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PURPOSE. To evaluate the focal structure–function associations among visual field (VF)
loss, optical coherence tomography angiography (OCT-A) vascular measurements, and
optical coherence tomography (OCT) structural measurements in glaucoma.

METHODS. In this cross-sectional study, subjects underwent standard automated perime-
try, OCT-based nerve fiber thickness measurements, and OCT-A imaging. Mappings of
focal VF test locations with OCT and OCT-A measurements were defined using anatom-
ically adjusted nerve fiber trajectories and were studied using multivariate mixed-effects
analysis. Segmented regression analysis was used to determine the presence of break-
points in the structure–function associations.

RESULTS. The study included 119 eyes from 86 Chinese subjects with primary open-angle
glaucoma (POAG). VF mean deviation was significantly associated with global capillary
perfusion density (β = 0.13 ± 0.08) and global retinal nerve fiber layer thickness (β =
0.09 ± 0.02). Focal capillary density (FCD) was significantly associated with VF losses at
34 VF test locations (66.7% of 24-2 VF), with 24 of the 34 locations being within 20° of
retinal eccentricity. Focal nerve layer (FNL) thickness was significantly associated with
16 VF test locations (31.4% of 24-2 VF; eight locations within 20° eccentricity). For VF
test locations in the central 10° VF, VF losses below the breakpoint were significantly
associated with FCD (slope, 0.89 ± 0.12, P < 0.001), but not with FNL thickness (slope,
0.57 ± 0.39, P = 0.15).

CONCLUSIONS. Focal capillary densities were significantly associated with a wider range of
visual field losses and in a larger proportion of the visual field compared to nerve fiber
thickness.
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Glaucoma, one of the leading causes of blindness world-
wide,1,2 is a disease of the optic nerve characterized

by progressive loss of retinal ganglion cells and their axons,
leading to structural changes in the optic nerve head and
loss of visual function. A structure–function relationship in
glaucoma has been previously demonstrated by associat-
ing changes in the visual field (VF) with optical coherence
tomography (OCT)-based retinal nerve fiber layer (RNFL)
thickness measurements.3–9

Optical coherence tomography angiography (OCT-A) is
a recent technique that allows in vivo visualization of

ocular perfusion.10–13 Recent OCT-A studies have shown
reduced peripapillary and macular measurements in eyes
with glaucoma8,14–18 which can be attributed to reduced
ocular perfusion.19,20 These studies have shown that the
floor effects exhibited by OCT-based RNFL parameters, in
which increasing VF losses correspond poorly to detectable
changes in the measured RNFL thickness, are largely absent
from vascular OCT-A parameters. Spatial correlations have
also been demonstrated between defects in the VF and
vascular density in the corresponding peripapillary regions,
using models defined based on hemispherical regions21–23
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or sectors24–27 from the Garway–Heath map.28 However, an
evaluation of the focal relationships between VF losses and
structural and microvasculature measurements at each VF
test point has yet to be reported.

The purpose of this study was to investigate the rela-
tionships between focal VF loss at individual test locations
based on standard automated perimetry and capillary densi-
ties from OCT-A and RNFL thickness measurements from
OCT by using a nerve fiber trajectory tracing model in eyes
with glaucoma.

METHODS

Subjects

In this cross-sectional study, subjects with primary open-
angle glaucoma (POAG) were consecutively recruited from
the Singapore National Eye Centre, a tertiary eye care insti-
tution in Singapore, from July 2018 to June 2019. These
subjects were participants in the Singapore Eye Imaging
Network, a clinical study designed to evaluate microvas-
cular defects and their association with ocular conditions.
Informed consent was obtained from all participants. The
SingHealth Centralized Institutional Review Board approved
all protocols, and all methods adhered to the tenets of the
Declaration of Helsinki.

All participants underwent a comprehensive examina-
tion, including assessment of best-corrected visual acuity
using a logarithm of minimum angle of resolution (logMAR)
chart (Lighthouse International, New York, NY, USA), autore-
fractometry, intraocular pressure (IOP) measurement using
Goldman applanation tonometry, and OCT and OCT-A imag-
ing. Demographic data and medical history were obtained
from case notes. Pupils were dilated with a drop of Gutt
Mydriacyl (1% tropicamide) drops prior to imaging. Visual
fields were assessed using standard automated perimetry
(Humphrey Field Analyzer with Swedish Interactive Thresh-
old Algorithm Fast 24-2; Carl Zeiss Meditec, Inc., Dublin, CA,
USA). The test was considered reliable if fixation losses were
less than 33% and false-positive and false-negative errors
were less than 20%.

POAG eyes were defined based on clinical diagno-
sis, which included the presence of glaucomatous optic
neuropathy (defined as loss of neuroretinal rim with a verti-
cal cup:disc ratio of >0.7 or an inter-eye asymmetry of >0.2

and/or notching attributable to glaucoma) with compatible
VF loss, open angles on gonioscopy, glaucoma hemifield test
outside normal limits, and absence of secondary causes of
glaucomatous optic neuropathy.

OCT Circumpapillary RNFL Analysis

RNFL analysis was performed using spectral-domain OCT
imaging (Cirrus HD-OCT 5000; Carl Zeiss Meditec) with a
200 × 200 optic disc scan protocol. The circumpapillary
RNFL thickness profile was automatically obtained from the
in-built review software based on a 3.46-mm-diameter ring
centered on the optic disc.

OCT-A Image Acquisition

OCT-A images were obtained using a commercial swept-
source OCT system (PLEX Elite 9000; Carl Zeiss Meditec),
which features a swept-source laser with a tunable center
wavelength ranging from 1040 to 1060 nm and an A-scan
rate of 100 kHz. Each eye underwent a 6 × 6-mm imag-
ing protocol centered at the optic disc and a widefield
12 × 12-mm imaging protocol centered at the fovea. Depth-
resolved angiographic signals were obtained using an opti-
cal microangiography technique that utilized both intensity
and phase information.29 The superficial capillary plexus
(SCP) was obtained using the PLEX Elite 9000 built-in
automated OCT layer segmentation, which identified and
isolated angiographic signals in the slab defined by the inner
limiting membrane and inner plexiform layer. En face OCT-
A images generated from maximum projection of the SCP
were extracted for further analysis. Positions of the optic
discs were manually annotated based on the center of the
optic disc margins on the widefield and optic disc struc-
tural OCT images, and the macular center was annotated as
the center of the foveal avascular zone from the widefield
OCT-A scan. Eyes in which the position of the optic disc in
the 6 × 6-mm scan was more than 0.6 mm from the image
center were excluded. Image quality checks were manually
conducted to exclude images with signal strengths less than
6 or of poor quality. Regions in the OCT-A images due to
artifacts observed in the corresponding OCT scans were also
localized and omitted.

FIGURE 1. OCT-A image processing. (A) OCT-A images of the superficial plexus were acquired using a 6 × 6-mm optic nerve head protocol.
(B) Major vessels were detected using a Hessian-based filter followed by adaptive thresholding. These major vessels were excluded from
the OCT-A image to remove the contributions from the larger vessels. (C) After large vessel removal, global thresholding was applied to the
OCT-A image to generate a binarized capillary map.
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FIGURE 2. Illustration of the mapping protocol used in this study. (A) Using the locations of the optic nerve head (asterisk) and fovea (cross)
as reference points, the individual nerve fiber trajectories were traced using the fiber trajectory tracing model.31,32 (B) The tracings were
then transferred onto the OCT-A image acquired with the 6 × 6-mm optic nerve head protocol. For each VF test point, the corresponding
95% limits of the fiber trajectories were used to demarcate a region of interest for calculation of the focal capillary density metrics. (C, D) An
example of the mapping for the two VF points (A, red; B, blue) is shown. Mappings for all of the VF points with the corresponding nerve
fiber trajectories are provided in the Supplementary Material.

OCT-A Image Processing

The optic nerve head OCT-A images (1024 × 1024 pixels)
were processed using a customized MATLAB algorithm
(MathWorks, Natick, MA, USA). Each OCT-A image under-
went thresholding using a globally defined threshold that
minimized the intra-class variance between pixels corre-
sponding to vasculature and non-vasculature pixels, gener-
ating a binarized vasculature segmentation containing both
capillaries and major blood vessels. To remove the major
blood vessels, a separate Hessian-based filter proposed by
Frangi et al.30 was first applied on the OCT-A image, enhanc-
ing the major vessels while suppressing capillaries. Local
adaptive thresholding using the mean intensity around the
128 × 128 neighborhood of each pixel was then applied to
generate a binary mask of the major blood vessels. Finally, a
capillary map was generated from the vasculature segmenta-
tion by removing pixels corresponding to the detected major
blood vessels. An example of the image processing is shown
in Figure 1.

Nerve Fiber Trajectory Model

We applied the nerve fiber trajectory model developed by
Jansonius and colleagues.31,32 Briefly, the model is a math-

ematical description of the nerve fiber trajectories in the
retina originating from the optic disc, and it associates each
test location of the VF with a range of fiber trajectories. The
model has also been proposed as an approach for detecting
glaucomatous progression.33 To adapt the model for each of
the eyes in the study, the calculated disc–foveal distances and
disc–foveal angles based on the manual annotations were
used to adjust the nerve fiber trajectories for each eye and
were aligned with the location of the optic disc in the 6 ×
6 mm OCT-A image. Figure 2 illustrates the aligned nerve
fiber trajectory tracings overlaid on both optic disc and wide-
field OCT-A scans.

Focal Analysis

From the nerve fiber trajectory model, each of the VF test
locations was associated with a range of trajectories.31 In our
focal analysis, we used the 95% confidence interval range
of nerve fiber trajectories, which were traced from the optic
disc circumference to the image margin, to define the wedge-
shaped region of interest (ROI) for each VF test location.
This ROI represents the nerve fiber bundle or wedge asso-
ciated with the test point based on the model. Examples
of two VF test locations and the associated ROIs on the
OCT-A image are shown in Figure 2. Detailed mappings
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FIGURE 3. Focal relationship among VF loss, FCD, and FNL thickness. OCT (A) and OCT-A (B) images of the left eye (OS) of a subject are
shown. (C) FCD region (red zone) on the OCT-A image corresponding to the VF defect at the test position indicated in (D). The region
was defined by the nerve fiber trajectories. Decreased capillary density was observed within the FCD region. FNL thickness was defined by
the arc (blue) on the circumpapillary RNFL (dotted cyan circle) bounded by the same nerve fiber trajectories as FCD. The extracted RNFL
thickness map (E) and profile (F) show corresponding RNFL thinning (white arrows).

for all of the test locations in the 24-2 VF are provided in
Supplementary Figure S1. Illustrations of the wedges defined
by the nerve fibre tracings for each visual field test loca-
tion are also provided in the Supplementary Video. Using
the ROI for each test location, the focal capillary density
(FCD) was calculated as the proportion of the ROI area
occupied by capillaries. In addition, the average thickness
corresponding to the arc of the circumpapillary RNFL profile
within the focal ROI was computed as the focal nerve layer
(FNL) thickness. This enabled a focal vascular–structural–
function analysis through the association of a functional VF
loss with a corresponding focal vascular perfusion metric
(FCD) and focal structural metric (FNL thickness). Figure 3
shows an example of the focal structure mapping, together
with the OCT and OCT-A images, the VF deviation map,
the RNFL thickness map, and the measured circumpapillary
RNFL thickness; the FCD region (red) and FNL thickness arc
(blue) in the figure correspond to the indicated VF test loca-
tion of the subject.

Statistical Analysis

The association between VF mean deviation (MD) and global
capillary density, global RNFL thickness, and other global
parameters was modeled using multivariate regression. As
measurements from both eyes of a subject may be highly
correlated, mixed-effects modeling was used to account for
inter-eye correlations by adding a subject-specific random

TABLE 1. Demographic Characteristics of the Study Subjects (119
Eyes, 86 Subjects)

Characteristic Value

Age (y) 65.6 ± 12.2
Gender (female:male) 25:61
Ethnicity Chinese
Refractive error (D) –1.14 ± 1.95
VF MD (dB) –3.56 ± 3.01
Intraocular pressure (mm Hg) 14.38 ± 2.75
Global RNFL thickness (μm) 74.02 ± 9.56
Global capillary density (%) 35.45 ± 7.77
Disc–fovea angle* (°) 9.52 ± 3.89
Disc–fovea distance† (mm) 4.47 ± 0.26

*Angle between the optic disc center and the foveola, with
respect to the horizontal.

†Distance between the optic disc center and the foveola.

effect, with the other parameters of interest serving as fixed
effects. Focal relationships at each VF test location were also
individually modeled using mixed-effects regression, with
the focal VF deviation values as the dependent variable and
significant parameters from the global regression analysis as
the independent variables.

Relationships between focal VF loss and the individual
FNL thickness or FCD parameters were compared using two
methods. Segmented regression (SR) analysis is an approach
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TABLE 2. Multivariate Mixed-Effects Model for Global Factors Associated with VF MD

Factor Regression Coefficient 95% Confidence Interval P*

Age 0.01 ± 0.02 –0.04 to 0.06 0.791
Gender (female) 0.35 ± 0.60 –0.82 to 1.53 0.553
Refractive error –0.11 ± 0.14 –0.38 to 0.17 0.445
Intraocular pressure 0.13 ± 0.08 –0.03 to 0.29 0.122
Global RNFL thickness 0.09 ± 0.02 0.05 to 0.13 <0.001
Global capillary density 0.13 ± 0.03 0.06 to 0.19 <0.001
Disc–fovea angle 0.09 ± 0.04 0.01 to 0.18 0.034
Disc–fovea distance 0.32 ± 0.87 –1.38 to 2.02 0.709

*P value indicates significance of coefficient; bolded values are statistically significant.

FIGURE 4. Significance of factors from the multivariate mixed-effects modeling at test points from the 24-2 VF for (A) focal RNFL thickness
and (B) focal capillary perfusion density. Green indicates a test location in which the corresponding parameter was significantly associated
with VF loss. Locations located nearer fixation (0°, 0°) were more significantly influenced by FCD than FNL thickness. Correlations for nasal
VF test locations were poor for both FNL thickness and FCD. One VF test location at eccentricity (9°, –3°) was excluded due to the limited
arc of the FNL thickness defined by the trajectories for that location.

that determines the breakpoint at which a change in slope
occurs and has been used to investigate structure–function
associations.6,7 An estimate of the breakpoint was first
determined using the Davies test,34 which was then used as
an initial value to simultaneously obtain the optimal break-
point and the resulting slopes above and below the break-
point. In this study, we defined a floor-like effect as a non-
significant slope of the curve below the breakpoint. Locally
weighted scatterplot smoothing (LOWESS) curves, which can
be used to estimate a curve without assumptions of the
underlying model, were also used to visually evaluate the
relationships. Only VF test locations with deviation values
< 0 decibel (dB) were used in the modeling.3 All statisti-
cal analyses were carried out using Stata 13.1 (StataCorp,
College Station, TX, USA) and the R platform (R Founda-
tion for Statistical Computing, Vienna, Austria), with the
segmented package. P values less than 0.05 were considered
to be statistically significant.

RESULTS

This study recruited 182 eyes of 114 Chinese subjects with
POAG. After excluding 15 eyes with high myopia (SE < –
6), 16 eyes for poor VF reliability, and 32 eyes due to poor
OCT-A image quality, a total of 119 eyes from 86 subjects
were included for analysis. The mean age of the subjects was
65.6 ± 12.2 years, and the subjects had an average VF mean

deviation of –3.56 ± 3.01 dB. Demographic characteristics
of the study patients are presented in Table 1.

Multivariate mixed-effects regression modeling was
performed with VF MD as the dependent variable and global
RNFL thickness, global capillary density (GCD), IOP, age,
gender, refractive error, disc–fovea angle, disc area ratio, and
disc–fovea distance as independent variables. Results of the
regression model can be found in Table 2. A reduced global
RNFL thickness (β = 0.09, P < 0.001), lower global capillary
density (β = 0.13, P < 0.001), and larger angle between the
disc and fovea (β = 0.09, P < 0.001) were associated with
greater VF MD. All other variables were not significant.

Focal VF loss at each VF test location was individually
modeled using multivariate mixed-effects regression, with
FNL thickness, FCD, and disc–fovea angle as the indepen-
dent variables. Full results of the regression analysis for each
of the 24-2 VF test locations are provided in Supplemen-
tary Table S1. FCD was found to be significantly associated
with VF loss in 34 of the 51 test locations (66.7%), whereas
FNL thickness was significantly associated in 16 of the 51
test locations (31.4%). Figure 4 provides a visual representa-
tion of the significance of the regression coefficients for FNL
thickness and FCD overlaid on the corresponding VF test
locations. Table 3 provides the number of VF test locations
with significant associations between focal VF loss and the
corresponding FCD or FNL thickness metrics with respect to
retinal eccentricity. The results indicate that FCD was signifi-
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TABLE 3. Number of VF Test Locations with Significant Associations
Between Focal VF Loss and FCD or FNL Thickness

Retinal Eccentricity* FCD FNL VF Test Locations†

All 34 (66.7%) 16 (31.4%) 51
Less than 10° 11 (100.0%) 1 (9.1%) 11
Between 10° and 20° 13 (72.2%) 7 (38.9%) 18
More than 20° 10 (45.5%) 8 (36.3%) 22

Percentages in parentheses indicate the proportion of VF test
locations with significant associations between VF loss and FCD or
FNL against the total number of VF locations.

* Retinal eccentricity with respect to fixation.
† Total number of visual field test locations with respect to fixa-

tion based on the Humphrey 24-2 test.

cantly associated with focal VF loss in more VF test locations
compared to FNL nearer to fixation.

Scatterplots of focal VF against FCD and FNL thickness
within each of the three eccentricity regions (<10°, 10°–20°,
>20°) are shown in Figure 5, together with the relationships
modeled from the SR and LOWESS approaches, which were
similar. From the plots, it can be seen that the relationships
between VF loss and FCD or FNL thickness differ accord-
ing to retinal eccentricity. Results from the SR analysis are
presented in Table 4. Detected breakpoints were significant
(P < 0.05) using the Davies test for both FCD and FNL
thickness in all zones, except for FCD within 10° of fixa-
tion. Within the central 10°, the slope below the breakpoint
for FNL thickness was not significant (P = 0.18), suggest-

ing a floor-like effect beyond which increasing VF severity
was not significantly associated with changes in nerve fiber
thickness.

DISCUSSION

In this study, we show that perfused capillary density in the
superficial peripapillary region was significantly associated
with overall severity of VF loss and with focal VF losses at
a majority of VF test locations. Increased VF mean deviation
was associated with decreased GCD and decreased global
RNFL thickness. VF test locations in which VF losses were
significantly associated with capillary density tended toward
the central retina. A floor-like effect was observed for nerve
fiber thicknesses with increasing VF losses within 10° of fixa-
tion but was not observed for the corresponding capillary
densities.

To our knowledge, this is the first study in which
an anatomical model of nerve fiber trajectories has
been used to define focal regions of perfused capillary
densities associated with individual VF test locations in
glaucoma using OCT-A. Previous studies have evaluated
the spatial correspondence of VF sensitivities with OCT-
A at different levels of granularity. VF MD18,35–37 has
been shown to be well-associated with global, annular,
or quadrant-based measures of vascular parameters in
the circumpapillary region. Single hemifield analysis by
associating VF losses from one VF hemifield with the
corresponding OCT-A hemifield has also been

FIGURE 5. Scatterplots showing the association between VF losses and FCD or focal FNL thickness at different retinal eccentricities. (A) FNL
thickness against VF loss, eccentricity less than 10°; (B) FNL thickness against VF loss, eccentricity between 10° and 20°; (C) FNL against VF
loss, eccentricity greater than 20°; (D) FCD against VF loss, eccentricity less than 10°; (E) FCD against VF loss, eccentricity between 10° and
20°; (F) FNL thickness against VF loss, eccentricity greater than 20°. LOWESS curves were added to each scatterplot. LOWESS curves (blue)
are provided with fits obtained from segmented regression analysis (SR, red).
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TABLE 4 Predicted Breakpoints and Corresponding Slopes from Segmented Regression Analysis
VF Breakpoint Slope Below Breakpoint† Slope Above Breakpoint‡ Difference in Slope§

Retinal Eccentricity Zone Mean ± SD P* Mean ± SD P Mean ± SD P Mean ± SD P

0°–10°
FNL thickness –10.00 ± 6.14 0.028 0.57 ± 0.43 0.183 1.69 ± 0.35 <0.001 –1.12 ± 0.55 0.041
FCD –6.33 ± 3.91 0.073 0.89 ± 0.12 <0.001 1.36 ± 0.24 <0.001 –0.47 ± 0.27 0.081

10°–20°
FNL thickness –6.91 ± 0.73 <0.001 0.66 ± 0.16 <0.001 3.52 ± 0.29 <0.001 –2.86 ± 0.33 <0.001
FCD –5.63 ± 0.67 <0.001 0.65 ± 0.09 <0.001 2.30 ± 0.21 <0.001 –1.66 ± 0.22 <0.001

20°–30°
FNL thickness –5.52 ± 1.72 0.002 0.65 ± 0.12 <0.001 1.66 ± 0.35 <0.001 –1.00 ± 0.37 0.007
FCD –5.00 ± 1.86 0.008 0.43 ± 0.08 <0.001 1.00 ± 0.23 <0.001 –0.57 ± 0.24 0.017

Bolded values are statistically significant.
* Davies test for existence of a breakpoint.
† Slope before breakpoint.
‡ Slope after breakpoint.
§ Change in slope after breakpoint.

reported.17,21–23,38 More focally, the Garway–Heath model28

has been used to cluster VF locations with the correspond-
ing circumpapillary region into six distinct sectors for
sectoral structure–function analysis.24–26,39 Although the
Garway–Heath model is well established, a limitation of the
defined clusters is that a more precise structure–functional
analysis at the individual test point cannot be demonstrated.
In addition, the previous approaches have used standard-
ized definitions of the peripapillary sectors or quadrants for
OCT-A analysis and do not account for anatomical individual
variations in the relative positions between the optic nerve
head and the fovea. These anatomical variations, which
have been shown to affect the discriminative ability of peri-
papillary RNFL measurements in glaucoma,40–43 are likely
attributed to relative shifts in the positions of the nerve
fiber bundles and could affect capillary measurements.

An advantage of the focal approach is that we were able
to use the actual VF losses at the test locations without
averaging over a larger sector. This enabled a more accu-
rate representation of focal changes in the VF, nerve fiber
layer thickness, and capillary densities, which could other-
wise be obfuscated in a global or sectoral analysis. Results
of the focal analyses suggested trends in the disposition of
the parameters. Of the VF test locations, FCD and FNL thick-
ness were shown to both be significant in nine test loca-
tions which tended temporo-inferiorly, whereas FCD was the
significant predictor in 25 locations primarily at the central
VF, and FNL thickness was the significant predictor in only
seven locations superiorly. Neither FCD nor FNL thickness
was a significant predictor in 10 locations, largely in the
nasal region. These results suggest that different strategies
may be needed for different regions within the VF. VF losses
in the central region may be better evaluated with vascu-
lar parameters, whereas the peripheral VF may benefit from
considering both structural and vascular parameters. The
larger influence on vascular measures for the central VF
provides some insight on the poorer diagnostic performance
in the temporal RNFL compared to the inferior or superior
sectors.44

Our results show that VF losses at test locations located
nearer to fixation were more significantly associated with
capillary density than RNFL thickness. Although the anal-
ysis was performed on each VF test location individually,
it is interesting to note that the results are consistent with
previous studies that clustered VF test locations based on the
Garway–Heath map. In particular, the individual VF losses
significantly associated with capillary density are broadly

similar to the temporal, inferotemporal, and superotempo-
ral VF sectors. Our results are comparable to those of Shin
et al.,24 who reported significant associations between VF
and vessel density in the inferotemporal and superotem-
poral sectors in 51 eyes with mild glaucoma (VF MD =
–2.32 ± 1.64 dB) only, although we also showed signifi-
cant associations in the test locations corresponding to the
temporal sector. Significant correlations at the inferotempo-
ral and superotemporal sectors were also presented by Rao
et al.27 No significant associations with VF were found for
either retinal nerve fiber thickness or capillary density for
test locations in the nasal region, which has been shown to
have a high degree of variability.31,45,46 Studies by Kumar et
al.25 and Sakaguchi et al.26 showed significant associations
between VF loss and vascular parameters in more sectors,
but this could be attributed to the greater severity of VF loss
in those studies, which was consistent with the findings for
a group of 40 eyes with severe glaucoma (VF MD = –11.8 ±
5.51 dB) in the same earlier study by Shin et al.24 The results
from the present study provide an indication of the asso-
ciation of vascular and structural parameters with VF loss
with respect to eccentricity, which, to the best of our knowl-
edge, has not been shown before using other methods of
analysis. Further studies will be needed to evaluate if these
conclusions are also applicable to subjects with severe visual
loss.

Measures of capillary density from OCT-A may be more
useful then RNFL-based measures for the assessment of
the structure–functional relationship,17,21,24,27,37 in particu-
lar within 10° of fixation, which largely corresponds to the
temporal circumpapillary region. Our results showed that a
noticeable floor-like effect was observed at –10 dB for FNL
thickness, beyond which there was no appreciable gradient
with increasing VF loss, and agree with those of other stud-
ies (Hood and Kardon,3 –10 dB; Mwanza et al.,7 –10 dB).
In contrast, although OCT-A does not provide actual blood
flow information, it provides a means of measuring ocular
perfusion, which is affected in glaucoma and may be less
susceptible to floor effects.26 This can also be observed in
our results by the lack of an apparent floor effect for FCD
in all of the zones, in particular within 10° of fixation where
no breakpoint was detected. A recent comparison of the
measurement floors of capillary density and RNFL thickness
in 198 eyes showed similar trends.8 Although the change-
points were largely lower than in the present study, this
could be attributed to the greater severity of glaucoma and
the use of global MD rather than focal values. Our results
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showed that eccentricity from fixation affects the focal VF
relationships, and different strategies may be necessary for
visual losses at fixation and at the periphery.

Structural measures showed a floor-like effect for VF test
locations in the central 10° of fixation, which corresponds
approximately to the temporal circumpapillary region. Simi-
lar trends were also observed in the temporal sector in a
study by Sakaguchi and colleagues.26 This could indicate
spatial variations in the neuronal component within the
RNFL. Although no studies have directly demonstrated this,
some studies7,47 have suggested that the residual floor in the
temporal sector is approximately 25% to 30% lower than the
superior sector. However, in healthy individuals, the tempo-
ral thickness has been reported to be approximately 55%
to 60% that of the superior sector.44,48 Barring astroglio-
sis, this could imply a lower tolerance for glaucomatous
neuronal losses at the temporal sector and an earlier floor
effect with the same amount of focal VF loss compared to
other sectors. Further studies are necessary to investigate
changes in the different components within the RNFL during
progression.

Although the results from the present study showed that
vascular measures were potentially less susceptible to floor
effects than structural measures, repeatability of the vascu-
lar measures may pose a potential challenge in monitor-
ing progression. Moghimi and coworkers8 reported fewer
measurable steps from a healthy mean value to a modeled
residual floor for OCT-A vascular measures, suggesting that
the larger dynamic range of vascular measures was offset
by increased measurement variability. Although OCT-A has
been demonstrated to have good repeatability in both and
normal and diseased eyes,49,50 other studies have shown that
OCT-A measurements can be affected by signal strength51

and choice of vascular processing approach,52 as well as
physiological characteristics,53 among other factors. Given
these potential sources of variability, these factors should
be considered in a progression study, where it may also be
advantageous to include baseline parameters.47

There are several limitations to our study. Nerve fiber
trajectories can traverse across multiple VF test locations
in the retina, and unique correspondences between trajec-
tories and test locations can be challenging to determine.
However, this is an inherent limitation of VF maps based on
fiber tracings in general. The approach we have used miti-
gates this by using wedge-shaped regions defined by the
range of trajectories for each VF location. This enabled a
more focal analysis of the VF while providing a reasonable
tolerance for variability in the model. An additional outer
bound was not imposed to limit the extent of the wedges,
but this required quality controls to minimize variations in
the optic disc locations. Comparisons were made using only
circumpapillary parameters, and the use of retinal capillary
density and macular ganglion cell thickness could provide
more insight into the structure–function relationship,8,24,54

particularly with recent widefield retinal imaging protocols.
Different machines were used to generate measurements
of the RNFL thickness and the OCT-A perfusion parame-
ters, although Tan et al.55 recently showed that there was
excellent agreement between the two machines for RNFL
measurement. Most of the subjects in our study had VF
MD of better than –6 dB, and evaluation of the structure–
function model in subjects with more severe glaucoma was
limited. Customized image processing techniques were used
for major vessel detection removal and capillary perfusion
calculation, which could affect the actual perfusion measure-

ments. Due to the cross-sectional nature of this study, causal
relationships could not be evaluated.

In conclusion, capillary density as measured by OCT-
A was significantly associated with focal VF losses at a
larger number of VF test locations compared to nerve fiber
layer measurements from OCT. Capillary densities were also
significantly associated with a larger range of VF losses. The
findings suggest that capillary density may be useful for
modeling focal VF losses in glaucoma. Further studies with
longitudinal data are necessary to evaluate the applicability
of these findings to glaucoma progression.
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