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Abstract

Background: Mesopic conditions elicit both rod and cone
responses, and they are more commonly encountered in
daily life than are scotopic conditions; yet visual function
outcome measures of mesopic visual acuity (VA) or contrast
sensitivity (CS) are rarely evaluated. Objective: In retinitis
pigmentosa (RP), we explored whether visual reductions in
mesopic versus photopic conditions were correlated with
cone or rod function, as well as the between-visit test-retest
variability in mesopic measures. Methods: At each of two
visits, 22 RP subjects completed mesopic and photopic
ETDRS VA and Pelli-Robson chart CS tests obtained with and
without a U23 NolR 4% transmission filter; testing of perifo-
veal scotopic cone or rod sensitivity with the AdaptDx; and
the Rabin Cone Contrast Test (CCT). Results: A greater CS
reduction in mesopic versus photopic conditions was sig-
nificantly related to absence of scotopic rod function (p =
0.038) or longer self-reported duration of night vision loss
(p = 0.044). VA reductions >0.2 logMAR in mesopic versus

photopic conditions were significantly related to reduced
cone-mediated scotopic sensitivity (p = 0.038). Significant
predictors of the CCT ratio of S-cone to M- and L-cone sensi-
tivity were mesopic VA (p = 0.038) and absence of AdaptDx
rod function (p = 0.008). Test-retest 95% coefficients of re-
peatability were not significantly different when comparing
between photopic and mesopic tests of VA (0.16 and 0.12
logMAR, respectively) or CS (0.21 and 0.24 logCS, respective-
ly). Conclusions: Perifoveal scotopic rod and cone function
measured with the AdaptDx was significantly correlated
with mesopic CS and VA, respectively, which had good, ac-
ceptable test-retest repeatability; thus, they appear to be
suitable outcome measures to monitor mesopic visual func-
tionin clinical practice or trials. RP subjects with reduced me-
sopic VA and no perifoveal rod function had a greater loss of
sensitivity for S-cones than for L-/M-cones.

© 2019 S. Karger AG, Basel

Introduction
Retinitis pigmentosa (RP) primarily affects rod photo-

receptor function, but it is also characterized by concur-
rent or subsequent progressive loss of cone function [1].
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Some RP patients present with normal rod and cone
function in the central retina, while others have loss of
both to the same extent, or rod sensitivity loss that pre-
cedes cone sensitivity loss throughout the retina in other
individuals, while some have only cone function [2, 3].
These various patterns of rod and cone function loss rep-
resent different stages of disease progression for some pa-
tients and/or different mechanisms or subtypes of RP,
which has been previously documented to be a geneti-
cally and phenotypically heterogeneous retinal degenera-
tive disease [2, 3]. Responses from both rods and cones
would be elicited in conditions with mesopic illumination
(i.e., dim or low light levels) if both photoreceptors are
functional. Mesopic conditions are more often encoun-
tered during typical activities of daily living than are sco-
topic conditions; yet mesopic visual acuity (VA) or con-
trast sensitivity (CS) tests are rarely included as outcome
measures in clinical or research settings. Given the inter-
est in documenting visual changes that may impact the
performance of typical daily activities, there is a need to
validate testing performed in simulated mesopic illumi-
nation as a means of evaluating visual function in dim
light conditions among individuals with RP.

Previous research has reported mesopic measures of
retinal sensitivity obtained with the microperimeter in RP
[4-7]. However, microperimetry is time-consuming and
its test-retest reliability in RP is unknown. A more effi-
cient measure of mesopic central visual function could
entail the use of a U23 NoIR 4% transmission filter while
obtaining VA and CS measures, such as with the standard
ETDRS and Pelli-Robson letter charts. The use of the U23
NoIR 4% transmission filter for mesopic VA and CS test-
ing would be low-cost and straightforward to implement
across various sites. To validate the use of mesopic mea-
sures of VA and CS for the evaluation of individuals with
RP, it is important to consider their test-retest reliability.
A previous study in which one of the coauthors was in-
volved had reported the 95% coefficient of repeatability
(CR.95) for mesopic VA with the U23 NoIR 4% transmis-
sion filter as very similar to that for photopic VA, i.e.,
0.12-0.13 logMAR for 4 RP subjects with a VA >0.3 log-
MAR, but the CR.95 for mesopic VA measured in 12 RP
subjects with a VA of 0.3-1.0 logMAR in this study was
much higher, i.e., 0.41 logMAR [8]. Similarly, the 95%
coefficients of repeatability determined for mesopic CS
with the Pelli-Robson chart were much higher (0.51
logCS) than those for photopic CS (0.31 logCS) for RP
subjects with a VA of 0.3-1.0 logMAR in that previous
study [8]. Given the relatively small number of RP sub-
jects with mild-to-moderate vision loss in that past study
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and the large test-retest variability for mesopic VA and
CS previously documented in RP subjects with moderate
vision loss, it remains unclear whether it should be rec-
ommended that mesopic VA be included as an addition-
al outcome measure. It is also currently unknown how
measures of mesopic VA and CS are related to loss of rod
or cone function in RP.

Over 40 years ago, it was initially reported that RP pa-
tients had greater loss of sensitivity for blue cones than for
green cones [9]. Subsequently, further studies published
about 30 years ago found that some patients with the au-
tosomal recessive form of RP, as well as patients with
glaucoma or diabetic retinopathy, initially lose short-
wavelength cone sensitivity or function (i.e., S-cones) pri-
or to cones that respond to longer wavelengths (i.e., L-
and M-cones) [10-12]. Around that time, it was hypoth-
esized that this may be related to changes in the optical
density of the macular pigment [13], or a mechanism
might affect a shared biochemical pathway vulnerability
found in both rods and S-cones selectively but not in oth-
er cones [10]. However, rod function was not measured
in the previous studies, and our recent search of PubMed
and similar databases revealed no further research on the
possible relationship between loss of S-cone and rod
function in RP. S-cones may be more susceptible to
changes in the retinal pigment epithelium due to mor-
phologic differences from L- and M-cones. S-cones are
smaller, and they have a longer and larger intersegment
and deeper innervation projecting further into the sub-
retinal space towards the retinal pigment epithelium [14].
S-cones also have more permeable membranes than L-
and M-cones [10]. Rods and S-cones are more similar
than L- and M-cones as far as calcium metabolism and
proteins, as well as early saturation during psychophysi-
cal responses, are concerned [10]. Another potential ex-
planation for the loss of S-cone sensitivity may be the fact
that S-cones are the least numerous, representing only
10% of all cones; therefore, a loss of a few S-cone cells
would have a greater impact on visual function. However,
previous research has found greater support for metabol-
ic damage as a source of loss of S-cone sensitivity than for
postreceptoral causes within the visual system [15].

The aims of the current study were to examine the re-
lationships between scotopic visual function and: (1) VA
or CS in mesopic versus photopic conditions in RP, and
(2) S-cone sensitivity among individuals with presumed
autosomal recessive RP. We anticipated that mesopic
measures of VA and CS would be correlated with both
photopic and scotopic visual status. Based on previous
work in this field, we hypothesized that S-cone sensitivity
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would be correlated with rod function in those with pre-
sumed autosomal recessive RP. Furthermore, we were in-
terested in determining and comparing the between-visit
test-retest reliability for mesopic and photopic measures
of VA and CS. Thus, another motivation for this study
was to help validate the use of a protocol for mesopic VA
and CS testing in RP.

Subjects and Methods

Study Design

Data collection occurred from September 2014 to April 2015.
All vision tests were administered or supervised by a single exam-
iner (A.K.B.), and all study outcome measures were repeated at 2
visits (except for 1 participant, who was evaluated twice across 3
visits). The subjects were scheduled to return for the second visit
within a 1- to 2-week period (mean inter-visit time = 12.7 days,
range 1-42). Each visit lasted approximately 5-6 h. The subjects
were offered a lunch voucher to take a break about 2-4 h after the
start of the visit, and the tests were made in the same order at each
visit. The same examination room and equipment were used for
all participants at each visit to ensure that all visual function test
conditions were consistent.

Visual Function Tests

Best corrected VA was measured in each eye using either the
refraction findings in a trial frame or habitual spectacle correction
if no significant change in refraction was obtained. The Early
Treatment of Diabetic Retinopathy Study (ETDRS; Lighthouse In-
ternational, New York, NY, USA) transilluminated three-chart se-
ries were used with a 3-m test distance, which was modified to 1 m
for severely reduced acuities if fewer than 10 letters were original-
ly identified. CS was measured with the Pelli-Robson chart (Me-
tropia, Ltd., UK) at 1 m. Following typical (i.e., photopic, VA and
CS) testing, a U23 NolR 4% transmission filter was used to simu-
late mesopic test conditions while measuring binocular VA and CS
in the eye with better VA. For both photopic and mesopic VA test-
ing, the room lights were off in a windowless laboratory, with the
transilluminated ETDRS chart light turned on, as per standard
protocol procedures for VA testing with the ETDRS chart [16]. For
photopic CS testing, the room lights were turned on in a window-
less laboratory, while the room lights were off for mesopic CS test-
ing, in order to create a further reduction in luminance level to
ensure that it was in the mesopic range when confirmed with a
light meter positioned behind the NoIR U23 filter directed toward
the test chart. During both mesopic and photopic CS testing, a
flood light was directed toward the Pelli-Robson chart and away
from the subject, with the light between the subject and the chart.
An adaptation period of about 2-3 min was implemented consis-
tently across subjects prior to obtaining the mesopic VA and CS
measurements.

We determined whether scotopic sensitivity was mediated by
cones only (sensitivity 0-3 log units), or by both cones and rods
(measurable rod intercept at 3 log units), using the AdaptDx test
(MacuLogix, Hummelstown, PA, USA). The rod intercept is de-
fined as the amount of time required for sensitivity recovery to
reach a criterion sensitivity level of 5 x 10~ scotopic cd/m?, which

Relationships between Mesopic Vision
and Rod and Cone Function in RP

occurs at 3 log units below the brightest stimulus that is presented
by the AdaptDx. We administered this test with a 76% initial flash
for bleaching and evaluated the most sensitive perifoveal retinal
area located eccentrically at 5° from central fixation either superi-
orly, inferiorly, nasally, or temporally, as was determined by results
obtained with Humphrey 10-2 static automated perimetry at the
same visit prior to the AdaptDx test. The AdaptDx test was stopped
after 5-6 min if there was no evidence of rod-mediated dark adap-
tation (i.e., consistent responses in the sensitivity range of 0-3 log
units indicating cone-mediated sensitivity only). Individuals with
sensitivities within 3 log units of the brightest stimulus that is pre-
sented initially in the AdaptDx test were classified as having a lack
of rod response or cone-mediated sensitivity in the current study.
We calculated the mean sensitivity across all of their responses
during the AdaptDx testing.

The Rabin Cone Contrast Test (CCT; Innova Systems, Burr
Ridge, IL, USA) was used to determine the RP patients’ sensitivity
for each of the three cone types (i.e., blue stimuli for S-cones, green
stimuli for M-cones, and red stimuli for L-cones) [17]. The test
involves a rapid staircase test that displays 5-16 letters per cone
type. The test takes about 5-7 min per cone type and the test dis-
tance was about 40-50 cm with the participants’ appropriate near
vision correction. At each visit, the CCT was administered twice
and all other vision tests were completed once. Each eye was tested
individually for photopic (typical) VA, the CCT, and the AdaptDx
test, while the Pelli-Robson chart for CS was only completed for
the better eye, and photopic and mesopic VA were tested binocu-
larly.

Participants

A total of 22 participants with a previously confirmed diagnosis
of RP were included in this study. Adults over the age of 18 years
with RP were eligible for the study if they had better than 1.3 log-
MAR (i.e., 20/400 or 6/120) best corrected distance VA (photopic)
in at least one eye and greater than 20% loss of Goldmann kinetic
visual field area with the II14e test target in at least one eye. Exclu-
sion criteria were (1) vision loss due to ocular diseases other than
RP, (2) previous electrostimulation therapy for RP, (3) being non-
English speaking, and (4) having a history of excessive bleeding, an
implanted cardiac pacemaker, pregnancy, or steroidal systemic
medication. No participants had changes in their prescription
medications or over-the-counter supplements during the study.
The participants’ ages ranged from 28 to 60 years (mean 46, SD
10.97) and 12 participants were male. The mean best corrected
photopic and mesopic VAs were 0.33 and 0.59 logMAR, respec-
tively, across subjects. Nineteen of the 22 participants had measur-
able Pelli-Robson CS with the 4% transmission filter, and only 14
of them had measurable cone function with the CCT, since we
found that subjects with VA worse than 0.5 logMAR were unable
to detect the CCT stimuli. The mean photopic and mesopic CS
values were 1.23 and 0.94 logCS, respectively, across subjects.

Data Analyses

For analysis of the CCT results, we used the best score from
either visit (i.e., out of 4 tests) for each eye, in order to minimize
the test-retest variability noted in the results. For the analysis of
the other vision test data for VA, CS, and AdaptDx scotopic cone
sensitivity, we used the mean of the results obtained at the 2 vis-
its, for each eye. To compare binocular mesopic VA to monocu-
lar cone sensitivity with the CCT or AdaptDx test, we used the
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Fig. 1. a Box plot of the reductions in VA and CS in mesopic versus
photopic test conditions according to the presence or absence of
rod function during AdaptDx testing. The bottom and top of the
box are the 25th and 75th percentiles (i.e., the upper and lower
quartiles, respectively), and the band near the middle of the box is
the 50th percentile (i.e., the median). The ends of the whiskers rep-
resent the lowest datum within 1.5 times the interquartile range of
the lower quartile, and the highest datum still within 1.5 times the
interquartile range of the upper quartile. Any datum not included
between the whiskers is plotted as an outlier indicated by a dot.
b Scatterplot of the relationship between the reduction in CS in
mesopic versus photopic test conditions and the self-reported du-
ration of night vision loss. ¢ Scatterplot of the relationships be-
tween the reductions in VA or CS in mesopic versus photopic test
conditions versus the mean photopic VA or CS. VA, visual acuity;
CS, contrast sensitivity.
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cone sensitivity values in the eye with better sensitivity for the
CCT and AdaptDx test. The data analyses included simple and
multivariate linear regressions when each subject contributed
data from only one eye, whereas multilevel modeling was used to
account for the correlation between subjects’ eyes when both
were tested, using Stata/IC versions 13.1 and 15.1 (Stata Corp.,
College Station, TX, USA). The analyses for the CCT that are re-
ported in the results were limited to 12 of the 14 subjects with
measurable results who had presumed autosomal recessive RP
based on their family history of no affected family members oth-
er than siblings (i.e., 2 were excluded since they were presumed
to have autosomal dominant RP based on the family history),
since our aim was to explore whether they had greater S-cone
sensitivity loss than L- or M-cone sensitivity loss, as was previ-
ously reported for autosomal recessive RP [10, 12]. Test-retest
variability was evaluated with a CR.95 for the tests, with the re-
sults in log units and coefficients of variation (CoVs) for the CCT
scores on a 0-100 scale. Paired f tests were used to compare the
between-visit differences for the mesopic versus photopic results
for VA or CS to assess whether there was a significant difference
in test-retest variability between conditions.

Results

Greater CS reduction in mesopic versus photopic con-
ditions was significantly related to absence of scotopic
rod function (p = 0.038), as shown in Figure 1a, or to self-
reported greater duration of night vision loss (p = 0.044),
as shown in Figure 1b. Greater VA reduction in mesopic
versus photopic conditions was not significantly related
to absence of scotopic rod function (p = 0.19), as shown
in Figure 1a, or to self-reported greater duration of night
vision loss (p = 0.40). Figure 1c shows that there was a
significantly greater loss of visual function in mesopic
conditions compared to photopic test conditions among
subjects with greater photopic visual loss for both VA
(p =0.006) and CS (p = 0.02). There was a significant re-
lationship between the loss of mean cone-mediated sco-
topic sensitivity measured with the AdaptDx test and re-
duced photopic or mesopic VA or CS, as shown in Figure
2aand b. VA reductions of >0.2 logMAR in mesopic ver-
sus photopic conditions in 50% of the subjects were sig-
nificantly related to reduced cone-mediated scotopic sen-
sitivity by 0.64 log units on average as measured with the
AdaptDx test (95% CI: 0.04, 1.25; p = 0.038), as depicted
in Figure 2c. CS reductions of >0.3 logCS in mesopic ver-
sus photopic conditions in 63% of the subjects were not
significantly related to reduced cone-mediated scotopic
visual function as measured with the AdaptDx test (p =
0.54).

The test-retest CR.95 were not significantly different
when comparing between photopic and mesopic tests of
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VA (CR.95:0.16and 0.121o0gMAR; p =0.43) or CS (CR.95:
0.21 and 0.2410gCS; p = 0.68), respectively. The test-retest
CR.95 was 0.5 log units for the mean sensitivity across
subjects with cone-only AdaptDx test responses (i.e., no
measurable rod intercept). Bland-Altman graph analyses,
shown in Figure 3, revealed that there were no tendencies
across subjects to perform better at either the first or the
second visit with regard to the cone-mediated AdaptDx
responses, or the photopic or mesopic measures of VA or
CS, as the mean difference was no more than a letter, and
the between-visit variability did not tend to increase with
greater visual loss. According to the instructions provid-
ed by the test manufacturer for the CCT, reductions in
CCT scores are significant when there is a difference of
>15 points. The within-visit test-retest variability exceed-
ed 15 points for 11 of the measures of cone sensitivity in
8 eyes for 6 of the 14 subjects with measurable CCT results
in our study. The between-visit test-retest variability ex-
ceeded 15 points for 3 measures of mean cone sensitivity
in 2 eyes of 2 subjects in our study. The mean within-vis-
it CoVs for the CCT scores were 11.9% for L-cones, 12.7%
for M-cones, and 34.8% for S-cones. The mean between-
visit CoVs for the mean CCT scores were 26.0% for L-
cones, 12.8% for M-cones, and 31.4% for S-cones. The
mean between-visit CoV's for the best CCT scores at each
visit were 10.0% for L-cones, 8.3% for M-cones, and
14.4% for S-cones.

Figure 4a shows the significant relationships between
photopic VA and the CCT scores for L-cones (p =0.001),
M-cones (p = 0.029), and S-cones (p = 0.014); note the
similar slopes and y-intercepts for the regression lines
for the L- and M-cones, while the regression line for the
S-cones indicates greater sensitivity loss across subjects.
Mesopic VA, photopic CS, and mesopic CS were also
highly significantly related to CCT scores for each of the
three cone types (all p < 0.006). In a subgroup analysis
of the 12 presumed autosomal recessive RP patients with
measurable CCT results, all of the subjects who did not
have measurable rod function (i.e., reduced scotopic
sensitivity mediated by cones only; n = 8) had greater
loss in S-cone sensitivity (for short wavelengths) when
comparing the three cone types, while those with re-
maining rod function (n = 4) had either normal S-cone
function or relatively equal reductions across all three
cone types, as shown in Figure 4b. One of these subjects
with measurable rod function in both eyes had a slower
rod response rate (i.e., slightly delayed dark adaptation)
and reduced CCT scores for all three cone types in one
eye, whereas the better eye had a normal dark adaptation
rate and normal CCT scores for all three cone types. In
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ity; CS, contrast sensitivity.

multivariate regression analysis, statistically significant
predictors of the ratio of S-cone sensitivity to the mean
M- and L-cone sensitivity were mesopic VA (p = 0.038)
and absence of scotopic rod function as measured with
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VA, visual acuity; CS, contrast sensitivity.

the AdaptDx test (p = 0.008), which together explained
77.5% of the variance. When accounting for the absence
of AdaptDx test rod function, the measures of photopic
VA, photopic CS, or mesopic CS were not significant
predictors of the ratio of S-cone to M- and L-cone sen-
sitivity (each p > 0.09).
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Discussion and Conclusions

This study revealed that perifoveal scotopic cone func-
tion measured with the AdaptDx test in RP was signifi-
cantly correlated with photopic and mesopic visual func-
tion measured with standard VA and CS tests. The RP
subjects who had a longer duration of night vision loss or
lack of rod-mediated scotopic sensitivity tended to have
greater reductions in CS in mesopic versus photopic con-
ditions. The current study also found support for the hy-
pothesis that greater loss of S-cone sensitivity than of L-
or M-cone sensitivity is associated with the loss of scoto-
pic rod function and mesopic VA. The AdaptDx test may
be helpful to characterize RP patients who have rod- ver-
sus cone-mediated scotopic sensitivity at perifoveal loca-
tions and to monitor for longitudinal changes outside of
the typical test-retest variability of 0.5 log units for RP
documented in the present study. The U23 NoIR 4%
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transmission filter for mesopic VA and CS testing is in-
expensive, quick to administer, and easy to implement;
therefore, this approach could be readily adopted by sev-
eral sites in a multicenter trial or across studies as a reli-
able outcome measure of central mesopic visual function.

A previous study documented much greater between-
visit test-retest variability than the current study for me-
sopic measures of VA and CS by about 0.3 log units [10].
One potential factor that may have influenced the lower
variability in the current study was the use of a single test
examiner for all measurements, whereas the previous
study involved several individuals who assisted with the
vision testing at different times and may have utilized
slightly different approaches during testing (e.g., the
amount of time allotted to subjects to adapt to the meso-
pic filter and provide responses). A key to obtaining reli-
able test results across visits is the implementation of a
strict protocol and consistent methodology during all
measurements. This also includes replacement of bulbs in
the ETDRS chart or overhead lighting for CS testing as
needed during longitudinal studies to maintain consis-
tent chart illumination over time.

There is no ideal or preferred test of scotopic sensitiv-
ity or rod function to assess RP patients, as each current
commercially available test has its limitations. We did not
include the full-field scotopic threshold test in the current
study, but it has good test-retest reliability and can be
used across a wide range of visual loss, although it is not
possible to know which part of the retina is responding
with the most sensitivity or whether the most sensitive
location changes over time [18]. The AdaptDx test is lim-
ited to the test locations available to the instrument (i.e.,
superior, inferior, nasal, or temporal at 5 or 12° eccentric-
ity) and requires steady central fixation. We did not use a
Dark-Adapted Chromatic (DAC) perimeter (Medmont
International Pty Ltd, Nunawading, VIC, Australia) in
the present study, which also requires steady central fixa-
tion but has a much larger number of test stimulus loca-
tions (i.e., up to 164) over a 72 by 144° diameter field for
the determination of rod thresholds throughout the reti-
na, with between-visit test-retest reliability in RP that is
similar to that of other static automated perimeters and
tends to be relatively high (i.e., 9-10 dB) [19, 20]. Electro-
retinograms (ERGs) are largely extinguished (i.e., un-
measurable) in most RP patients, including the sample
currently reported on here, in which case ERGs were un-
able to provide information about longitudinal changes
in our entire cohort, and rod function may be quantifiable
with other tests in the absence of a measurable ERG re-
sponse [19]. The CCT does not measure scotopic sensitiv-

Relationships between Mesopic Vision
and Rod and Cone Function in RP

ity, but only RP patients with VA better than 0.5 logMAR
had measurable results, and the high test-retest variabil-
ity of the CCT in the present study indicates that it may
not be able to detect typical small, gradual changes in
cone sensitivity over time in RP, especially for S-cones,
which were most variable. A strength of the current study
is the inclusion of people with RP who had a wide range
of visual loss, but a limitation is the relatively small sam-
ple size; therefore, future clinical trials involving a larger
group of participants with RP would be helpful to con-
firm the current study’s findings.

The greater loss of sensitivity for S-cones than L- and
M-cones in the absence of functional rods may be likely
explained by a combination of multiple mechanisms
leading to metabolic damage that have been previously
studied in animal models of RP (e.g., structural, toxic,
nutritional, trophic, and/or oxidative factors) [21-23].
While it is not currently possible to measure these factors
in the retina of human subjects, future clinical trials of
therapeutic interventions (e.g., involving neurotrophic or
oxidative factors) may be valuable to help explore wheth-
er such treatment approaches might impact the function
of individual photoreceptor types in people with RP, as
well as the possible relationship with these mechanisms.
The use of single cell recordings in animal models of RP
may be another approach to yield valuable insight into the
nature of the loss of specific cone types, thus furthering
our knowledge of RP pathophysiology to help direct the
development of novel treatment approaches.
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