity (BCVA) 220/40, refractive error within £5 D sphere +3 D
cylinder and Humphrey visual field MD worse than —10 dB were included. Patients with a
history of ocular intervention other than uncomplicated cataract or uncomplicated glaucoma
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surgery, intraocular disease (e.g., diabetic retinopathy or non-glaucomatous optic
neuropathy) or a systemic disease that could have had an impact on the study results (e.g.
stroke or pituitary tumor) were excluded. Systemic hypertension and eyes with diabetes
mellitus without retinopathy were not excluded.

POAG was defined as the presence of glaucomatous optic nerve damage (focal or diffuse
neuroretinal rim narrowing, focal or diffuse atrophy of the circumpapillary RNFL) observed
by masked stereoscopic optic disc photograph assessment with associated repeatable VF
damage.

Standard automated perimetry was performed using the 24-2 Swedish Interactive
Thresholding Algorithm protocol (HFA 11 750i; Carl Zeiss Meditec Inc., Dublin, CA). All
participants were familiar with VF testing from prior exposure to at least 2 VVF examinations.
Glaucomatous VF damage was defined as a Glaucoma Hemifield Test outside of normal
limits or a pattern standard deviation (PSD) outside 95% normal limits confirmed on at least
2 consecutive tests and reviewed to have characteristic glaucomatous damage with similar
patterns of visual field damage across tests. Visual fields were reliable (fixation losses <33%
and false-positives <15%) with no evidence of rim or eyelid artifacts, inattention, or fatigue
as assessed by University of California, San Diego (UCSD) Visual Field Assessment Center
(VisFACT) personnel.

All study participants underwent an ophthalmological examination prior to study enrollment
that included assessment of best corrected visual acuity, slit-lamp biomicroscopy, intraocular
pressure (I0P) measurement with Goldmann applanation tonometry, gonioscopy, central
corneal thickness (CCT) measured with ultrasound pachymetry (DGH Technology Inc.,
Exton, PA), dilated fundus examination, simultaneous stereophotography of the optic disc,
and standard automated perimetry.

Systemic measurements included systolic and diastolic blood pressure and pulse rate
measured with an automatic blood pressure instrument (model BP791IT; Omron Healthcare,
Inc., Lake Forest, IL). Mean arterial pressure was calculated as 1/3 systolic blood pressure
+ 2/3 diastolic blood pressure. Mean ocular perfusion pressure was defined as the difference
between 2/3 of mean arterial pressure and 10P.

Optical coherence tomography angiography and spectral domain OCT

OCTA and spectral domain OCT (SDOCT) imaging of the macula and optic nerve head
(ONH) were performed with the Avanti SDOCT (software version 2017.1.0.144; Optovue,
Inc., Fremont, CA). Using this system, OCTA and SDOCT measurements are obtained from
the same scans allowing precise registration of the analyzed regions. OCTA and SDOCT
parameters investigated are described below.

The Avanti AngioVue OCTA system uses split-spectrum amplitude-decorrelation
angiography (SSADA) to capture the dynamic motion of red blood cells from sequential
cross-sectional B-scans providing high-resolution 3-dimensional visualization of vascular
structures at various user-defined layers of the retina at the capillary level. Angiovue
software automatically calculates vessel density as the percentage of measured area
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occupied by flowing blood vessels defined as pixels having decorrelation values above a set
threshold level.

OCTA parameters investigated were macular whole image vessels density (wiVD),
parafoveal macular vessel density (pfVD), whole image optic nerve head (ONH) vessel
density without automated removal of large vessels (wiVD), whole image ONH vessel
density with automated removal of large vessels (called whole image capillary densities,
wiCD), circumpapillary vessel density without automated removal of large vessels (cpVD),
and circumpapillary vessel density with automated removal of large vessels (called
circumpapillary capillary densities, cpCD) (Figure 1). To generate a large vessel mask for
the OCTA optic disc images, AngioVue software extracts vessels from the 2D radial
peripapillary capillary slab OCT en face image to construct a binary mask composed of
vessels and non-vessels. Vessels of caliber = 3 pixels are identified and excluded from
analysis.

Macular whole image vessel density measurements were calculated from images acquired
using the instrument defined 3 x 3 mm? field of view (composed of merged Fast-X
[horizontal] and Fast-Y [vertical] volume scans of 304 B-scans X 304 A-scans per B-scan)
centered on the fovea within a slab defined as the volume from 3um below the ILM to 15um
below the inner plexiform layer (IPL). Parafoveal vessel density measurements were
calculated from an instrument defined annular region with an inner diameter of 1 mm and
outer diameter of 2.5 mm centered on the fovea.

Whole image ONH vessels density measurements were calculated from images acquired
using the instrument defined 4.5 x 4.5 mm? field of view (composed of merged Fast-X
[horizontal] and Fast-Y [vertical] volume scans of 304 B-scans X 304 A-scans per B-scan)
centered on the optic disc within a slab defined as the volume from the internal limiting
membrane (ILM) to the posterior border of RNFL. Circumpapillary vessel density
measurements were calculated from an instrument defined 750 um wide elliptical annulus
extending from the optic disc boundary.

Macular ganglion cell complex thicknesses measurements were obtained from the same 3 x
3 mm? scans as macular vessel density measurements centered on the fovea from the ILM to
the IPL consisting of the ganglion cell layer, IPL, and RNFL. Circumpapillary retinal nerve
fiber layer thicknesses were calculated from the same 4.5 x 4.5 mm? field of view scans as
ONH vessel densities centered on the optic disc.

Trained personnel reviewed the quality of all Avanti OCTA and SDOCT scans using a
standard protocol established by the Imaging Data Evaluation and Analysis (IDEA) Center
at UCSD. Poor-quality scans were excluded from the analysis if one of the following criteria
were met: (1) signal strength index of < 4 (with 1 = minimum, 10 = maximum); (2) poor-
clarity images; (3) local weak signal caused by artifacts such as floaters; (4) residual motion
artifacts visible as irregular vessel patterns or disc boundary on the enface angiogram; and
(5) segmentation failure.

OCTA and OCT scans were obtained from both dilated and un-dilated eyes, with 65%
obtained on the same day (i.e., both OCTA and OCTA images were obtained dilated or both
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images were obtained undilated). Previous work form our group suggests that that pre- and
post-dilation vessel density measurements are interchangeable (Villatoro G, et al. Invest
Ophthalmol Vis Sci 2018; 59: ARVO E-Abstract 2857).

To evaluate the generalizability of thickness measurement results across two different
SDOCT devices, Spectralis SDOCT (software version 5.2.0.3; Heidelberg Engineering
GmbH, Heidelberg, Germany) also was used to evaluate cpRNFL thickness and macular
thickness measurements. Spectralis uses a confocal laser-scanning ophthalmoscope with a
wavelength of 870 nm, and an infrared reference image to obtain images of ocular
microstructures at an acquisition rate of 40,000 A-scans per second.

Spectralis SDOCT macular scans were obtained using the horizontal posterior pole
asymmetry scan protocol. This scan protocol is composed of 61 B-scans spaced 120 ym
apart with an optical resolution of 3.9 um axially and 5.7 um laterally covering an area of
30°x25° (6x6 mm).

After automated segmentation of each retinal layer, the Spectralis mapping software
generated automated measurements of thickness of each retinal layer from the central 1, 3,
and 6 mm circles as defined by the Early Treatment Diabetic Retinopathy Study (ETDRS).
For direct comparison between Spectralis and Avanti OCT instruments, we calculated
Spectralis ETDRS inner circle GC-IPL and GCC measurements in the ring between the
1mm and 3 mm circles.

Ganglion cell-inner plexifiorm layer (GC-IPL) thickness was calculated by adding ganglion
cell and inner plexiform layers thicknesses and ganglion cell complex (GCC) thickness was
calculated by adding ganglion cell, inner plexiform and retinal nerve fiber layer thicknesses.

Spectralis cpRNFL thickness was measured using the high-resolution circle scan protocol
composed of a single B-scan of 1536 A-scans centered on the optic disc.

Similar to Avanti scans, overall quality of Spectralis scans was evaluated by UC San Diego
IDEA Center personnel. Images with non-centered scans, inaccurate segmentation of the
cpRNFL, or quality scores of 15 or less were excluded from the analyses. Avanti, Spectralis
and VF testing were completed within 6 months for all patients.

Statistical Analyses

Clinical characteristics, OCTA-derived vessel densities and OCT-derived tissue thicknesses
were described as mean values with associated 95% confidence intervals. Linear models
were used to investigate univariable associations between VF MD and vessel density and
tissue thickness measurements, with multivariable models fit including age and scan quality
indices.

We also investigated the associations between all optical imaging parameters and VF total
deviation mean sensitivity (TD). All statistical analyses were performed with R version
3.5.1. The alpha level (type I error) was set at 0.05.
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Thirty-four eyes of thirty-four advanced glaucoma patients were included in this cross-
sectional study. A total of 11 eyes from 11 patients tested within the required six-month
window were excluded due to unacceptable image quality of at least one of the required
images. Four eyes had both poor-quality macula and ONH OCTA images, 4 eyes had poor
quality ONH OCTA images (one of which also had a poor quality Spectralis RNFL image)
and 3 eyes had poor quality macula OCTA images. Demographics and clinical
characteristics of the study population are summarized in Table 1. Patients had a mean (95%
Cl) age of 70.0 (65.9, 72.1) years and eyes had a mean (95% CI) MD of -15.9 (-18.2,
-13.7) dB.

OCTA-derived ONH and macular vessel densities and SDOCT thickness measurements in
the study population are shown in Table 2. The mean (95% CI) ONH vessel density
measurements (Avanti wiVD: 40.9% (39.2, 42.6) and cpVD: 40.0% (37.8, 42.2)) without
large vessel removal were larger than the ONH vessel density measurements with large
vessel removal (Avanti wiCD: 34.7% (32.9, 36.5) and cpCD: 33.8% (31.5, 36.2). The Avanti
and Spectralis GCC and cpRNFL thickness measures were similar.

The results of univariable and multivariable (adjusted for age and scan quality) linear
regressions between vascular and structural parameters and visual field MD are shown in
Table 3. Structure-function relationships with corresponding linear regression fits are shown
in Figures 2 and 3.

Macular vessel densities decreased with worsening VF MD with coefficients of
determination (R2) values of 0.28 (p<0.001) and 0.27 (p=0.001) for macular wiVD and
pfVD, respectively. Each 1 dB decrease in VF MD was associated with a reduction of 0.43%
in macular wiVD and 0.46% in pfVD.

The association between ONH vessel density and VF MD was strongest after removal of
large vessels. R2 values for ONH wiCD, cpCD, wiVD, and cpVD were 0.26, 0.22, 0.17 and
0.14 respectively (all P<0.02) (Table 3). Each 1 dB decrease in VF MD was associated with
a 0.51% reduction in cpCD, a 0.43% reduction in wiCD, a 0.40% reduction in cpVD, and a
0.33% reduction in wiVD.

Macular thickness measurements also were significantly associated with VF MD (R? was
0.19 for Avanti pfGCC, 0.21 for Spectralis inner circle GCC, and 0.23 for Spectralis inner
circle GC-IPL, all P<0.05). Each 1 dB decrease in VF MD was associated with a 1.19 pm
redcution in Avanti pfGCC thickness, a 1.28 um reduction in Spectralis GCC (inner circle)
thickness and a 1.13 pm reduction in Spectralis GC-IPL (inner circle) thickness (all P<0.01).

Although Spectralis SDOCT cpRNFL thickness measurements were significantly associated
with VF MD (R?=0.24, P=0.002), Avanti cpRNFL thickness measurements were not
(R2=0.02, P=0.209). Each 1 dB decrease in VF MD was associated with a 1.01 um reduction
in Spectralis-measured cpRNFL thickness.
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In multivariable analyses, the regression coefficient (B) between VF MD and all macular and
ONH vessel density measurements, parafoveal GCC thickness and Spectralis-measured
cpRNFL measurements remained significant after controlling for scan quality and age as
potential confounding factors (all P < 0.05).

The results of univariable and multivariable (adjusted for age and scan quality index) linear
regressions between vascular and structural parameters and VF TD mean sensitivity
expressed in dB are shown in Table 4, The relative magnitude of R? values among
associations of OCTA and SDOCT measurements using VF TD mean sensitivity were
similar to the relative magnitude of R? values among associations between OCTA and
SDOCT measurements and VF MD.

DISCUSSION

In the current study, macula and circumpapillary vessel densities were significantly
associated with severity of visual field loss measured as MD and TD mean sensitivity in
advanced primary open angle glaucoma eyes. Macular thickness measurements (GCC and
GC-IPL) and Spectralis cpRNFL thickness also were associated with severity of loss in our
sample. These cross-sectional results have important implications for monitoring patients
with advanced glaucoma in whom detection of progression is particularly difficult as the
standard structural and functional tests used are of reduced value.?>-2% Specifically, these
results suggest that vascular and structural measures of the ONH and macula may be useful
parameters for monitoring progression in advanced glaucoma, particularly if confirmed by
longitudinal studies.

OCTA studies have shown decreased circumpapillary vessel density in glaucoma eyes with
increasing severity of disease suggesting possible use of vessel density measurements for
detecting glaucomatous progression, but there is limited information on vascular dropout in
advanced disease.12:20.21.31.32 \\jith recent evidence demonstrating the importance of
evaluating macula damage in glaucoma in early, moderate and particularly advanced disease,
26,27,33,34 \we chose to investigate both OCTA macular and peripapillary vessel densities and
compare their association with VVF severity to that of SDOCT thickness measurements in
advanced glaucoma to determine if these measurements could be useful for monitoring
change in severe disease.

The current results are consistent with previous studies that reported that decreased cpVD
was significantly associated with the severity of VF damage along the glaucoma severity
continuum.21:35:36 As expected, we also found that the association between ONH
vasculature and MD was strongest after removing larger vessels from image analysis. This is
explained by the fact that larger vessels contribute to increased vessel density measurements
but likely are not affected by glaucoma; therefore, they are not likely to contribute to the
decrease in vessel density expected with the decrease in MD. Moreover, the impact of large
vessels on vessel density measurements is higher in advanced disease as large vessels make
up a larger proportion of vessel density in advanced disease compared to early and moderate
glaucoma.3’
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Although the strength of the association between visual field severity and macular vessel
density was similar to that of circumpapillary VD and macular and RNFL thickness
measures in univariable analysis, in multivariable analysis after adjusting for age and scan
quality index, the association between visual field MD and macula whole image vessel
density (R2 =0.40) was stronger than ONH whole image capillary density (R?=0.31) and
GCC and RNFL thicknesses. The multivariable results suggesting a stronger relationship
between macula vessel density measures compared to ONH vessel density measures with the
severity of visual field damage in advanced glaucoma are consistent with previous studies
that found ganglion cell inner plexiform layer thickness has a stronger relationship with
visual field severity than RNFL thickness in advanced disease.2”- 29 The stronger association
between VF MD and both macular wiVD and pfVD in multivariable analyses compared to
univariable analyses is likely are due to the stronger effect of age on the macula vessel
measurements (p< 0.05); age was not significantly associated with the ONH vessel density
or macula and ONH thickness measures (p> 0.05).

In the current study, we also found that both SDOCT macula and ONH parapapillary
thickness measurements were both associated with the severity of visual field loss in
advanced glaucoma and that results are not necessarily generalizable across OCT
instruments. Specifically, we found that both Avanti and Spectralis GCC thickness
measurements showed a similar strength of association (R2) with the severity of visual field
loss measured by MD (R? values of 0.19 and 0.21, respectively), and TD mean sensitivity
(dB) (R? values of 0.24 and 0.25, respectively). However, Spectralis-measured cpRNFL
thickness, but not Avanti-measured cpRNFL thickness, was significantly associated with VF
MD and TD mean sensitivity. There are several possible explanations for the differences
between these associations. As previously reported,3® RNFL thickness measurements vary
across OCT instruments. In addition, Spectralis obtains images at higher resolution than
Avanti (3.9 um axially and 5.7 um laterally versus 5 um axially and 15 pm laterally,
respectively), there are different proprietary segmentation algorithms and slightly different
scan locations. Moreover, there is evidence that the dynamic range of Spectralis RNFL
thickness measurements is larger and the measurement floor lower compared to Avanti that
could affect strengths of associations in advanced disease.3° The current study is unique in
that it reports the associations of RNFL and macular thickness with severity of visual field
damage using two different OCT instruments. The current results for coRNFL thickness
further emphasize the importance of not generalizing results across SDOCT instruments
and, although not tested in the current study, across different OCTA instruments.40:41

In contrast to the current study, other studies that included more severe glaucoma reported
that GCC and GC-IPL measurements were more strongly associated with VF MD than
cpRNFL. This is likely due to the reported measurement floor of approximately 50 um in
Spectralis-measured RNFL thickness in eyes with VVF defects worse than approximately —15
dB MD.26:28:42-44 |t s possible that this floor was not observed in the current study because
some eyes with less advanced glaucoma were included. Further inspection of Figure 3
(bottom row, far right panel) suggests that the slope of a linear fit for MD between
approximately =15 dB and —30 dB would be a flat line. That is, the observed significant
association was driven primarily by a concentration of eyes with MD closer to —10 dB.
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We recently reported longitudinal results that GC-IPL and a novel 3D whole volume
measurement based on Bayesian kernel detection can detect significant change in advanced
POAG eyes with VF MD between —12 dB and —22 dB.26:27 In addition GC-IPL thickness
was less likely than cpRNFL thickness and Bruch’s membrane opening minimum rim width
to reach a measurement floor in advanced glaucoma eyes. The current study results are
consistent with previous results and suggest that GC-IPL thickness is an informative
parameter for detecting disease-related changes in advanced glaucoma due to the relatively
larger dynamic range of GC-IPL thickness compared to GCC and cpRNFL.27:28

Several studies have suggested that OCTA vessel density measurements have similar
diagnostic classification ability compared to OCT tissue thickness measurements.24:45:46 |
addition, baseline OCTA parameters are reportedly associated with a faster rate of RNFL
progression in mild to moderate glaucoma suggesting that decreased vessel density may be a
risk indicator for progression.4” Our multivariable results suggest that vessel density
measures tend to be more strongly associated with severity of visual field damage than
thickness measures and may be an additional tool to monitor progression in advanced
disease. This suggestion is particularly valuable for detection of progression in advanced
disease although longitudinal studies are needed to confirm these cross-sectional findings. In
addition, newly available measures of vascular factors such as vessel density likely will
provide additional information regarding the pathogenesis of glaucoma in the long term. It
also should be mentioned that possible disadvantages of OCTA measurements include a
higher rate of inadequate quality scans and poorer reproducibility*® compared to OCT
thickness measures, although this may not be the case for all OCTA instruments as software
analytics vary across imaging platforms.

There are several possible limitations to the present study. This study was cross-sectional
and therefore we could not detect the temporal relationship between visual field progression
and loss of vessel density and tissue thickness. Longitudinal studies can further clarify these
relationships. In addition, potentially confounding effects of intraocular pressure-lowering
medications, BP-lowering medications, and systemic conditions on vessel density
measurements were not evaluated. The effect of these factors on vascular measurements
cannot be dismissed. Finally, it is possible that the associations between structural and
functional measurements varied in strength across the observed range of MD within the
current cohort. To address this, we examined the absolute standardized residuals from each
model against MD. We did not find any systematic evidence that residuals grew larger with
more advanced disease. In addition, standardized residual plots vs. fitted values did not
indicate a significant departure from a linear relationship between MD and each outcome.

In conclusion, OCTA-measured circumpapillary and macular vessel densities, particularly
circumpapillary vessel densities calculated after large vessel removal, as well as cpRNFL,
GCC and GC-PIL thickness are associated with the severity of visual field damage in
advanced primary open angle glaucoma. Longitudinal studies are needed to determine the
relative importance of these measures for detecting glaucomatous progression in advanced
disease.
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Viscal field [24-2] Optic Disc Photograph
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Figurel.
Representative advanced glaucoma eye. Top: Visual field total and pattern deviation

probability plots and optic disc photograph. Macula Scan Avanti OCTA: Optical coherence
tomography angiography vessel density map of the macular superficial layer illustrating
reduced vessel density. Macula Scan Column Avanti SDOCT: Avanti macular ganglion cell
complex thickness map. Macula Scan Spectralis SDOCT: Spectralis macular ganglion cell
layer thickness map. Optic Nerve Head Scan Avanti OCTA: Optical coherence tomography
angiography vessel density map of the peripapillary retinal nerve fiber layer illustrating
reduced vessel density. Optic Nerve Head Scan Avanti SDOCT: Avanti circumpapillary
retinal nerve fiber layer thickness map. Optic Nerve Head Scan Spectralis SDOCT:
Spectralis circumpapillary retinal nerve fiber layer thickness map.

MD: visual field mean deviation; OCTA: optical coherence tomography angiography;
SDOCT: spectral domain optical coherence tomography; pf\VD: parafoveal vessel density;
wiVD: whole image vessel density; GCC: ganglion cell complex; wiCD: whole image
capillary density (vessel density after removing large vessel); cpVD: circumpapillary vessel
density, cpCD: circumpapillary capillary density; cpRNFL: circumpapillary retinal nerve
fiber layer.

Am J Ophthalmol. Author manuscript; available in PMC 2020 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Ghahari et al.

Figure2.

Scatter plots illustrating the best-fit linear regression line between visual field mean
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deviation (MD) and macular optical coherence tomography angiography whole-image vessel
density (Avanti wiVD), parafoveal vessel density (Avanti pfVD), parafoveal ganglion cell
complex (Avanti parafoveal GCC), and ganglion cell inner plexiform layer (Spectralis GC-

IPL).
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Figure 3.

Scatter plots illustrating the best-fit linear regression line between visual field mean
deviation and peripapillary optic nerve head optical coherence tomography angiography and
thickness measurements.

MD: visual field mean deviation; wiVD: whole image vessel density; wiCD: whole image
capillary density (vessel density after removing large vessel); cpVD: circumpapillary vessel
density; cpCD: circumpapillary capillary density; cpRNFL: circumpapillary retinal nerve
fiber layer.
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Table 1.

Demographic and ocular characteristics.

Advanced Glaucoma
n = 34 eyes, 34 patients

Age (yrs.)

70.0 (65.9, 72.1)

Gender (male/female)

22 (64.7%) / 12 (35.3%)

Race, n (%)

Caucasian, 21 (61.8%)

Black or African American, 6 (17.6%)

Asian, 6 (17.6%)

American Indian or Alaska Native, 1 (2.9%)

SBP (mmHg) 125.4 (118.6, 132.2)
DBP (mmHg) 78.4 (74.1, 82.6)
MOPP (mmHg) 50.1 (46.9, 53.2)

Self-reported diabetes, n (%)

Yes: 4 (11.8%)

Self-reported hypertension, n (%)

Yes: 17 (50.0%)

Visual Field MD (dB)

-15.9 (-18.2, -13.7)

Visual Field TD (dB)

-8.1(-9.8, -6.4)

Visual Field PSD (dB)

11.2 (10.4, 11.9)

10P (mmHg)*

13.2 (11.5, 14.9)

Axial length (mm) >

24.7 (24.0, 25.4)

Aok

CCT (um) ™

522.6 (500.8, 544.4)

Page 17

SBP: systolic blood pressure; DBP: diastolic blood pressure; MOPP: mean ocular perfusion pressure; MD: mean deviation; TD: total deviation;
PSD: pattern standard deviation; dB: decibels; IOP: intraocular pressure; CCT: central corneal thickness. Continuous variables are shown as mean

(95% ClI).

*
Available for n = 32 eyes,

Aok

n =30 eyes,

HokA

n =22 eyes
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Table 2.

Circumpapillary and macular structural and vascular measurements from advanced primary open angle
glaucoma eyes.

1duosnuey Joyiny

Variables

Mean (95% ClI)

Macula

Avanti wiVD (%)

38.2(36.5, 40.0)

Avanti pfVD (%)

40.5 (38.5, 42.5)

Avanti Parafovea GCC (um)

79.5(73.7, 85.3)

Spectralis GC-IPL (Inner) (um)

61.7 (56.7, 66.6)

Spectralis GCC (Inner) (um)

81.4(75.5, 87.3)

ONH

Avanti wiVD (%)

Avanti wiCD (%)

34.1(32.4, 36.0)

Avanti cpVD (%)

39.3 (37.2, 41.5)

Avanti cpCD (%)

33.1(31.0,35.4)

Avanti cpRNFL (um) 56.8 (52.8, 60.6)

(
(
(
(
(
40.4 (38.7, 42.0)
(
(
(
(
(

Spectralis cpRNFL (um) 54.7 (50.4, 59.0)

wiVD: whole image vessel density; pfVD: parafoveal vessel density; GCC: ganglion cell complex; GC-IPL: ganglion cell inner plexiform layer;
ONH: optic nerve head; wiCD: whole image capillary density (vessel density after removing large vessel); cpVD: circumpapillary vessel density;
cpCD: circumpapillary capillary density; cpRNFL: circumpapillary retinal nerve fiber layer.

1duosnuey Joyiny 1duosnuen Joyiny

1duosnuen Joyiny

Am J Ophthalmol. Author manuscript; available in PMC 2020 August 01.



Ghahari et al. Page 19

Table 3.

Linear regression results describing the relationships between VF MD and macular and ONH measures.
Multivariable models are adjusted for age and scan quality index.

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny
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Univariable Multivariable
Variable B (95% ClI) p-value R2 B (95% ClI) p-value R?
Macula | Avanti wiVD (%) 0.43 (0.19, 0.66) <0.001*** | 0.28 | 0.49(0.27,0.71) <0.001*%** | 0.40
Avanti pfVD (%) 0.46 (0.20, 0.72) 0.001** | 027 | 052(0.27,0.77) | <0.001*** | 0.39
Avanti Parafovea GCC (um) 1.19 (0.36, 2.01) 0.006** | 0.19 | 1.26 (0.41,2.12) 0.005** 0.18
Spectralis GC-IPL (Inner) (um) | 1.13(0.43, 1.82) 0.002** | 0.23 | 1.26(0.44, 2.07) 0.004** 0.20
Spectralis GCC (Inner) (um) 1.28 (0.45, 2.11) 0.004** | 0.21 | 1.48(0.50, 2.45) 0.004** 0.18
ONH Avanti wiVD (%) 0.33 (0.09, 0.57) 0.009** 0.17 | 0.37(0.13,0.62) 0.004** 0.19
Avanti wiCD (%) 0.43 (0.18, 0.67) 0.001** | 0.26 | 0.47(0.22,0.71) | <0.001*** | 0.31
Avanti cpVD (%) 0.40 (0.08, 0.71) 0.016* | 0.14 | 0.46(0.14,0.78) 0.007** 0.18
Avanti cpCD (%) 0.51 (0.18, 0.83) 0.003** | 0.22 | 0.57(0.24,0.89) 0.001** 0.26
Avanti cpRNFL (um) 0.39 (-0.23, 1.02) 0.209 0.02 | 0.39(-0.26, 1.04) 0.229 -0.01
Spectralis cpRNFL (um) 1.01(0.41, 1.61) 0.002** | 0.24 | 0.89(0.26, 1.51) 0.007** 0.25

VF MD: visual field mean deviation; wiVD: whole image vessel density; pfVD: parafoveal vessel density; GCC: ganglion cell complex; GC-I1PL:
ganglion cell inner plexiform layer; ONH: optic nerve head; wiCD: whole image capillary density (vessel density after removing large vessel);

cpVD: circumpapillary vessel density; cpCD: circumpapillary capillary density; cpRNFL: circumpapillary retinal nerve fiber layer.
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Table 4.

Linear regression results describing the relationships between VF TD (dB) and macular and ONH measures.
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Multivariable models are adjusted for age and scan quality index.

Univariable Multivariable
Variable B (95% ClI) p-value R2 B (95% ClI) p-value R2
Macula | Avanti wiVD (%) 0.57 (0.27, 0.88) <0.001*** | 0.29 | 0.65 (0.36, 0.94) <0.001*%** | 0.41
Avanti pfVD (%) 0.63(0.29,0.97) | <0.001*** | 0.29 | 0.71(0.39,1.03) | <0.001*** | 0.41
Avanti Parafovea GCC (um) 1.73 (0.68, 2.79) 0.002** | 0.24 | 1.86(0.77, 2.95) 0.002** | 0.24
Spectralis GC-IPL (Inner) (um) | 1.60 (0.71,2.49) | <0.001*** | 0.27 | 1.75(0.73,2.77) 0.001** | 0.25
Spectralis GCC (Inner) (um) 1.82 (0.76, 2.89) 0.001** | 0.25 | 2.04(0.81,3.27) 0.002** | 0.22
ONH Avanti wiVD (%) 0.45 (0.13, 0.77) 0.007** 0.18 | 0.53(0.21, 0.85) 0.002** 0.23
Avanti wiCD (%) 0.59 (0.28, 0.91) <0.001*** | 0.29 | 0.68 (0.37,0.99) <0.001*%** | 0.37
Avanti cpVD (%) 0.52 (0.10, 0.94) 0.017* | 0.14 | 0.63(0.20, 1.06) 0.005** | 0.19
Avanti cpCD (%) 0.69 (0.27, 1.11) 0.002** | 0.23 | 0.81(0.38,1.23) | <0.001*** | 0.30
Avanti cpRNFL (um) 0.56 (~0.26, 1.38) 0.173 0.03 | 0.62 (-0.25, 1.48) 0.154 0.01
Spectralis cpRNFL (um) 1.34 (0.54, 2.13) 0.002** | 0.25 | 1.20(0.35, 2.05) 0.007** | 0.25

VF TD: visual field total deviation; wiVD: whole image vessel density; pfVD: parafoveal vessel density; GCC: ganglion cell complex; GC-IPL:
ganglion cell inner plexiform layer; ONH: optic nerve head; wiCD: whole image capillary density (vessel density after removing large vessel);

cpVD: circumpapillary vessel density; cpCD: circumpapillary capillary density; cpRNFL: circumpapillary retinal nerve fiber layer.
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