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Abstract

Purpose: To measure the sensitivity of small retinal areas by reducing the influence of the adaptation state of the rest of the retina. To assess the functional behaviour
of the retina of several patients affected by different types of retinitis pigmentosa (RP).

Methods: A prospective study was performed. Five eyes of patients with retinal diseases and different genetic mutations were studied at the University of Valladolid:
three typical RP, one cone rod dystrophy (CRD) and one Bardet-Bied] syndrome (BBS). One of the RP patients was analysed again 18 months after the first
measurements. A two-maxwellian view optical arrangement was used to measure the luminance thresholds of retinal areas 1 deg sized under dark and low photopic
adaptation conditions. Linear regression fits of these thresholds vs. eccentricity were used to compare the patients’sensitivity with the control group.

Results: The slopes of the linear fits of the other typical RP patients were higher than those of the control group. The parameters of the linear fits of the RP patient
measured twice changed significantly with time.

Conclusions: The designed psychophysical method provides, in all cases, coherent results with the expected ones according to the genetic mutation of the patients. The

technique seems to be very sensitive to changes in the retinal response. It can be easily incorporated as a technical complement to the traditional perimetry.

Introduction

Retinitis pigmentosa is a vague term which embraces different
retinal disorders featured by progressive visual disability, photoreceptor
cell loss and finally, by retinal atrophy. Current data estimate that
RP affects 1:4000 people worldwide [1,2]. RP is associated with an
important clinical and genetic heterogeneity [3]. Although common
clinical criteria exist to define it [4], the precise identification of the
type of retinal disorder requires frequently the use of expensive
techniques such as electroretinography (ERG). Genetic analysis is also
a helpful and powerful tool but this is more expensive and results are
obtained after a long time. Nevertheless, this analysis provide relevant
information concerning the inheritance patterns in RP [5]. At the last
stages of RP, there are different clinical presentations of the dystrophy
which affect all retinal layers, making the precise identification difficult.

Psychophysical techniques have been used in the past to assess
the retinal behaviour in RP patients [6-8]. When combined with
electroretinography (ERG), they have allowed to correlate high cone
or rod thresholds with retinal slimming [9]. In combination with
the Optical Coherence Tomography (OCT), they have allowed to
correlate the retinal sensitivity loss and photoreceptor impairment
with the shortening of the photoreceptor inner-outer segment junction
[10]. In the clinical practice, automated perimetry represents the
most frequently employed psychophysical technique to measure the
luminance thresholds and the useful visual field. However, there are
important reasons which lead us to think that their potential capabilities
may have not been completely exploited yet. First, in the traditional
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perimetry, the measured sensitivity is not only dependent on the local
response of the retinal area where the probe is shown, but also with the
adaptation luminance of the rest of the retina [11]. Since in RP patients
the functionality of photoreceptors is altered across the whole retina, it
looks convenient to measure sensitivity to light of each retinal area by
minimizing the influence of the adaptation state of neighbour regions
which are usually heterogeneously damaged. This can be achieved by
reducing as much as possible the size of the adaptation field employed
in the perimetry. Second, it looks convenient to perform measurement
under conditions not dependent on the dilation or constriction
properties of pupils’ patient, which may be altered otherwise. Under
these conditions, the obtained measurements would provide more
feasible information about the local response of each part of the retina.

In this work, we have built a perimeter based on maxwellian
illumination capable of measuring the retinal response of discrete and
small retinal areas. The following study has been performed. Retinal
sensitivity in the first 12° temporal retina has been measured at scotopic
and low photopic levels in subjects with different types of RP, all them
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in their mid or end stage of their pathologies [2].

With this device, we have addressed the following questions: 1)
is it possible to correlate sensitivity measurements with expected
behaviours according to the genetic analysis in different types of RP?,
2) is it possible to determine functional trends with eccentricity?, 3) are
these trends useful as indicators of the pathology evolution?

Methods

Subjects

The right eyes of five RP patients, as well as eight ocularly healthy
subjects, with mean age of 34 + 9 years, and 34 + 8 years respectively,
were included in the study. An ophthalmic assessment was performed
on all participants including visual acuity (log MAR), colour vision
(Farnsworth D-15), visual fields (Humphrey Field Analyzers, HFA;
Carl Zeiss Meditec Inc., Dublin, CA) and fundus examination
(Goldman lens). Additional exams such as optical coherence
tomography, OCT, (Carl Zeiss Meditec, Dublin, California, USA), a
fluorescein angiography, full field electroretinogram ffERG (ISCEV
Standard) or multifocal-ERG allowed the diagnostics. The type of
genetic mutation was determined in all of them (Table 1). An informed
consent was obtained from all volunteers. The study was approved by
the Institutional Ethical Committee. The tenets of the Declaration of
Helsinki were followed. The only inclusion criterion required in this
study was the ability to detect the fixation tests described below.

Experimental arrangement

A scheme of the set-up is shown in Figure 1. This has been described
in detail previously [12]. A two-maxwellian view optical system was
used. It incorporates two circular concentric beams (incandescent
sources S1 and S2, colour temperature around 3000 K): a probe beam
(stimulus) and an adaptation beam, being their maximum attainable
luminances around 6500 and 120 cd/m? respectively. Their angular
sizes are 0.45° and 1° respectively, as seen from the observer’s entrance
pupil (E). Shutters Obl and Ob3 allow their time exposure control.
Neutral density filters (F1-F6) permitted to change stimulus and
adaptation field luminances in steps of 0.1 log units. Two fixations tests
built with ultraluminescent red LEDs are included: one for the foveal
measurements (FMFT) and another for the peripheral ones (EMFT),
whose luminances are adaptable to patients’ visual capabilities. In
order to avoid head movements, the observer bites on a bite bar made
on a dental compound during measurements.

A CCD camera allows control of the subject’s pupil alignment.
Measurements performed

Some previous trials led us to restrict our measurements to the
temporal retina, from fovea (0°) to 12° eccentricity in steps of 3° and
only to right eyes to make results fully comparable. Previously to
measurements, all subjects adapted to darkness (5 x 10 cd/m?) during
30 minutes. They performed two series of measurements. In one of

Table 1. Clinical characteristics of patients (AD=autosomal dominant, AR=autosomal recessive).

Patient Mode of inheritance//Type of RP Gender Age Acuity (OD) Genetic disorder
TRP1 AR/ typical RP F 38 0.18 Two mutations inUSH2A gene
TRP2 AD / typical RP F 33 0.10 Mutation in RHO gene
TRP3 AR /RCD M 25 0.40 Mutation in CERKLgene
CRD AD /CRD M 43 0.40 Mutation in PRPH gene
BBS AR / Bardet-Biedlsyndrome M 30 1.30 Mutation in BBS1 gene
= = = Probebeam = ... Adapting field beam
Do D1 ‘ %
F1 F2

FMFT

Figure 1. Experimental arrangement (reproduced with permission of the copyright owner).
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them, luminance detection thresholds were measured with shutter
ODb1 closed under dark adaptation conditions (DA) [13]; in the other
one and, after 10 minutes of exposure to a steady adaptation field of 5
cd/m?, thresholds were determined under light adaptation conditions
(LA). This luminance value is above the upper limit of mesopic range
[14]. The stimulus duration was always 40 msec. Time between two
consecutive presentations of stimuli was 10 sec for the normal subjects,
and 30 sec for the RP patients, in order to avoid afterimages. The order
of these series and the order in which eccentricities were analysed were
always randomized. A natural pupil was employed, since its diameter
was always greater than the size of the imaged filament on the entrance
pupil plane. No drugs were provided to the participants in the study. All
these measurements as well as the ophthalmologic exam were repeated
for patient TRP2 18 months later in order to detect possible changes in
the pathology evolution. In this case, the patient herself requested the
study by arguing loss of vision particularly at dim lighting conditions.

Statistical analysis

Luminance thresholds were measured by employing the limits
method. The log incremental luminance thresholds log Lt (Lt in cd/m?)
vs. eccentricity e (in degrees) were fitted to linear functions log Lt=a+be
at both DA and LA conditions, for the average thresholds measured
on the control group, and individually for each patient. The standard
errors oa and ob were calculated for each fit. Linear fits have been
preferred to higher-order polynomial fits since they provide significant
information with a simpler analysis.

Results

In Figure 2 thresholds logLt”*, measured in scotopic conditions
(DA) are depicted vs. eccentricity. In each panel we have included the
data for each individual, the fit to his/her data, the average of thresholds
for the control group with their 95% confidence interval, and its linear
fit. Intercept data a + oa and the slope b + ob are shown in the third
column of Table 2.

As seen in Figure 2, thresholds for normal subjects decrease from
fovea to 6° eccentricity and then slightly increase up to 12° peripheral
retina, being the confidence intervals very small in all cases. Results
in Table 2 show that, on average, the slope of the fit to these data is
statistically negative. Concerning the results for our five patients, the
slope of the fits for TRP1 and TRP2 is positive, being the intercept
(ordinate at null eccentricity) significantly greater than for the control

Table 2. Intercepts (a), slopes (b) and their standard errors obtained from the linear fits to
theexperimental data of each individual and for the control group. Data for DA and LA
conditions are included.

DA LA
Control atoa -3.49+0.51 0.51-0.25+0.31

b +cb -0.07 £ 0.03 0.11 £0.02

TRP1 a*oa -2.19+0.74 -0.66 + 0.39

b +cb 0.21+0.10 0.26 +0.05

TRP2 2012 a*oa -2.89+£0.61 -0.25+0.12
b+ob 0.32+0.07 0.17+0.02

TRP2 2013 a*oa -2.82+0.57 -0.04 £0.11
b +cb 0.41 +0.07 0.20 +0.02

TRP3 a*oa 0.51 +0.87 1.10+0.55

b +cb -0.12+0.11 0.11+0.07

CRD a*oa -1.93+£0.86 0.44+0.18
b+cb -0.02 +£0.11 0.10+0.02

BBS a*oa 0.71+0.18 1.95+0.15
b+cb 0.22+0.02 0.14+0.03
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Figure 2. Analysis of the influence of eccentricity on the absolute thresholds for each
individual at DA conditions. Subjects are labelled as indicated in Table 1. The linear fit
for each subject (solid line), the average of thresholds for the control group (solid squares)
with their 95% confidence interval, and the linear fit to their data (dashed line) are included.

- — = Average control fit

group (1.3 log units for RP1, 0.60 log units for RP2 in 2012 and 0.67 for
this patient in 2013). As can also be seen in Figure 2 and in Table 2, the
functional behaviour of thresholds with eccentricity for TRP3 is more
similar to that observed for CRD. In both cases, the sign of the slope
is negative being also the intercept significantly greater than for the
control group (4.0 log units for TRP3 and 1.56 log units for CRD) For
the BBS patient, the obtained intercept is 4.2 log units higher than for
the control group and the slope is statistically equal to those obtained
for TRP1 and TRP2.

In Figure 3 luminance thresholds logLt4, measured under
adaptation to a 5 cd/m? steady and low photopic field (LA) are plotted
vs. eccentricity. The order of individuals, symbols, and labels are
identical to those employed in Figure 2. The parameters a + oa and b + ob
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Figure 3. Individual analysis of the influence of eccentricity on luminance thresholds
measured under adaptation to a steady field of 5 cd/m”. Comparison with results obtained
for the control group.

for each fit are shown in the fourth column of Table 2.

As seen in Figure 3, luminance thresholds for the control group
under LA conditions increase from fovea to 9° and then tend to remain
stable, being the slope of the fit positive. The slopes of the fits for TRP1and
TRP?2 patients are also positive and higher than for normal individuals
(as at DA). However, the intercepts are not statistically different. For
CRD and TRP3 patients, slopes are not statistically different from one
another and, as was the case at DA, are statistically equal to the one
obtained for the control group. However, the intercepts are greater
for CRD (0.69 log units) and TRP3 patient (1.35 log units) than for
normal subjects. With regard to the BBS patient, measurements under
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LA show a behavior which is more similar to CRD or TRP3 than to
TRP1 or TRP2, contrary to the one observed under DA. Compared to
the control group, the intercept of the fit is 2.2 log units greater, but its
slope is not statistically different.

Comparisons between results obtained in the two series of
measurements performed on patient TRP2 yield a significant increase
in the ordinates of the fits at LA conditions and a statistically significant
increase in the slopes, particularly at DA conditions.

Discussion

The procedure employed has quantified precisely the retinal
sensitivity in DA and LA conditions with high spatial resolution, by
minimizing the effects of pupil diameter and the response of other
retinal areas. The statistical analysis based on linear fits offer some
interesting conclusions.

First, with the exception of fovea, the results in Figure 2 for the
control group are linked to the rod response. The negative slope in
the fit is explained by the increasing rod density with eccentricity and
the amacrine AII cell concentration around 6° [15]. If we consider the
genetic mutations of our TRP1 and TRP2 patients, it is reasonable to
expect an increase of threshold luminances with eccentricity at DA
[2], being the measured luminance thresholds mostly due to the cone
response. This is exactly what is observed for these two patients in
Figure 2. The severe rod disability can be inferred from the slope of
the fit, which is positive for them, as well as for the great differences
in luminance threshold relative to normal subjects. It is remarkable
that the functional behaviour for TRP3 is opposite to that observed for
TRP1 and TRP2. However, the measured intercept is very high and the
slope is negative for this patient.

This corresponds to a more severely damaged central retina and
a better functionality at peripheral regions. The different behaviour
observed in TRP3, more similar to CRD, can be explained again from
the type of genetic mutation causing this retinal pathology. Mutation
on CERKL gen produces a retinal disorder featured by a rapid and
progressive decline of visual function [16], reducing particularly the
central field of view and the visual acuity. As described in the literature
and shown in Figure 2, these are also typical manifestations observed in
CRD patients, which may lead to wrong diagnostics [17].

Second, when analyzing Figure 3, we must consider that at 5 cd/
m?, sensitivity in normal subjects is mostly but not exclusively due to
cones [14]. However, due to the severe rod disability shown in Figure
2 for patients TRP1 and TRP2, the observed increasing differences in
thresholds relative to normal subjects (Figure 3) may indicate some
damage on their peripheral cones. These differences are enough to be
detected by mean of the statistically significant increment observed in
the slope of the fits. This increasing disability of cones with eccentricity
is well known in typical RP and has been recently described as a result
of a neural reorder occurring in the postreceptoral pathways after the
local retinal dysfunction [18-21]. It is interesting to remark that, as
happened with rod response in Figure 2, in Figure 3 slopes of linear
fits for TRP3 and CRD patients are very similar to those measured
for the control group. Unlike TRP1 or TRP2, the genetic mutations
observed in our CRD and TRP3 patients seem to produce a functional
decay which is very similar for the first 12° of eccentricity. It is also
remarkable that all these conclusions are obtained in spite of the
local damages existing in the retina of our patients, many of them not
being detected by the automated perimetry. The ability to detect these
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damages and the stability of the obtained results support the strength
and sensitivity of our device.

Third, as can be inferred from above discussion, the slope of the
performed fits gives us significant information of the progression of
cellular damage with eccentricity while the increase of the intercept
relative to its value for the control group informs us about how the
cellular damage reached the central retina. Furthermore, when we
extend this analysis to the two sets of measurements performed to
subject TRP2, a new relevant result arises. The statistically significant
increase observed in the linear fits for TRP2 18 months after the first
measurements informs us about the speed of her pathology progression
with time. This progression is faster for rods (more increment in the
slope) than for cones.

Finally, results of the BBS individual deserve specific comments.
As can be seen from his luminance thresholds in Figure 2 and 3, the
pathology in this patient was at its very final stage. In fact, conventional
perimetry is not applicable for him, due to the inability to see the
fixation point or to detect the stimulus due to their insufficient
luminances With our experimental arrangement, the high attainable
luminance in the stimulus (6500 cd/m?*) has allowed sensitivity
measurements at all proposed retinal locations, even though some of
them were considered as blindness zone according to the automated
static perimetry. However, this luminance has not been enough to
measure the BBS thresholds at 12° eccentricity under LA. As shown in
Figure 2, the great differences in threshold luminance and the change
of the slope relative to the control group inform us about the absence
of any rod sensitivity (confirmed by full field ERG). The similar slope
observed in Figure 3 relative to the control group informs us about a
very sever cellular damage similarly extended all along the considered
retinal area.

As a conclusion, the preliminary results shown in this work prove
that the analysis of thresholds vs eccentricity by linear regressions, can
be used as a complementary technique in the clinical practice. They
are fully correlated with the expected retinal behaviour according to
the genetic mutations and provide significant information about the
retinal rod and cone functionality. Finally, this technique has not only
proven its usefulness to assess the evolution of these pathologies with
eccentricity and time, but also can be used as a screening of retinal
disorders in very initial stages. In these cases, where a significant rod
functionality may exist, the luminance employed to analyze cone
response in LA measurements should be increased at values around
100 cd/m?, where rods are fully saturated.
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