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Abstract

Purpose: To assess continuity of perimetric defects corresponding to arcuate
defects seen on optical coherence tomography (OCT) en face reflectance images
of the retinal nerve fibre layer (RNFL) in patients with glaucoma.

Methods: Seven patients with glaucoma who had arcuate structural defects on
OCT RNEFL en face images were recruited. Static suprathreshold stimuli were pre-
sented along different meridians to localise perimetric defects in the correspond-
ing hemifield. Then two contrasts, one 6 dB greater than the other, were used
with kinetic perimetry to assess the slope of the defect. Findings with kinetic and
24-2 perimetry were compared.

Results: Static perimetry found that regions of perimetric abnormality spatially
corresponded with the regions of en face RNFL hyporeflectivity. Kinetic perimetry
found that the slopes of the edges of the defects ranged from 3-12 dB degree ™,
and that the functional abnormalities were continuous with the physiologic blind
spot even when the 24-2 protocol only showed paracentral defects.

Conclusions: Perimetric abnormalities and arcuate RNFL en face defects were
spatially correspondent. Perimetric testing guided by OCT en face reflectance
images can reveal greater functional detail of glaucomatous abnormality than 24-

2 testing.

Introduction

Clinical assessment of glaucomatous abnormality routinely
involves static perimetry, in which only a limited number
of retinal locations can be practically sampled. The retinal
locations tested, therefore, need to be judiciously sampled
in terms of the clinical utility of the perimetric results, such
as structure-function agreement and the potential impact
of visual defects on activities of daily living. In recent years,
it has become widely recognised that the locations tested by
the most commonly used perimetric grid - the 24-2 grid -
sometimes miss the presence of glaucomatous abnormali-
ties due to the low sampling density.' > While the 10-2 grid
provides a higher sampling density for identifying central
losses otherwise missed by the 24-2 grid, its restricted field
size is limiting. Performing perimetric testing with both

10-2 and 24-2 grids is also practically not viable. In view of
this, an alternative grid, 24-2C, has been developed in
which 10 new testing perimetric locations have been added
to the 24-2 grid based on the retina locations identified to
have the greatest susceptibility to glaucomatous defect.
While there are clinical benefits to be derived from the
added sampling of the macula in the 24-2C pattern,™ one
potential setback is that it uses a fixed grid across a wide
variety of possible patterns of the glaucomatous abnormal-
ity and also maintains a 6° spacing of the peripheral points.
This may still be limiting for assessing the structural-func-
tional relation as well as assessing progression.

An alternative to the use of fixed grids, targeted perime-
try, involves an individualised sampling methodology
seeded by a structural or functional assessment of the
potential regions of retinal abnormality.® "> This sampling
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method mostly concentrates the perimetric points within
regions of interest (the regions of potential abnormality) to
enhance the characterisation of the perimetric defect. Opti-
cal coherence tomography (OCT) en face visualisation of
hyporeflectivity in the retinal nerve fibre layer (RNFL) is an
appealing alternative for effectively guiding perimetric sam-
pling for several reasons. These include the spatial detail in
the pattern of RNFL hyporeflectivity,'>'* as well as the lim-
ited contribution of non-fibre component to the reflectance
signature assessed by the OCT en face visualisation of the
RNFL."

Recent studies have found that the spatial pattern of the
RNFL hyporeflectivity seen in the en face images was also
seen in results from static perimetry.'>'® These results give
the impression that the perimetric defect is continuous
with the en face RNFL defect, and the current study used
kinetic perimetry to assess that continuity in patients with
arcuate RNFL defects. The goal of this study is to improve
clinical understanding of relations between perimetric
defects and the arcuate RNFL abnormalities seen on OCT
en face visualisation of the RNFL, and provide a basis for
methods of targeted perimetry that improve structure-
function agreement.

Methods

The research methods followed the tenets of the Declara-
tion of Helsinki and were approved by the Indiana Univer-
sity Institutional Review Board (IRB). After explaining the
nature and possible risks of the study to the participants,
written informed consent was obtained before testing. First,
the subjects’ visual acuity and contrast sensitivity were
checked, and then the study protocol was administered.

Subjects

Patients with glaucoma who had arcuate RNFL defects on
en face images assessed with the Heidelberg Spectralis OCT
(www.heidelbergengineering.co.uk) were selected from the
participants of our prior study investigating the relation
between en face image RNFL abnormalities and circum-
papillary retinal nerve fibre layer thickness measures.'” The
prior study used a montage of OCT volume scans at 30 um
spacing, which were designed so that the montage covered
most of the central +24° of the retina. Reflectance slabs
from those montaged volume scans were used for the cur-
rent study.

The subjects with glaucoma had clear ocular media, as
well as normal retinal findings with the exception of disc,
RNFL or perimetric abnormalities associated with glau-
coma, and were under the care of an eye care practitioner.
Perimetric visual field results in the subjects had repro-
ducible defects at two or more contiguous points with
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p <0.01, or three or more contiguous points with
p < 0.05, or a 10-dB difference across the nasal horizontal
midline in the presence of clinical glaucomatous optic neu-
ropathy on the total (or pattern) deviation maps. Out of
the 33 subjects with glaucoma who participated in the prior
study, 10 were identified to have arcuate OCT en face
RNFL defects. Arcuate RNFL defects were defined when the
RNFL en face image of the participant’s study eye showed
an arcuate pattern of hyporeflectivity (reduced reflectance).
Seven of these participants accepted the invitation to par-
ticipate in the current study.

Stimuli and contrast definitions on the octopus 900
perimeter

Visual field examinations were performed using the
Octopus 900 perimeter (www.haag-streit.com) with Eye-
Suite software version 3.3.1. The background luminance
was set to 10 cd m™% The stimulus size options avail-
able on the Octopus device are the Goldman size I to V
stimuli - circular luminance stimuli from 0.11° to 1.72°
in diameter. For any given stimulus size, the maximum
luminance (Lyaximum) 1S denoted as 4e and is equivalent
to 318 cd m™* on the device. In terms of contrast, a
one-step change in the numerical and alphabetical com-
ponents of the luminance nomenclature is equivalent to
a 5dB and a 1 dB change, respectively. Furthermore, a
change in the stimulus size by one step has traditionally
been considered equivalent to a 5 dB change for kinetic
perimetry.'"® Compared to the Humphrey Field Analyzer
(HFA) with Lisaground of 10 cd m™ and Lyaximum Of
3183 ¢d m™% a G-III 4e stimulus on the Octopus 900
has equivalent contrast to a 10 dB stimulus on the HFA.

Study protocol

The study was divided into two phases. Each phase con-
sisted of a series of steps providing the information needed
to achieve the overall goal of the phase. Testing lasted
between 3040 min, including 1-2 min breaks between
steps during which the subjects were instructed on the pro-
cedures involved in the succeeding step.

Phase 1: The goal of Phase 1 was to localise the perimet-
ric abnormalities within retinal hemifields of each study
participant, and to determine the edge of functional abnor-
mality. To limit fatigue from long testing durations, only
the hemiretina with the largest RNFL defect (based on the
en face hyporeflectivity) was tested when both retinal hemi-
fields had arcuate defects.

Step 1: The goal of this step was to give study partici-
pants practice with kinetic perimetry. The G-III 4e stimulus
was presented at 4 ° s~ from the outer non-seeing region
towards fixation, and the subject’s task was to press the
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response trigger when the stimulus was seen (Figure 1a)."’
The G-III stimulus was chosen for this step because it is the
routinely used perimetric stimulus for clinical assessments
and is most familiar to glaucoma patients. The brightest
luminance - 4e - was used to enhance its visibility. The spa-
tial order of the stimulus presentation was sequential at 15
© intervals. The subject was informed about the pattern of
presentation to reduce spatial uncertainty of stimulus pre-
sentation.

The G-II stimulus was preferred for testing, targeted at
localising the regions of perimetric defect and used for sub-
sequent testing. This stimulus has a combined benefit of
being small and therefore beneficial for localizing defects,*
as well as a likely lower test-retest variability relative to the
G-I stimulus.?!

Step 2: In order to estimate the luminance of the G-II
stimulus to be used for further testing, Step 1 was repeated
with the G-II stimulus at the le luminance. The closer the
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isopter for this stimulus was to fixation, the greater the
luminance of the G-II stimulus used for the next steps of
testing.

Step 3: The goal of this step was to localise the regions of
perimetric defect rapidly within the subject’s central +30°
using static suprathreshold testing. Informed by the isopter
for the G-II 1e stimulus (in Step 2), static suprathreshold
testing was performed using the 4e luminance for five
patients. Alternate luminances were used for two patients:
the 3e luminance was used for a subject with a relatively
high hill of vision based on the isopter found with G-II le
testing; the la luminance was used for another patient
because no defects could be found with the higher lumi-
nance. The stimulus was presented once at each location.
During testing the subject was reminded to fixate on the
fixation target, the examiner inspected the eye monitor dis-
play to ensure the pupil was centred and then the stimulus
was presented. The stimulus was presented at locations
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Figure 1. Schematic illustration of testing protocol. (a) Step 1 - testing pattern for training study participants for kinetic testing superimposed on the
user interface of the Octopus 900 perimeter. The arrows show examples of the direction and spacing of stimulus presentation. (b) Step 2 - preliminary
G-Il stimulus testing for estimating G-Il luminance for the subsequent steps of testing. The nature of testing was same as in (a). The short dashes
enclose the central + 30° which was our region of interest (ROI) (c) Step 3 - the pattern of static suprathreshold testing in the ROI. The green and red
markers are schematic representations of retinal locations where the static suprathreshold stimulus was seen and not seen, respectively. The inset
shows an example of an en face RNFL image used to guide the selection of the hemifield for perimetric assessment. (d) Step 4 — the arcuate kinetic
pattern (shown in red short dashes) used to assess the continuity of the locations of abnormality identified from the static suprathreshold testing in c.
(e) Step 5 - centrifugal presentation of the stimulus (black), diverging from the continuous perimetric abnormality defined in d, for identifying the
edges of the glaucomatous defect. A similar assessment (shown in blue) was performed at the edge of the physiologic blind spot. (f) The green filled
markers show examples of locations at which the kinetic stimulus presented in E was first seen.
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Figure 2. Findings of Phase 1 testing in Subject 1. (a) Isopter for the G-IIl 4e stimulus during kinetic perimetric training. (b) Isopter for the G- Il 1e
stimulus used for estimating G-Il stimulus luminance for suprathreshold static testing. (c) The green and red markers show the results for the
suprathreshold testing as locations at which the stimuli presented were seen (green) and not seen (red), respectively. (d) The blue short dashes (arc of
functional abnormality) illustrate the path of a 2 ° s~ kinetic stimulus passing through the unseen locations in ¢, assessing the continuity of the defect
with the physiologic blind spot. The short black dashes illustrate the edge of the physiologic blind spot. (e) The green filled markers show the locations
at which the stimuli diverging from the arc of functional abnormality were first seen, and black curves show interpolated edges obtained by 3rd
degree polynomial fits to these patterns of locations. (f) Total deviation findings from 24-2 static perimetry overlaid with the kinetic perimetric find-
ings. The insert is a greyscale image of the 24-2 sensitivities. All axes are in degrees of visual angle.

approximately 2° apart along at least four representative
meridians not more than 45° apart (Figure Ic). The spatial
order of the presentation was sequential to reduce the spa-
tial uncertainty of the stimulus presentation. The subject’s
task was to click the response button when a flash of light
was seen.

The static suprathreshold stimuli were also presented in
the disc region to localise the optic disc. The information
from this testing was used together with the centre of fixa-
tion to guide overlaying the perimetric findings on the
OCT en face RNFL reflectance images.

Step 4. The goal of this step was to test the continuity of
the abnormalities detected with the static suprathreshold
testing (in Step 3). The same stimulus (used for the static
suprathreshold testing in Step 3) was presented along a
path that began at the location of the blind spot, and linked

440

the points of perimetric defect identified with static
suprathreshold perimetry (Figure 1d).

The kinetic stimulus was moved at 2 ° s~' for this
and subsequent kinetic testing to minimise the impact
of reaction time on the test assessment and refine the
location of perimetric defect findings.”> The path fol-
lowed by this stimulus when it was not seen was
defined as an ‘arc of functional abnormality’ within the
subject’s field of vision. The subject’s task during the
stimulus presentation was to click the response trigger
when the stimulus was seen.

Step 5: The goal of this step was to define the edge of the
perimetric defect. The stimulus used in Step 3 was moved
centrifugally, diverging from points along the arc of func-
tional abnormality (Figure Ie). The stimulus was presented
along representative meridians (such as in Step 3) and a 3™
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Figure 3. Meridional static suprathreshold perimetric testing results in the remaining six subjects. The green markers represent the retinal locations
where the stimulus was seen, and the red markers identify locations where the stimulus was not seen. Except in Subject 7, the spatial locations of the
abnormality corresponded with the regions of hyporeflectivity on the en face images. Red arrows point to the arcuate retinal nerve fibre layer (RNFL)
defects on en face images of Subjects 6 and 7 to enhance the visibility of the defects.

degree polynomial was used to interpolate between the
points along the meridians at which the stimulus was first
seen. When fixation losses were observed during the kinetic
stimulus presentation, the presentation was repeated twice
and the coordinates at which the stimulus was seen were
averaged.

Phase 2: The goal of Phase 2 was to assess the steepness
of the edges of the perimetric defect.

Step 6: To assess the slope of the perimetry defects, cen-
trifugal testing (as in Step 5) was repeated using two differ-
ent stimulus luminances 3 dB (0.3 log units) above and
below that used in Step 5. If, however, a 3 dB contrast
change was unattainable due to the limits imposed by the
range of luminances provided on the Octopus device, the
stimulus size was changed and the luminance adjusted to
achieve an equivalent contrast. For example, a 3 dB con-
trast increment from G-II 4e was computed as follows:
because the maximum luminance attainable on the Octo-
pus device is 4e, the stimulus size was changed from G-1I to
G-III (considered equivalent to 5 dB contrast increase for
kinetic perimetry'®) and then the luminance was changed
from 4e to 4c (equivalent to 2 dB contrast decrease). Thus,
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the change from G-II 4e to G-III 4c was considered equiva-
lent to a 3 dB contrast increment.

After the testing of the arcuate perimetric defect was
completed, the step was repeated at the edge of the physio-
logical blind spot to provide a reference for defining the
steepness of the arcuate defect. When the slope of the defect
was within the range of slope quantified at the edge of the
disc, the defect was considered steep.

Analysis

Phase 1

We investigated the spatial relation between the RNFL
reflectance hyporeflectivity and the perimetric functional
abnormality by superimposing the findings of both the sta-
tic suprathreshold and kinetic perimetric testing on 4 pm
OCT en face slabs centred at 24 pum beneath the inner lim-
iting membrane (Figure S1). Remnant nerve fibre bundles
within the regions of hyporeflectivity on OCTA en face
images are often more superficial on the en face images
because of the use of the inner limiting membrane as a ref-
erence plane for generating the en face images. Therefore,
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Figure 4. The edges of the functional abnormalities relative to the edges of the structural abnormalities. The green-filled markers show the locations
at which the centrifugal stimulus moving from non-seeing locations was first seen. The black lines are third degree polynomial fits used to interpolate
between the green markers. For Subject 7, at a dimmer stimulus luminance, a pattern of abnormality began to emerge; however, the defect was so
small that it could not be followed with a kinetic strategy amid eye movements.

our choice of a 4 um thick superficial en face slab was to
enhance the visualisation of such fibres. Even more superfi-
cial slabs may have been preferred but the fibres in the
more superficial layers are easily obscured by putative glial
reflectances.”

We used horizontal and vertical motions of the visual
field to align the fixation point with the centre of the fovea,
and then, if needed, rotated the RNFL en face image slightly
around fixation to align the physiologic blind spot from the
perimetric findings with the disc on the RNFL en face
images. To avoid the impact of corneal curvature and axial
length on comparisons made in microns, all lateral mea-
surements were kept in degrees of visual angle; only axial
distances from the inner limiting membrane were expressed
in microns. We compared the width of the RNFL hypore-
flectivity on the OCT en face image with the width of the
perimetric abnormality on the kinetic perimetric findings
along the 30°, 60° and 90° meridians (Figure S2), using a
repeated measures t-test. We also compared the differences
in the widths of defects after adjusting perimetric locations

442

for reaction time, which was reliably assessed in four sub-
jects.

Furthermore, to assess how the findings compared
with standard clinical measures, we superimposed the
findings from the kinetic perimetric testing on the total
deviation maps from 24-2 perimetry testing. The 24-2
total deviation values were obtained from the patients’
routine clinic visits with the Humphrey Field Analyzer
using a G-III stimulus. The total deviation maps pro-
vided a raw estimate of the perimetric deviation from
age norms without further adjustments to the data such
as in a pattern deviation map, which uses a method
that can overestimate the adjustment factor in eyes with
perimetric defects.***

Phase II

We investigated the functional slope at the edge of the
defects by analysing the difference between the widths of
the perimetric defects measured with the two contrast
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Figure 5. Kinetic perimetry findings compared to the total deviation findings from static threshold 24-2 perimetric testing. The insets are greyscale
images from the static 24-2 protocol. The regions of greatest perimetric abnormalities in the retinal hemifield studied, shown as dark shades on the
greyscale images, corresponded with the regions identified by kinetic perimetric results as showing abnormalities.

conditions. The perimetric defect width obtained with the
higher contrast stimulus was subtracted from that of the
lower contrast stimulus along the 30", 60°, 90", 120° and
150° meridians, and the mean difference was computed. A
similar computation was made for the measures at the edge
of the physiological scotoma assessed along the horizontal
meridian of the disc. The slopes were expressed as dB
degree ' and were computed as the range of stimulus lumi-
nances used for investigating the edge of the perimetric
defect (6 dB) divided by the mean difference in the widths
of the perimetric defect assessed with the higher-contrast
and the lower-contrast stimuli.*®

Results

The mean age (standard deviation, S.D.) of the subjects
studied was 70 (5) years ranging from 61-75 years, and the
mean deviation of the 24-2 perimetric testing was —3.9
(3.3) dB ranging from —1.6 to —10.8 dB. Figure 2 shows a
step-by-step presentation of the findings in Subject 1. The
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regions of perimetric abnormality found with static
suprathreshold testing spatially corresponded with the
regions of RNFL hyporeflectivity (Figure 2c¢), and the
regions of functional abnormality identified with the static
suprathreshold technique were continuous with the physio-
logical blind spot (Figure 2d). The edges of the functional
abnormality came close to the edges of hyporeflective
regions seen on the OCT en face images (Figure 2e). The
region of abnormality identified on 24-2 static perimetry
was within the region of abnormality identified with the
kinetic testing (Figure 2f).

The findings for the static (Figure 3) and kinetic (Fig-
ure 4) testing for five other subjects were similar to those
for Subject 1, as was the comparison between the kinetic
results and 24-2 threshold static results (Figure 5). For the
remaining patient (Subject 7), we only saw a pattern of
abnormality consistent with the arcuate defect (Figure 4) at
a considerably lower stimulus luminance. The defect was
however small, and it could not be followed with a kinetic
strategy amid eye movements.
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Figure 6. Functional slope at the edge of the glaucomatous defects superimposed on the optical coherence tomography (OCT) en face images. The
red and blue colours show third degree polynomial fits to the edges of the functional defects identified with the two stimuli 6 dB apart. The triangles
show the edges of the physiological blind spot. Subject 7 was not included because we were unable to follow the findings of the static suprathreshold

testing with kinetic testing.

For the six subjects with defects assessed with kinetic
testing (Figure 6), the mean (S.D.) width of the perimetric
defect was 6.0° (2.8) ranging from 3.4° —11.1° and was
moderately different compared to the RNFL hypo-reflective
region on en face images with mean width of 4.2° (2.1)
ranging from 2.6° —8.2° Cohen’s D = 0.7; p = 0.02. After
compensating for the effects of reaction time (in four sub-
jects with reaction time assessment) the mean width of
perimetric defect was 5.1° (2.2), ranging from 2.2°-8.7°,
and was similar to the RNFL hyporeflective region with
mean width 4.6° (2.6) ranging from 2.6°-8.2°; Cohen’s
D = 0.2, p = 0.3. In phase 2, the slopes at the edges of the
functional abnormality ranged from 312 dB degree ', and
the slopes near the optic disc were within this range for five
patients and steeper than 40 dB degree ' for one (Subject
2).

Discussion

In this study, we used a combination of kinetic and static
perimetry in selected patients who had arcuate hyporeflec-
tive regions on the OCT en face visualisation of the RNFL,

and found that the perimetric defects from both testing
modalities spatially corresponded to the hyporeflective
RNFL en face defects at 24 pm below the inner limiting
membrane. Using a kinetic methodology, we confirmed
that, as with the RNFL hyporeflectivity, the perimetric
defects were continuous and traceable to the disc along the
nerve fibre trajectory. We also found that what appeared as
paracentral defects on the 24-2 testing were in fact arcuate
in nature. Importantly, over the 6 dB range of contrasts
used for exploring the edge of the glaucomatous perimetric
defect, as well as the edge of the physiologic scotoma, we
found the edges of the perimetric defects were as steep as
the edges of the physiologic scotoma.

Our findings, together with those of prior studies,"*’
emphasise that the presence of paracentral defects on 24-2
testing could possibly indicate an arcuate defect and require
further investigation to assess the full extent of the perimet-
ric abnormality and to appropriately characterise the defect
type. Consistent with the nature of the RNFL hyporeflectiv-
ity seen on the en face image, it is clear from our rapid
meridional static suprathreshold strategy (as well as kinetic
perimetric findings) that using a suitable sampling grid
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would enhance a clinician’s ability to properly classify the
defect type. While the patterns of en face RNFL hyporeflec-
tivity that characterise perimetric arcuate defects are yet to
be determined, we infer from this pilot dataset that the
perimetric abnormalities accompanying arcuate RNFL
hyporeflectivities are arcuate in nature, and that sampling
the perimetric testing locations guided by the en face
images may enhance the defect type classification.

Our study has some limitations, including sample size
and the testing approach of the methodology. Clearly, fur-
ther study in a larger sample size is needed to explore the
preliminary observations from this study. Also, our study
methodology was simplified to support the use of a clinical
device and limit the testing duration to a range that sup-
ports reliable assessment and limit the impact of fatigue.
For example, our kinetic approach used a one-way method
of limits as compared to the two-way method of limits or
2-interval-forced-choice method used by Phu et al.?® Also,
a limited range of stimulus luminances (6 dB) was used for
assessing the slope at the edges of the perimetric defect.
Despite this simplification of our methodology, and the use
of single stimulus presentations, there was good agreement
between the static and kinetic perimetric findings, as well as
agreement with the en face reflectance hyporeflective
regions. Another limitation is the resolution of the static
perimetric testing. A much finer resolution of about 1°
would have supported exploring other interesting concepts
such as statokinetic dissociation at the edges of the perimet-
ric defects.**°

To conclude, in this small group of patients the perimet-
ric defects that accompanied arcuate RNFL defects seen on
OCT en face visualisation of the nerve fibre layer were arcu-
ate in nature. Perimetric testing guided by OCT en face
reflectance images has the potential to reveal a greater func-
tional detail of glaucomatous abnormality and enhance the
clinical classification of the defect type, as well as enhance
the estimation of the extent of functional loss from the dis-
ease process in an individualised manner.
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Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Figure S1. 4pm slab optical coherence tomography
(OCT) en face visualisation of the retinal nerve fibre layer
reflectance centred at 24pum depth for the seven subjects
assessed in our study.

Figure S2. Schematic illustration quantifying perimetric
defects and reflectance defects on the 4um en face reflec-
tance slabs centred at 24um depth. Width of abnormalities
were assessed for the kinetic perimetric findings A) and en
face reflectance images (B) along the 30 °, 60 © and 90°
meridians. All measurements (including scale bars) are in
degrees of visual angle.
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