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Technologies such as optical coherence tomography have facilitated the visualization
of anatomical tissues such as that of the retina. The availability of in vivo retinal
anatomical data has led to the hypothesis that it may be able to accurately predict
visual function from anatomical information. However, accurate determination of the
structure-function relationship has remained elusive in part due to contributions of non-
retinal sources of variability, thus imposing potential limitations in the fidelity of the
relationship. Furthermore, differences in manifestation of functional loss due to different
retinal loci of change (inner retina or outer retinal elements) have also been the subject
of debate. Here, we assessed the application of a novel, more objective psychophysical
paradigm to better characterize the relationship between functional and structural
characteristics in the eye. Using ocular diseases with known loci of anatomical change
(glaucoma, inner retinal loss; and retinitis pigmentosa, outer retinal loss), we compared
conventional more subjective psychophysical techniques that may be contaminated by
the presence of non-retinal sources of variability with our more objective approach.
We show that stronger correlations between underlying retinal structure and visual
function can be achieved across a breadth of anatomical change by using a more
objective psychophysical paradigm. This was independent of the locus of structural
loss (at the ganglion cells for glaucoma or photoreceptors for retinitis pigmentosa),
highlighting the role of downstream retinal elements to serve as anatomical limiting
factors for studying the structure-function relationship. By reducing the contribution of
non-retinal sources of variability in psychophysical measurements, we herein provide a
structure-function model with higher fidelity. This reinforces the need to carefully consider
the psychophysical protocol when examining the structure-function relationship in
sensory systems.

Keywords: glaucoma, retinitis pigmentosa, statokinetic dissociation, perimetry, visual neuroscience

INTRODUCTION

The relationship between anatomical structure and output function and behavior is a fundamental
question in neuroscience, and understanding it provides important insight into how both biological
markers mutually change due to processes such as ageing or disease (Weibel et al., 1991; Warrier
et al., 2009; Canta et al., 2016). The eye is a biological structure in which the structure-function
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relationship can be readily studied (Harwerth et al., 2004, 2010;
Harwerth and Quigley, 2006). Rather than necessarily requiring
histological examination of the ocular tissues, downstream retinal
elements in part responsible for visual perception are conducive
to detailed in vivo examination using technologies such as
optical coherence tomography (OCT) which provide comparable
cross-sections of the retinal layers (Staurenghi et al., 2014).
Visual functions such as contrast sensitivity can then be related
to OCT results to examine the structure-function relationship
(Medeiros et al., 2012; Raza et al., 2014; Asahina et al., 2017).
Given their place within the visual pathway, linking propositions
(Teller, 1984) therefore states that psychophysical data should be
explained by the retinal substrates.

Despite developments in imaging technologies, limitations
in the understanding of the structure-function relationship
in the eye remain. Decreases in contrast sensitivity in aging
and in disease have been well-documented (Heijl et al., 1987;
Nowomiejska et al., 2016; Phu et al., 2017a,c, 2018c) with
accompanying loss of structural tissue (Curcio and Allen,
1990; Curcio and Drucker, 1993; Curcio, 2001). However,
discordance between the loci of structural and functional loss
has been widely reported, where observable structural loss largely
preceded measureable functional loss (Garway-Heath et al,
2000; Kerrigan-Baumrind et al., 2000), though in some cases
functional loss may appear first (Marmor and Melles, 2014).
Reasons for structure-function discordance in the eye have been
vigorously debated, including selective changes in cell types,
differentially affected visual pathways (described anatomically
and psychophysically) or that it is part of the natural history
of early stage disease (Turano and Wang, 1992; Anderson and
O’brien, 1997; Owsley et al., 2000; Spry et al., 2005). Alternative
test paradigms arising from these studies have not significantly
improved the structure-function relationship in early disease
(Jampel et al., 2011; Phu et al., 2017b).

A focal point of recent discussions in the structure-
function relationship has therefore been the optimization of
psychophysical stimulus parameters or statistical methods for
analysis (Redmond et al., 2010, 2013; Mulholland et al., 2015;
Phu et al., 2017¢c, 2018¢; Rountree et al., 2018; Yoshioka et al,,
2018). These studies to date have focussed on the nature of the
stimulus, and have primarily examined pointwise, local structure-
function correlations. A number of previous studies have used
glaucoma as a model, as its structural locus of loss is well known,
to test different statistical approaches for equating the structure-
function relationship, including the linearising the measurement
scale to either linear-linear or log-log units (Garway-Heath et al,,
2000; Hood et al., 2007). These studies highlighted the need for
topographically-matched comparisons, rather than relying upon
global, averaged data.

Though pointwise topographically-matched structure-
function relationships using static stimuli can be achieved using
these manipulations (Malik et al., 2012), and recently to a very
high level (R? > 0.9) (Zangerl et al,, 2019), the reliability of
different functional measurement techniques in revealing the
locus of structural loss along a topographical continuum of
anatomical change remains less well-understood. Such changes
typically occur within the visual field at the borders of localized

retinal defects in which there may be a gradual decline in
anatomical tissue, and consequently a gradual transition of visual
function along the spatial extent of this continuum.

We have recently shown that a major source of test variability
can be attributed to psychophysical technique employed for
functional testing: whether the task is subjective or relatively
more objective in which subjective factors such as response
criterion are minimized. Subjective psychophysical tasks are
confounded by the contribution of individual variability
not necessarily attributable to the state of the underlying
anatomical substrate (Phu et al, 2016a, 2018b). Although
approaches to minimize subjective bias in laboratory-based
psychophysical tasks have been well-established (Green and
Swets, 1973), such techniques have not been widely adopted
in clinical techniques. Differences in variability induced by the
psychophysical technique have been recently exemplified by the
work of Monter et al. (2017) who showed discordance between
static and kinetic perimetry results in glaucoma. In combination,
our work then led to the hypothesis that reducing non-retinal
sources of variability in functional measurement using relatively
more objective standard psychophysical procedures (Green and
Swets, 1973; Gescheider, 1976) can lead to a more robust
relationship across a spectrum of anatomical and functional
change. Using our existing framework (Phu et al., 2018b), we
hypothesized that altered sensitivity to different stimuli is not
a unique feature of diseases, but has been confounded by an
imprecise psychophysical method.

In the present study, we addressed these hypotheses by
systematically examining psychophysical responses across a
spectrum of anatomical change. Ocular diseases with different
loci of structural change (glaucoma involving the inner retina,
and retinitis pigmentosa involving primarily the outer retina)
served as models for the structure-function relationship. We
developed a technique to reduce typical individual biases in
functional responses, thus providing a more accurate estimate
of visual function. Consequently, we correlated structural and
functional measurements across a spatial breadth of regions
of anatomical change in disease in order to thoroughly map
concordant changes to visual perception.

MATERIALS AND METHODS

Participants

This study was carried out in accordance with the
recommendations of the Human Research Ethics Committee
at the University of New South Wales with written informed
consent from all subjects. All subjects gave written informed
consent in accordance with the Declaration of Helsinki.
The protocol was approved by the Human Research Ethics
Committee at the University of New South Wales. We have
previously reported, in part, the some of the psychometric
functions of a cohort of subjects with ocular diseases (Phu
et al, 2018b), and we extracted a subset of results for
analysis in the present study (6/7 subjects with glaucoma
4/5 subjects with retinitis pigmentosa), in addition to
conducting further experiments and additional data collection
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(Supplementary Table S1). Seven subjects with primary
open-angle glaucoma (median age 61.3 years, IQR: 56.5-
68 years; 1 female, 6 males) and five subjects with retinitis
pigmentosa (median age 58.2 years, IQR: 57-65 years; 2 females,
3 males) who had undergone comprehensive eye examination
at the Centre for Eye Health, University of New South Wales
comprised the cohort with ocular disease. Each subject had
clinical findings characteristic of the ocular disease in question.
Subjects with primary open-angle glaucoma had: characteristic
optic nerve head changes with correlated thinning of the
retinal nerve fiber layer, open and normal anterior chamber
angles on gonioscopy, with or without elevated intraocular
pressure, with corresponding retinotopic visual field loss
(up to —12 dB mean deviation score). Subjects with retinitis
pigmentosa had: characteristic fundus, electrophysiological and
visual field changes, which included bone spicule patterns of
hyperpigmentary retinal changes, thinning of particularly the
outer retinal layers seen on OCT and corresponding reductions
in the photopic and scotopic a- and b-waves (Whatham et al,
2014; Kalloniatis et al., 2016). Subjects with retinitis pigmentosa
who had cystoid macular edema were excluded from the study
(subjects with glaucoma had no macular changes). As the
purpose was to compare the functional defects found using
conventional perimetric techniques with the more objective
laboratory-based test, we examined subjects with concordant
structural and functional loss on clinical examination.

For this study, we also recruited five older subjects (median
age 59.6 years, IQR: 51-67 years; 4 females, 1 male) for
structural testing only. These subjects provided structural data
for comparisons with the subjects with ocular disease to obtain
difference plots with which to compare structural changes.
The healthy subjects had also undergone comprehensive eye
examinations at the Centre for Eye Health, and they all met
the following criteria: best corrected visual acuity 20/30 or
better; intraocular pressures < 21 mmHg; no anomalies of
the macula, retina or optic nerve head; and normal standard
automated perimetry and OCT results. To assess whether these
subjects served as an adequate baseline for the comparisons,
we compared their retinal thickness measurements with the
work of Yoshioka et al. (2017), in which age-corrected normal
ganglion cell thickness values were provided. We age-corrected
the ganglion cell layer thickness values of the five prospectively
recruited subjects to a 50 year-old equivalent subject, and
compared these with the normative values of Yoshioka et al.
(2017) The overall difference was 1.0 £ 3.0%, which suggests
likely adequate representation of normal retinal thicknesses
(Supplementary Figure S1).

For all subjects, spherical equivalent refractive errors were
limited to between —6.00D and +6.00D, with cylinder power
not exceeding —3.00DC. All subjects had best corrected visual
acuities of 20/25 or better.

Region of Interest for Structural and

Functional Testing
We have previously reported on the region of interest for testing
for the subjects with ocular diseases (Phu et al., 2018b). Briefly,

to ensure that the structural and functional measurements could
be reliably obtained using the laboratory-based instrumentation
(see below), the region for testing in subjects with ocular
disease had to meet the following criteria: the border of a
scotoma between 3 and 27° of fixation (so sufficient step-
wise range for laboratory-based testing could be achieved);
it was a region with visual function measurable using a
conventional Goldmann size III stimulus; and it had no
cystoid macular or microcystic intraretinal changes that
could confound measurement of retinal thickness. If multiple
meridians met these criteria, it was chosen at random. For
the age-matched controls, structural measurements were
taken at the locations corresponding to the regions of interest
of the subjects with ocular disease to obtain normal data
for comparison. For all subjects, one eye was randomly
selected to be tested, providing that it met the above criteria
for the region of interest and study inclusion. The other
eye was patched.

Three different approaches to measuring contrast sensitivity
were compared within the chosen region of interest. The first two
were subjective procedures—static contrast sensitivity thresholds
and kinetic perimetry isopters—that have been primarily used in
previous studies (Asahina et al., 2017; Yoshioka et al., 2018).
Despite their prolific use, both provide a contrast sensitivity
measurement that is confounded by individual criterion bias,
and thus the resultant structure-function relationship is not
exclusively reflective of function concordant with underlying
anatomical structure. In comparison, the third approach
was our proposed more objective psychophysical paradigm,
which we hypothesize reduces the contribution of non-
retinal components-i.e., individual sources of non-anatomical
variability-of the structure-function relationship (Phu et al,
2016a,b). We have previously discussed these methods, but
summarize them below.

Functional Measurements of Contrast
Sensitivity: (1) Static

Perimetry Thresholds

Static contrast sensitivity thresholds were measured using
standard automated perimetry (Humphrey Field Analyzer in full
threshold mode, Carl Zeiss Meditec, Dublin, CA, United States).
It uses a thresholding procedure (two reversals, 4 dB-2 dB
steps) to arrive at an approximate level of contrast sensitivity
at fixed locations within the visual field (Figure 1A). Testing
conditions were as per current clinical standards: Goldmann
size III target (0.43° in diameter), presentation duration of
200 ms and a low photopic range background (10 cd.m~2),
presented within both the 24-2 and 10-2 test grid for retinitis
pigmentosa subjects (though the majority of retinitis pigmentosa
subjects had visual field loss within the central 10° that were
best resolved using the 10-2 grid) and within the 24-2 grid
for glaucoma subjects. We determined the test location along
the meridian of interest which first exhibited a statistically
significant reduction in sensitivity commensurate with the
disease process: contiguous points within the pattern deviation
map at a significance level of p < 0.05 or lower (Mills et al., 2006).
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A Staircase method

Stimuli adjusted as per response

B Method of Limits “inward” C Method of Limits “outward”
Beep signals Stop on Beep signals Stop on
movement key press movement key press

» .

D Method of Constant Stimuli and 2-interval forced choice procedure

Initial fixation First interval
(“beep 1)
Pause Second interval
(“beep 2”)
Response
screen
200 ms

FIGURE 1 | Comparison of psychophysical methods used in the present study. (A) Staircase procedure for determining sensitivity threshold. Stimulus intensity is
modulated as per the response of the subject. (B) Method of Limits for determining the “inner” isopter. The black square is the fixation mark for the subject.

A stimulus moves in an inward direction (straight path along the meridian) at a constant speed and the subject responds when they first see the target. (C) Method of
Limits for determining the “outer” isopter. The stimulus moves outward along the meridian and the subject responds when the target disappears. (D) Method of
Constant Stimuli and two interval forced choice procedure. The fixation mark is shown. After 200 ms, there is a tone signaling the first interval, followed by a 200 ms
pause, then another tone signaling the second interval. After both intervals are shown, the fixation mark is shown again as the program waits for a response from the
first subject. During one of the two intervals, a stimulus (static, inward moving or outward moving) is shown for 200 ms. The stimulus is randomly presented up to 4°
inward or up to 4° outward in 1° steps around the midpoint of the isopters found in (B) and (C) (black dashed inset).

The location of the defect in degrees was then extracted as the between seeing and non-seeing. Testing procedures resembled
eccentricity threshold. the conditions typically used and reported in clinical testing
(0.43° circular increment stimulus presented upon a white-

N gray background of 10 cd.m~2). Stimuli were generated using
Functional Measurements of Contrast custom written software (MATLAB version 7, Mathworks Inc.,
Sensitivity: (2) Kinetic Perimetry Isopters and Psychtoolbox version 3.0.11) and were presented upon a
The second method was a two-way Method of Limits, which linearised iMac 27-inch computer driven at a frame rate of 60 Hz.
was used to determine the perimetric isopter: the junction A head and chin rest was used to ensure a constant viewing
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distance of 30 cm, and a trial frame with wide aperture lenses
(38 mm) was used to correct for the subject’s refractive error and
to compensate for the working distance.

To determine the kinetic perimetry isopters at the junction
of the scotoma, the subject fixated upon a 0.6 x 0.6° black
square (usually situated in the center of the screen, but sometimes
offset to measure a more extensive field) of Weber contrast —0.2.
While the subject fixated upon the fixation target, a tone signaled
the onset of the stimulus. For the inner isopter (defined as the
instance when the subject first sees a target moving from a region
of non-seeing to seeing), the stimulus began in the far peripheral
field and moved toward the square fixation target along the
meridian of interest (Figure 1B). The subject was then asked to
press a button on the keyboard to indicate when they first see
the target. The outer isopter was determined by using a stimulus
which began adjacent to the square fixation target, i.e., a region of
seeing, before moving in the direction away from fixation along
the same meridional path (Figure 1C). For the outward isopter,
the subject was asked to indicate when the target first disappears.

For the subjects with retinitis pigmentosa, the contrast of the
stimulus was the maximum output of the screen (approximately
375 cd.m™2). We used a stimulus with Weber contrast of 0.5
(equivalent to a 22 dB target on the Humphrey Field Analyzer)
for testing in regions of deficit in subjects with glaucoma. For
all conditions, the stimulus moved at a constant velocity of 4°/s.
Each subject underwent five practice trials (each trial consisted
of a response to one stimulus presentation) before recording
commenced. Each subject supplied at least ten responses,
recorded in degrees within visual space.

Functional Measurements of Contrast

Sensitivity: (3) Psychometric Functions
The third technique observes the well-established Method of
Constant Stimuli which utilizes a two-interval forced choice
procedure. We herein refer to this method as the more objective
technique, in comparison to the staircase method and Method
of Limits described above, as per established psychophysical
principles. This was used to present stimuli at midpoint of the
inner and outer isopters obtained from the Method of Limits, and
then at 1° intervals inward and outward up to 4° either side along
the meridian (nine eccentricity levels), as we have previously
reported (Phu et al., 2016a, 2018b).

Figure 1D shows the process for testing using this paradigm.
A tone would signal the first interval (200 ms). This would be
followed by a blank interval of the same duration (200 ms), and
then by a second tone to signal the second interval (200 ms).
Then, the response screen, consisting solely of the fixation
mark, would be shown as the program awaited the subject’s
response. The stimulus appeared randomly in either the first or
the second interval, and the subject was asked to indicate in which
interval they saw the target; if they could not see it in either
interval, they were asked to guess (thus the lower limit of the
psychometric function was 50%). The next trial would start after
the response. There were 10 trials per eccentricity level, and thus
each run consisted of 90 trials in total. Each subject underwent
one practice run.

The stimuli presented in this method could be static, moving
(kinetic) inward or moving outward to provide a comparison
for the first two methods using comparable static and moving
stimuli. For the static condition, the stimulus was presented at the
location for 200 ms. For the kinetic conditions, the stimulus was
also shown for 200 ms, but moved either in an inward direction or
outward direction at 4°/s. Conditions were tested separately, and
each subject underwent testing at least twice for each condition.
The proportion of times seen was recorded for each relative
eccentricity value.

Structural Measurements Using OCT

In addition to measuring functional responses, structural
measurements were taken at the retinotopic location of the visual
field defect given the selected region of interest (examples in
Figure 2A). Measurements were obtained using OCT (Spectralis
OCT, Heidelberg Engineering, Heidelberg, Germany). The
posterior pole scan was used at an Automatic Real Time level
of 36. The direction of the stimulus path (Figure 2B) guided
the orientation of the scan grid (Figure 2C). For example, a
stimulus that moved horizontally had a corresponding horizontal
set of line scans. Although the instrument provides automatic
segmentation of the retinal layers, we manually segmented the
layers on the B-scan to account for potential segmentation errors
such as those attributable to blood vessels (Figure 2D). Thickness
measurements were taken at 1° intervals (~288 microns) using
the thickness profile tool of the software (Heidelberg Eye
Explorer, Heidelberg Engineering, Heidelberg, Germany).

The results of individual subjects with ocular disease (inner
retina from the inner limiting membrane to the external
limiting membrane for glaucoma; and outer retina from the
external limiting membrane to Bruch’s membrane for retinitis
pigmentosa) were compared with the corresponding retinal
thicknesses obtained at the same location in the five age-similar
normal subjects. The difference in retinal thickness (in microns)
was then plotted as a function of eccentricity (in degrees)
for each subject.

Statistical Analysis

Three approaches for testing concordance between structural and
functional measurements were compared. In method 1, threshold
eccentricities obtained using each technique were compared. We
have previously described the method for determining threshold
eccentricity (Phu et al,, 2018b). Sigmoid nonlinear regression
functions were fitted (GraphPad Prism version 7, La Jolla, CA,
United States) to the structural and functional resultant data
(y-axis), with eccentricity along the x-axis for each individual
subject. The top of the sigmoid function was allowed to float
between 0.9 and 1.0, to allow for a degree of false negative
answers (Wichmann and Hill, 2001). Eccentricity threshold was
defined as the EC50. The equations of the sigmoidal function
are defined as: y =b + [(a—b) / (1 + 10UegEC50—x) > HillSlope)y]
where b and a are the bottom and top values supplied by
GraphPad Prism, respectively. These regression functions were
performed on the normalized structural data (where 1.0 indicated
the minimum amount of change and 0.0 indicating the maximum
change) and the normalized proportions of stimuli seen when
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Subject with retinitis pigmentosa Subject with glaucoma

A Conventional visual fields

E-dE-
BB 2
E-

W5 B
- |l

T
mm

B Laboratory-based stimulus and screen

€ Scanning laser ophthalmoscope image

FIGURE 2 | Method for determining and extracting retinal thickness measurements from functional regions of interest. Examples of two subjects are provided: one
with retinitis pigmentosa (left) and one with glaucoma (right). Regions of interest were selected based on the clinical visual field result, marked by the colored
rectangles (A). The path of the visual stimulus during the laboratory-based phase of testing corresponded to the region of interest (B). Retinal thickness
measurements were taken along the retinotopically correspondent meridian using the Spectralis optical coherence tomography. The scanning laser ophthalmoscope
image was used to line up the scan along the meridian of interest (C). The individual B-scan of interest was manually segmented. From top to bottom, the inner
limiting membrane (ILM), external limiting membrane (ELM) and Bruch’s membrane (BM) were used as the landmarks of interest to denote the inner retinal layers
(ILM-ELM) and the outer retinal layers (ELM-BM). Thickness measurements were performed using the software’s thickness profile tool, highlighted by the colored
rectangles (D).
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using our new paradigm (1.0 indicating the greatest proportion
seen and 0.0 indicating the smallest proportion seen). The
normalized structural and functional results were analyzed as a
function of eccentricity within each individual and fitted using
sigmoidal nonlinear regression functions as described above. We
compared the area under the curve thus testing to determine
whether there were systematic differences between structure and
function or if concordance could be achieved. These functions
were also compared using F-tests (all variables were included
for comparison: top, bottom, logEC50 and HillSlope), with a
significant effect adjusted using Bonferroni correction.

In method 2, using the above, we compared the difference
in eccentricity thresholds between structure and the different
functional techniques (subjective and our objective paradigm).
A difference of 0 indicates co-localization of structure and
function, assessed using a one-sample ¢-test.

In method 3, we were further able to correlate normalized
structural and functional results when matched for test
eccentricity. As with the above, the normalization process was
conducted within individual, but for this analysis, the data was
analyzed across the entire cohort. Non-parametric Spearman Rho
was used examine the correlations, as per conventional statistics.
In these analyses, the results were compared across subjects and
between disease groups to test the hypothesis that discordance is
not a feature unique to the disease process itself.

Since psychometric functions could not be obtained using
conventional perimetric techniques (kinetic perimetry, Method
of Limits, and standard automated perimetry, staircase), we only
compared standard subjective techniques with the laboratory-
based psychophysical method using the difference plot
(method 2). The normalization process was not performed on
the data obtained using Method of Limits or staircase procedures.

RESULTS

Structural Eccentricity Thresholds

For all subjects with ocular disease, we compared the structural
measurements at their respective region of interest to the
corresponding areas in the age-similar normal subjects. Figure 3
shows the results for individual patients with the difference
in retinal thickness as a function of eccentricity. The standard
deviation of residuals for all fits was 1.54° (interquartile
range: 1.00°, 1.73°). Note that for some subjects the structural
measurement intervals were < 1°, as these reached the limits of
the scan grid, and we continued to use measurements from those
intervals to set the top or floor of the function.

Method 1-Comparison of Individual
Normalized Structural and

Functional Results

To provide direct comparison between structural and functional
measurements, each subjects structural and functional were
normalized and the results were plotted against eccentricity for
each subject (Figure 4). In normalizing results, both structural
and functional results are expressed on the same scale, and

as a measure of their fidelity, we could establish whether
their relative change with location was the same. Two-way
ANOVA showed a significant effect between structural and
the three functional conditions [F(3,33) = 4.744, p = 0.0074],
where the areas under the curve were lower for structure
(median: 3.36, IQR: 2.95-3.82) compared to static (median: 4.13,
IQR: 3.85-4.53), inward moving (median: 4.08, IQR: 3.76-4.63)
and outward moving (median: 4.37, IQR: 3.71-4.63) stimuli.
There was no effect of individual subject [F(11,33) = 1.019,
p = 0.4522], suggesting a contribution of inter-individual
variability as we have previously shown (Phu et al., 2018b).
However, multiple comparisons showed that the difference in
areas under the curve between structure and function were
significant in two subjects (retinitis pigmentosa subject 4:
structure-inward moving, p = 0.0472; and retinitis pigmentosa
subject 5: structure-static, p = 0.0420; structure-inward moving,
p = 0.0196; structure-outward moving, p = 0.0108). F-tests
between functions within each individual was conducted in
11 subjects (retinitis pigmentosa subject 5’s data had slightly
different ranges for structure and function) showed two subjects
with statistically significant differences (glaucoma subject 6,
p = 0.0025, and retinitis pigmentosa subject 4: p = 0.0003), but
for all others, the top, bottom, slope and threshold parameters
were not significantly different (average F value = 2.133, average
p value = 0.1694).

Method 2-Co-localization of Structural

and Functional Eccentricity Thresholds
Based on the data presented in Figure 4, we also compared
the differences in structural and functional eccentricity
thresholds for all subjects in degrees (Figure 5). One sample
t-test showed that the difference in eccentricity threshold
was no different to 0 when using any of the functional
measurement techniques for both ocular disease groups
except for inward Method of Limits (p = 0.0302) for the
glaucoma group and inner Method of Constant Stimuli for
the retinitis pigmentosa group (p = 0.0379). However, the
standard deviation of the eccentricity threshold differences
was significantly greater when using all of the subjective
techniques typically employed in clinical practice (Method of
Limits such as in manual or semi-automated kinetic perimetry
and staircase procedure typically used in static perimetry)
compared to the two-interval forced choice procedure
(glaucoma p = 0.0013; retinitis pigmentosa p = 0.0391),
and was also greater than the standard deviation of the
residuals for the structural functions. Although on average
the functional measurements are co-localized with structural
measurements, for each subject individual sources of non-
retinal variability manifests as intra-subject mis-localization, or
structure-function discordance.

Method 3-Correlations of Normalized
Structural and Functional Results Across
All Subjects

The normalized structural results were then plotted as a
function of functional results, and Spearman Rho was
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FIGURE 3 | Individual structural functions for each subject with ocular disease. Difference in retinal thickness values [disease — normal (age-similar subjects), in
microns] is plotted as a function of retinal eccentricity (away from fixation, in degrees). Inner retinal thicknesses were used for subjects with glaucoma (blue) and outer
retinal thicknesses were used for subjects with retinitis pigmentosa (red). Each figure also shows the retinal test meridian (retinotopically correspondent with the
functional test location).

used to determine the correlation after accounting for test
eccentricity (Figure 6). All three relationships (structure versus
static, inward moving or outward moving) were significant
(p < 0.0001), with Spearman Rho values (95% confidence

intervals) of 0.8201 (0.7378-0.8784), 0.8123 (0.7276-0.8727)
and 0.8182 (0.7356-0.8786), respectively. The linear regression
analysis showed slope values (standard error) of 0.8941
(0.0619), 0.8619 (0.0589) and 0.8655 (0.0595), respectively,
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median, interquartile range and range. The asterisks indicate a result significantly different to O (one-sample t-test at a p < 0.05).

and these were not significantly different to each other
(F = 0.0859, p = 0.9177). The fits of the regression analysis
(R?) were generally good at 0.6941, 0.6970, and 0.6949
for structure versus static, inward moving and outward
moving, respectively.

DISCUSSION

The aim of the present study was to systematically characterize
the structure-function relationship across a breadth of structural

loss by using ocular diseases as a model for anatomical
and perceptual change. Our work specifically exploits the
ability of recent optical coherence tomography technologies in
providing quantitative data of the ocular structures in vivo.
For example, the inferences of losses of visual function
at the borders of scotomas in a variety of retinal and
post-retinal diseases using perimetric techniques have been
studied by Enoch and colleagues, but correlations with
anatomical structures were limited by technologies of the
time (Enoch and Sunga, 1969; Enoch et al, 1970). In doing
so, we wished to provide a psychophysical framework that
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could be adopted to reduce the contribution of non-retinal
(or potentially non-anatomical in other sensory systems)
factors that confound the structure-function relationship. We
have shown that improvements in the structure-function
relationship less affected by non-retinal sources of variability
can be achieved by utilizing our more objective psychophysical
paradigm, in line with our prediction (Green and Swets,
1973; Gescheider, 1976; Phu et al,, 2018b). The robustness of
this relationship persisted across the topographical breadth of
anatomical change examined in the present cohort. As the
robustness of the structure-function relationship appeared to
be independent of the disease model, the discordance that
is usually seen and reported is not unique or specific to
the disease process, but instead is due to the psychophysical
procedure itself.

Subjectivity of Psychophysical
Measurements and the Impact on the

Structure-Function Relationship
We have previously discussed the significant individual variation
present in functional measurements, whereby individual
criterion bias contributes to trial-by-trial differences in
results (Phu et al, 2016a, 2018b). The staircase method
and Method of Limits are more subject to potential errors
such as habituation and adaptation (Stewart and Hunt,
1993; Kunar et al., 2008), attention (Morales et al., 2015;
Phu et al, 2016b, 2018a) or merely the individuals own
internal criterion bias (Hoskin et al, 2014; Mill et al.,
2014) in comparison to Method of Constant Stimuli and
forced choice procedures, which we referred to here as
“more” objective psychophysical procedures. Though we
recognize that subjective biases cannot be fully eliminated,
the contributions of these errors therefore add a non-retinal
component to the structure-function relationship, reducing
its validity as an inference of behavior from underlying
anatomical substrate.

The low variability and consistency across most subjects
in our cohort suggested that the effect was robust. However,
notably, some subjects with regions of interest farther away

from the center showed greater variability, particularly in
structural measurements. This is not surprising, due to the
known difficulty in reliably obtaining measurements of ocular
structure in the peripheral retina (Wenner et al, 2014).
Though examination of a broad representation of stages of
structural and functional deficits may be informative, we tested
a breadth of structural integrity within each subject, and thus
this already represents a potential spectrum of structural and
functional alterations.

Another index of response variability that can be gleaned
from functional data is the slope value of the psychometric
function. We have previously reported on the slopes of
some of these subjects (Phu et al., 2018b), and found that
subjects with retinitis pigmentosa tended to have lower slope
values compared to subjects with glaucoma. While this may
be indicative of lower variability in subjects with retinitis
pigmentosa, we have suggested that this may be due to the
gradient of structural change which occurs differently between
the diseases (Wyatt et al., 2007; Whatham et al., 2014). The
structural data in the present study are additive to this, with
significant overlaps in the functions between retinal thickness
and psychophysical response data in Figure 4. We did not
examine regions of unaffected retina in the subjects with ocular
diseases in the present study, however, this would be informative
in future studies.

Accessibility of the Eye for Examining
the Structure-Function Relationship:

Structural Loci

Short of obtaining true histological samples (which also
introduce confounders to the structure-function relationship),
OCT provides an opportune surrogate measurement of
retinal integrity (Chen et al, 2006). As our goal was to
reduce the contribution of measurement variability, we
used the total inner retinal thickness as the structural locus
of glaucoma to maximize dynamic range, and because the
nerve fiber layer and inner plexiform layer are known to
be challenging to segment, especially in disease (Yoshioka
et al, 2017, 2018). This becomes further complicated with
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progressive thinning of the inner retinal layers in the periphery
(Wenner et al., 2014).

In retinitis pigmentosa, the outer retina is primarily affected
and thus we used the outer retinal thickness as the locus of
change (Rangaswamy et al., 2010; Battu et al., 2015). Though
the inner retina is known to undergo remodeling in retinitis
pigmentosa, the functional implications of such changes are
not well-described (Kalloniatis et al., 2016). The reason for
not extending this thickness to involve other overlying retinal
layers is because unlike the inner retina, the outer retinal
thickness does not typically change significantly beyond the
central 10°.

Aside from OCT, increased accessibility to other nascent
technologies could contribute to this discussion in the future.
Specifically, adaptive optics OCT is an exciting technology that,
compared to traditional OCT, can discern individual cell bodies,
and can overcome assumptions made by spectral domain OCT
regarding the cell density, distribution and integrity (Kocaoglu
etal, 2011; Liu et al., 2017).

Applications in Neuroscience Beyond
Contrast Detection

Contrast detection is a fundamental task of the visual system,
is simple to measure, and is a gateway to other visual tasks
such as motion, form and stereopsis. In diseases, impairments in
these dimensions have been suggested to indicate selective loss
of specific visual pathways (Bosworth et al., 1997; McKendrick
et al., 2005). Much like equating functional thresholds to static
and moving targets, our paradigm for functional testing can
also be readily applied to other visual functions beyond contrast
detection to test this hypothesis.

Given the effects of other systemic diseases upon the eye,
our paradigm could be extended to examine the structure-
function relationship in other patient groups in order to
facilitate early detection of the disease process and its
associated functional sequelae. Examples of these include diabetic
neuropathy (Neriyanuri et al., 2017) and Alzheimer’s disease
(Cunha et al, 2016), which have garnered recent interest
paralleling the increasing use of ocular imaging for detection
of retinal loci of pathology. Again, our approach could be
used to obtain a structure-function model that predicts eventual
functional impairment.

So far, the present model has examined the detector
elements in the eye which represent only the downstream
components of the visual pathway. Potentially, our approach
could provide insight into the structure-function relationship
higher along the visual pathway, in areas specifically servicing
visual functions such as color or motion in higher cortical
areas, under conditions of anatomical change in aging and
in disease. Neuroimaging techniques such as functional
magnetic resonance imaging would be the next step to explore
this relationship (Wandell et al, 1999; Gilaie-Dotan et al.,
2013). Again, the contribution of our proposed method is
to reduce the contribution of individual, potentially non-
anatomical sources of variability such as criterion bias and
decision-making.

The Potential Effects of Eye Movements

on the Structure-Function Relationship

One of the limitations of the present study was that no
method of eye tracking was used for functional measurements.
However, we predict that if fixation instability were to occur,
then there would be an additional degree of discordance
between structure and function. We used a typical criterion
of unreliability of fixation losses of > 6° over 20% of the
time during the Humphrey Field Analyzer test (Yoshioka
et al., 2017, 2018) as a cut-off for all subjects. Using this
criterion, we might expect a maximum discordance of
1.2° assuming no other significant eye movement for the
observer’s result to be accepted as reliable. However, the
standard deviation of the structure-function difference
when using Method of Constant Stimuli and the forced
choice procedure was less than this discordance, suggesting
that eye movements did not play a significant role in
the present study. The direction of movement would
also be anticipated to be in the direction of the stimulus
presentation, and thus a second prediction might be that the
functional measurement would be biased in the direction
away from fixation. However, no such bias was found,
again supporting the notion that eye movements unlikely
contributed to our results.

CONCLUSION

We show that our paradigm of reducing the contribution
of non-retinal-potentially non-anatomical-variability
in Dbehavioral responses to visual stimuli significantly
improves the structure-function relationship across a
broad range of anatomical change wusing models of
outer retinal disease (retinitis pigmentosa) and inner
retinal disease (glaucoma). Our results support the
view of attentiveness to psychophysical method, rather
than solely making alterations to stimulus parameters,
to provide more robust estimations of visual function
by reducing perceptual biases. These principles can be
extended to visual tasks beyond simple contrast detection,
and other sensory modalities. Our paradigm also has
potential applications in other studies correlating behavior

with anatomical structure in the neurosciences, and
answers a crucial question regarding methods to examine
output behavior that represent potentially otherwise
poorly accessed or inaccessible anatomical substrates
with high fidelity.
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