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Abstract
Purpose To evaluate the correlation between contrast sensi-
tivity (CS) and retinal nerve fiber layer (RNFL) in different
areas of vision.
Methods This report is a sub-analysis of a prospective, obser-
vational cohort study investigating changes in performance-
based assessment, vision-related quality of life, and clinical
measures in patients with moderate to advanced glaucoma.
The study included 161 participants with at least a 2-year
history of glaucomawho underwent annual testing for 4 years.
Contrast sensitivity was measured using the Spaeth/Richman
contrast sensitivity (SPARCS) test, while RNFL thickness
(RNFLT) was measured using Cirrus optical coherence to-
mography (OCT). Statistical analyses were performed to de-
termine correlations between CS and RNFLT; the correlations
were calculated for each annual visit, totaling four correlation
coefficients for each patient over the course of 4 years.
Results The SPARCS score in the left upper area of vision
correlated the most strongly with the RNFLT of the inferior
quadrant for both eyes at each annual visit, specifically in the
seven o’clock sector for the left eye and the six o’clock sector
for the right eye (p < 0.05). There were no discernible trends

for the correlations between the other areas of CS and RNFL
quadrants or clock hours over the 4 years of the study. Linear
regression between the SPARCS total score and average
RNFLT showed a significant direct correlation at each visit
(p < 0.01).
Conclusions Contrast sensitivity in the left upper area of vi-
sion for both eyes correlated most strongly with the thickness
of the inferior quadrant of the RNFL. These fibers project to
the temporal portion of the right occipital lobe, implying a
potential center for contrast perception in this area. The lon-
gitudinal nature of the study suggests that CS may be a pre-
dictive tool for changes in RNFL in patients with glaucoma.
Despite this finding, retinal damage and its relationship to CS
was diffuse. In addition, SPARCS was shown to predict
RNFLT. Further research is warranted to understand how CS
can be used as a tool in the clinical setting.

Keywords Structure–function . Glaucoma . Contrast
sensitivity . Retinal nerve fiber layer thickness

Introduction

The correlation between sectors of the retinal nerve fiber layer
(RNFL) damaged by glaucoma and the resulting functional
deficits in visual field (VF) has been well studied [1–4].
However, the close association between vision-related quality
of life (VRQoL) and contrast sensitivity (CS) has highlighted
its importance in the progression of glaucoma [5, 6]. Further,
Hu et al. and Crabb et al. concurrently found that glaucoma
patients more often described their vision as poor image qual-
ity, noting a need for more light, rather than a mere limit in the
scope of their visual field (i.e., Btunnel vision^) [7, 8]. These
descriptions differ from the conventional beliefs regarding the
pathomechanism of glaucoma, leading them to speculate that
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some of the symptomatology related to glaucoma may stem
from an early loss in CS [7]. Decreased CS in glaucoma pa-
tients has been well documented, both via direct testing [9, 10]
and activity-related testing [11, 12]; however, the relationship
between decreased CS and concurrent loss in RNFL thickness
(RNFLT) has not yet been fully elucidated.

Currently, three main tools are used to measure CS: (1)
letter charts, such as the Pelli–Robson (PR), Mars, and
Regan tests [13], (2) grating charts, such as the Arden,
Cambridge, Ginsburg, and CSV-1000 tests [13], (3) digital
testing, such as the mobile app Aston test [14], ClinicCSF
app [15], and the Spaeth/Richman Contrast Sensitivity
(SPARCS) test [13]. Most tests use a global score for CS,
but SPARCS measures CS in five distinct areas of vision
(one central and four peripheral areas). The SPARCS test is
useful in detecting glaucoma, with similar sensitivity to and
higher specificity than the more traditionally used PR test
[16]. Furthermore, the SPARCS test showed better test–retest
reliability when compared to the PR test [16, 17].

Optical coherence tomography (OCT) has proven accurate
in diagnosing [18] and tracking the progression of glaucoma
[19], even with a single protocol [20]. Although there is an
abundance of information regarding the RNFLT (as measured
by OCT) and CS (as measured by SPARCS) separately, we
aimed to assess how these two diagnostic modalities would
correlate in patients with glaucoma.

Methods

The present study is a subanalysis of a prospective, observa-
tional cohort study investigating the changes in performance-
based assessment of daily activities, self-reported VRQoL,
and clinical measures in patients with moderate to advanced
glaucoma. All related research has been approved by the
Institutional Review Board of Wills Eye Hospital. All proce-
dures performed in studies involving human participants were
in accordance with the ethical standards of the institutional
and/or national research committee and with the 1964
Helsinki Declaration and its later amendments or comparable
ethical standards. Written informed consent was obtained
from all participants in compliance with the Health
Insurance Portability and Accountability Act (HIPAA). The
design and methods have been described in full in a previous
publication [6].

Participants

Participants were between 21 and 85 years of age and had
been diagnosed with moderate to advanced glaucoma (prima-
ry open-angle, secondary open-angle, or chronic angle-clo-
sure) at least 2 years prior to joining our study. Inclusion
criteria included having a Disc Damage Likelihood Scale

score between 5 and 8 in at least one eye. Participants were
excluded for any condition that would influence their ability to
perform activities of daily living, incisional eye surgery within
the past 3 months, laser therapy within the previous month, or
other visual impairment unrelated to glaucoma.

Clinical evaluation

Baseline measurements were collected at the time of enroll-
ment, and the participants returned for repeat testing once per
year for 3 years, totaling four visits. Participants underwent
visual acuity testing, intraocular pressure measurement using
Goldmann applanation tonometry, and slit-lamp examination
of the anterior segment and fundus.

Peripapillary RNFLTwas measured using Cirrus-HD OCT
(spectral-domain technology with optic disc cube 200 × 200;
Carl Zeiss Meditec Inc., Dublin, CA, USA) at baseline and at
each annual follow-up visit. Images with signal strength great-
er than or equal to 7 were included in the analysis.

Contrast sensitivity testing was performed using the
SPARCS test at baseline and at each annual follow-up visit.
All SPARCS tests were conducted using the same computer
monitor with 1024 × 768 display resolution in a dark room
with standardized lighting conditions. Participants sit 50 cm
from the screen and fixate their eyes on the center as gray bars
flash in one of the five areas (Fig. 1). If seen, after fixation is
resumed, the bars flash in a different area. The process is
repeated with multiple steps of decreasing contrast until the
subject cannot discern the bars further. Each of the areas of
vision — four peripheral areas and one central area — re-
ceived a score between 0 and 20, summing to a maximum
total score of 100 [16].

Additional variables were assessed as part of the larger
study (e.g., quality of life, ocular pain, and general physical
health); however, we only analyzed data related to the param-
eters described above.

Statistical analysis

Research electronic data capture (REDCap) was used for data
collection [21]. Statistical analysis was performed using R (R
Core Team, Vienna, Austria) [22]. Each eye was analyzed
separately for each visit. Pearson correlation coefficients were
calculated to assess the relationships between the RNFLT and
SPARCS scores, with significance level determined by F-test.
For each eye at each visit, p-values were adjusted using the
method of Benjamini and Hochberg to control the false dis-
covery rate at 5%. To delineate all potential correlations be-
tween the RNFL sectors and CS areas, RNFL was analyzed as
both quadrants and clock hours. All RNFL quadrants and
clock hours were correlated to each of the five areas of the
SPARCS test. To clarify the areas of the SPARCS test, the left
upper area of SPARCS denotes the superior nasal quadrant of
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vision for the right eye and the superior temporal quadrant for
the left eye. The right upper area of SPARCS is the superior
temporal quadrant of vision for the right eye and the superior
nasal quadrant for the left eye. The inferior areas of SPARCS
follow in the same pattern.

A linear regression model was used to determine the rela-
tionship between total SPARCS score and the average RNFLT
for each eye at each visit. A p-value less than 0.05 was con-
sidered statistically significant.

Results

One hundred and sixty-one participants with moderate to ad-
vanced glaucoma were enrolled at baseline. Table 1 summa-
rizes their demographic characteristics at the beginning of the
study and at each subsequent visit. At baseline, the average
age was 64 years, and females comprised 53% of the

participants. The majority (91%) of the study group was diag-
nosed with primary open-angle glaucoma. Other baseline
characteristics have been documented in previous studies
[5]. On average, 5% of patients were lost to follow-up each
year, resulting in a total of 134 patients who attended all four
visits. Nevertheless, statistical analysis found no significant
differences between each visit regarding demographics or
clinical characteristics. As OCT data with a signal strength
less than 7 were excluded, a total of 95 to 121 patients were
included in the final statistical analysis, depending on the visit.
Table 2 displays the average RNFLT and CS scores in each
area of vision over the four visits.

Table 3 displays the Pearson correlation coefficients be-
tween CS (as measured by SPARCS areas— right upper, left
upper, right lower, left lower, central) and RNFLT (as mea-
sured by quadrant—superior, temporal, inferior, nasal) in each
eye, for each visit. Table 4 reports the same relationship, but
RNFL is divided into clock hours. These clock hours echo
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Fig. 1 Contrast gratings
presented to participant during the
Spaeth/Richman contrast
sensitivity (SPARCS) test

Table 1 Demographics of
participants enrolled in the study
at each visit in absolute numbers
and percentages

Visit 1: n = 161 Visit 2: n = 153 Visit 3: n = 142 Visit 4: n = 134

Age, mean (range) 64 (29–83) 64 (30–84) 64 (31–85) 64 (32–85)

Sex, n (%)

Female 86 (53.4) 81 (52.9) 75 (52.8) 71 (53.0)

Male 75 (46.6) 72 (47.1) 67 (47.1) 63 (47.0)

Race/ethnicity, n (%)

White 94 (58.4) 92 (60.1) 85 (59.6) 80 (59.7)

African-American 52 (32.3) 48 (31.3) 44 (31.0) 41 (30.6)

Asian 12 (7.5) 10 (6.5) 10 (7.0) 10 (7.5)

Hispanic 2 (1.2) 2 (1.3) 2 (1.4) 2 (1.5)

Other 1 (0.6) 1 (0.7) 1 (0.7) 1 (0.7)

Glaucoma diagnosis, n (%)

Primary open-angle 147 (91.3) 140 (91.5) 129 (90.8) 122 (91.0)

Secondary open-angle 8 (5.0) 7 (4.6) 7 (4.9) 6 (4.5)

Angle-closure 6 (3.7) 6 (3.9) 6 (4.2) 6 (4.5)

*For each demographic characteristic, p > 0.05 between all visits
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standard OCT reporting; for example, the one o’clock OCT
sector spans from what would be 12:30 to 1:30 on an analog
clock. All reported correlation coefficients were statistically
significant (p < 0.05). The most consistent correlation was
between the RNFLT in the inferior quadrant (RNFL clock
hours 5:00–7:00) and the SPARCS score in the left upper area
of vision. It appears that the RNFL seven o’clock sector may
be driving this relationship, given the correlation coefficients
for this clock hour (Table 4).

For the remaining SPARCS areas (right upper, right lower,
left lower, and center), no trends were found in their relation-
ships to specific RNFL quadrants or clock hours. All reported
correlation coefficients in Tables 3 and 4 were statistically
significant (p < 0.05); however, the correlations, despite their
statistical significance, did not show any discernible patterns
of association.

Linear regression showed a direct relationship (p < 0.01)
between total SPARCS score and the average RNFLT, with no
difference between the two eyes (Fig. 2). This association was
seen at each visit, throughout the entire course of the study.

Discussion

As SPARCS measures CS in multiple areas of vision, hypoth-
eses regarding which CS areas would correlate with which
RNFL sectors were based on Garway-Heath’s published

map correlating areas of the VF and the optic nerve head
[1]. David Garway-Heath, MD (Moorfields Eye Hospital,
London, UK) advised us specifically, providing us with a hy-
pothesized overlay of SPARCS on his visual field map. The
degrees annotated within each SPARCS area indicate to which
sector of the optic nerve head it would correlate. For the right
eye, as seen in Fig. 3, the right upper area of SPARCS would
correlate approximately to clock hours five through seven
(285°–312°) and the left upper area would correlate to clock
hour seven (253°–329°). The right lower area of SPARCS
would correlate approximately to clock hour eleven (34°–
78°) and the left lower area to clock hours ten and eleven
(11°–95°).

Contrast sensitivity in the left upper area of the visual field
correlated most strongly with the inferior quadrant of the
RNFL in both eyes. When stratifying by clock hours, as seen
in Table 4, this relationship seems to be driven by the seven
o’clock sector for the left eye and by the six o’clock sector for
the right eye. These findings are aligned with Garway-Heath’s
map relating the VF to the optic nerve head. This correlation
was maintained throughout the course of the study, and can
probably be explained by the characteristic damage in discrete
areas of vision in glaucoma patients [2]. The damaged areas
tend to be more prominent in one area or the other (i.e., supe-
rior or inferior) [23].

Specifically, notching of the retinal neural tissue in glauco-
ma is most often seen in the inferior quadrant [18, 24]. The

Table 2 Mean retinal nerve fiber
layer thickness as measured by
optical coherence tomography,
and contrast sensitivity as
measured by the Spaeth/Richman
contrast sensitivity test for the
right eye and left eye over four
visits

Visit 1

OD, n = 112

OS, n = 121

Visit 2

OD, n = 108

OS, n = 115

Visit 3

OD, n = 104

OS, n = 110

Visit 4

OD, n = 96

OS, n = 95

OD OCT average RNFLT

(μm, mean ± SD)

69.4 ± 12.9 68.7 ± 13.6 68.3 ± 13.1 68.3 ± 12.6

SPARCS (mean ± SD)

Total score

Right upper

Left upper

Right lower

Left lower

Center

59.5 ± 15.2

11.9 ± 4.3

10.7 ± 5.0

11.4 ± 4.1

10.9 ± 4.4

12.4 ± 3.3

58.5 ± 15.5

11.4 ± 4.5

10.3 ± 4.8

11.2 ± 3.8

10.6 ± 4.3

11.6 ± 3.5

56.2 ± 15.7

11.4 ± 3.9

10.3 ± 4.7

11.3 ± 3.7

10.6 ± 4.2

11.9 ± 3.2

55.9 ± 18.5

12.0 ± 4.0

11.1 ± 4.6

11.4 ± 3.3

10.4 ± 4.4

12.0 ± 3.4

OS OCT average RNFLT (μm, mean ± SD) 65.6 ± 11.6 64.6 ± 11.9 64.1 ± 11.4 63.7 ± 12.7

SPARCS (mean ± SD)

Total score

Right upper

Left upper

Right lower

Left lower

Center

57.7 ± 15.3

11.0 ± 4.5

11.8 ± 4.1

10.8 ± 4.3

11.2 ± 4.1

12.2 ± 3.6

55.8 ± 15.0

10.1 ± 4.7

11.5 ± 4.1

10.7 ± 4.0

10.9 ± 3.6

11.4 ± 3.6

55.4 ± 15.1

10.1 ± 4.3

10.9 ± 4.1

10.1 ± 4.1

10.8 ± 3.8

11.3 ± 3.6

56.1 ± 16.8

11.2 ± 4.2

11.6 ± 4.1

10.5 ± 4.2

11.0 ± 3.5

11.8 ± 3.6

OD right eye, OS left eye, OCT optical coherence tomography, RNFLT retinal nerve fiber layer thickness, SD
standard deviation
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susceptibility of the inferior region of the RNFL to early
glaucomatous damage could be a possible explanation for
our finding a consistent pattern between CS and RNFLT in
that area. Additionally, Mwanza et al. found that the thick-
ness of the seven o’clock sector of the RNFL alone could
differentiate between glaucomatous and healthy eyes [18].
This finding is in line with our results that the seven o’clock
sector has the highest correlation with the left upper area of
the SPARCS test (Table 4). As mentioned in the results, this
specific clock hour is probably driving the consistent signif-
icant correlation between the RNFLT of the inferior quad-
rant (which is made up of clock hours five, six, and seven)
and the SPARCS left upper area of vision. Extrapolating
further, the nerve fibers from the left upper area of the visual
field project through the brain to the temporal portion of the
right occipital lobe, implying a potential center for contrast
perception in this area of the brain.

However, for the remaining RNFL quadrants and clock
hours, SPARCS did not find the expected correlations be-
tween CS and RNFLT. While structural and functional
changes tend to be more pronounced in one area of the
RNFL or visual field respectively, the damage from glauco-
ma is not limited to that area [2, 18]. Rather than the clusters
of function loss that are classically found in VF testing for
glaucoma, CS loss appears to be much more diffuse
throughout the field of vision. This may help to explain
why, despite having found many statistically significant cor-
relations between individual SPARCS areas and RNFL
quadrants, no clear patterns emerged from these correlations
beyond the one discussed above.

There are several potential reasons for these findings.
First, we speculate the lack of trends could be due to a
threshold; that is, the nerve fibers may need to attain a cer-
tain level of damage before there are measurable changes in
CS. Second, minute changes in CS may not be measurable
with our current tools, in the same way small changes in
RNFLT are quantifiable with OCT. Third, CS might pertain
to a discrete aspect of vision, related to only a subpopulation
of RNFL cells rather than the entire retina [25]. The gangli-
on cell and inner plexiform layers have been found to have
comparable sensitivity in diagnosing glaucoma when com-
pared to the average RNFLT [26]. It may very well be that
our ability to discern contrast is a complex summation of the
function of multiple cell types and layers in the retina, which
OCT currently combines into one distinct layer.

Linear regression analysis showed a statistically signifi-
cant relationship between the total SPARCS score and the
average RNFLT in all four visits. This finding confirms the
study hypothesis, in which we predicted that global RNFL
thinning due to glaucomatous damage would correlate well
with decreased CS. Although there was significant scatter-
ing of data points in the linear regression — probably the
result of widespread RNFL damage — our results doT
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suggest that SPARCS may be predictive of RNFL damage in
glaucoma. The data regarding loss in CS did not show a ‘tip-
ping point’, asWollstein et al. found in their analyses of RNFL
damage in the context of VF deficits [2]. It might be that
different layers of the RNFL are responsible for CS, as we
have speculated, or that this point could not be discerned by
our data. Previous research has ascertained that glaucoma pa-
tients experience decreased sensitivity to contrast over time,
consequently losing proficiency in activities of daily living
that require contrast, such as facial and object recognition
[12, 27]. Glaucoma patients also perform activities much less
efficiently than their healthy counterparts in simulated low-
contrast environments, such as reading and driving [28]. Our
results support previous studies that have shown decreased CS
in glaucoma [9, 11, 12] and suggest that this loss is due to
RNFL thinning.

The exclusion of multiple OCT images due to poor signal
strength — possibly due to poor fixation, hazy media, or in-
herent difficulties of the OCT machine— reduced the sample
size of our study and may have limited the results.
Furthermore, there was some loss to follow-up between each
visit; however, on statistical comparison, there were no differ-
ences in demographics or clinical characteristics of these pa-
tients. Finally, a major limitation of the present study is the
mismatch between areas of CS and RNFL; SPARCS areas are
rectangular and centered over the macula, whereas OCT areas
are pie-shaped and centered over the optic nerve.
Nevertheless, we found significant correlations between
SPARCS scores and RNFLT, regardless of the areas, pointing
again to diffuse retinal damage.

In conclusion, further research is warranted to better under-
stand how CS testing can help in the diagnosis of glaucoma,

Table 4 Pearson correlation coefficients between SPARCS areas and OCT clock hours (all reported correlations p < 0.05)

Spaeth/Richman contrast sensitivity (SPARCS) test scores

Visit 1
OD, n = 112
OS, n = 121

Visit 2
OD, n = 108
OS, n = 115

Visit 3
OD, n = 104
OS, n = 110

Visit 4
OD, n = 96
OS, n = 95

RU LU RL LL CE RU LU RL LL CE RU LU RL LL CE RU LU RL LL CE

OD
RNFL
clock
hours

1:00 0.23 0.20 0.29

2:00 0.27 0.20 0.29 0.28 0.25 0.30 0.25 0.32 0.20 0.27 0.22 0.23 0.20 0.23

3:00 0.32 0.21 0.22 0.25

4:00

5:00 0.21 0.24 0.23 0.30 0.26 0.25 0.24 0.32

6:00 0.35 0.44 0.33 0.36 0.43 0.47 0.28 0.32 0.37 0.27 0.28 0.26 0.21 0.37 0.30

7:00 0.29 0.46 0.28 0.31 0.45 0.51 0.28 0.32 0.46 0.25 0.32 0.21 0.25 0.27

8:00 0.31 0.19 0.31 0.38 0.22 0.29 0 0.30 0.24

9:00

10:00 0.24 0.25 0.22

11:00 0.21 0.25 0.24 0.21 0.24 0.22 0.24 0.31 0.35 0.21 0.31 0.29

12:00 0.20 0.25 0.24 0.31 0.28 0.23 0.30 0.38 0.26 0.21 0.32 0.25

OS
RNFL
clock
hours

1:00 0.30 0.27 0.37 0.39 0.24 0.30 0.41 0.30 0.29 0.20 0.22 0.31 0.25 0.28 0.34 0.37 0.39 0.32 0.27

2:00 0.36 0.31 0.31 0.24 0.39 0.37 0.45 0.30 0.24 0.23 0.23 0.31 0.35 0.32 0.33

3:00 0.40 0.29 0.22 0.36 0.30 0.36 0.25 0.19 0.21

4:00 0.19 0.23 0.24 0.30 0.23

5:00 0.22 0.22 0.19 0.41 0.35 0.35 0.37 0.30

6:00 0.37 0.41 0.28 0.36 0.49 0.45 0.38 0.32 0.29 0.30 0.23 0.19 0.27 0.40 0.22 0.36 0.37

7:00 0.24 0.36 0.25 0.31 0.34 0.33 0.35 0.29 0.24 0.23 0.23 0.24 0.29

8:00 0.18 0.19 0.25 0.21 0.25 0.22 0.23

9:00

10:00

11:00 0.23 0.37 0.25 0.23 0.23 0.22 0.23

12:00 0.24 0.25 0.28 0.25 0.31 0.27 0.24 0.24

OD right eye, OS left eye, RU right upper area, LU left upper area, RL right lower area, LL left lower area, CE central area, n sample size

*Blank spaces indicate no correlation of significance
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and how the decrease in CS relates to the progressive loss of
neural tissue in specific areas of the retina. We aimed to deter-
mine if correlations could be found between CS and RNFLT
throughout different retinal quadrants and clock hour sectors.
We have shown that using SPARCS testing, a loss in CS in the
left upper area of vision may reflect notching in the inferior
quadrant of the RNFL, particularly the six- and seven o’clock
sectors for the right and left eyes, respectively. This relation-
ship was not found between the RNFLT and other SPARCS
areas, supporting not only the idea that structural damage in
specific sectors of the RNFL may be a driving force in func-
tional vision deficits, but also that this damage may be more
extensive than anticipated.
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Fig. 2 Linear regression between average RNFLTand the SPARCS total
score for each visit, with no difference in predictive value between each
eye. The linear regressions in the figure represent visit 1 (a), visit 2 (b),

visit 3 (c), and visit 4 (d). a p < 0.001, R2 = 0.18; b p < 0.001, R2 = 0.23; c
p < 0.001, R2 = 0.11; d p < 0.001, R2 = 0.20

Fig. 3 The SPARCS test overlaid on the Garway-Heath map for the
right eye
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