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Purpose: Mean retinal sensitivity is the main output measure used in microperime-
try. It is, however, of limited use in patients with poor vision because averaging is
weighted toward zero in thosewith significant scotomas creatinganartificial floor effect.
In contrast, volumetricmeasures avoid these issues andaredisplayedgraphically as a hill
of vision.

Methods:Anopen-source programwas created tomanipulate raw sensitivity threshold
data files obtained fromMAIAmicroperimetry. Thin plate spline interpolated heatmaps
and three-dimensional hill of vision plots with an associated volume were generated.
Retrospective analyses of microperimetry volumes were undertaken in patients with a
rangeof retinal diseases to assess thequalitativebenefits of three-dimensional visualiza-
tion and volumetric measures. Simulated pathology was applied to radial grid patterns
to investigate the performance of volumetric sensitivity in nonuniform grids.

Results: Volumetric analyses frommicroperimetry in RPGR-related retinitis pigmentosa,
choroideremia, Stargardt disease, andage-relatedmacular degenerationwere analyzed.
In simulated nonuniform testing grids, volumetric sensitivity was able to detect differ-
ences in retinal sensitivity where mean sensitivity could not.

Conclusions: Volumetric measures do not suffer from averaging issues and demon-
strate superior performance in nonuniform testing grids. Additionally, volumemeasures
enable detection of localized retinal sensitivity changes that might otherwise be
undetectable in a mean change.

Translational Relevance: As microperimetry has become an outcome measure in
several gene-therapy clinical trials, three-dimensional visualization and volumetric
sensitivity enables a complementary analysis of baseline disease characteristics and
subsequent response to treatment, both as a signal of safety and efficacy.

Introduction

Fundus-tracked perimetry, known as microperime-
try, is being widely adopted in eye hospitals and
research environments to aid in the diagnosis and
monitoring of a variety of ocular diseases that
affect the central retina. Microperimetry has also
been used as an outcome measure in various clini-
cal trials involving novel treatments for inherited and
age-related retinal diseases and age-related diseases
such as choroideremia, retinitis pigmentosa, and

age-related macular degeneration [Clinicaltrials.gov
ref: NCT02407678, NCT03116113, NCT03846193].
Advancements in retinal imaging techniques in combi-
nation with microperimetry permit accurate structure-
function correlations to be made.

The standard output of the MAIA microperimeter
(Macular Integrity Assessment; CenterVue, Padova,
Italy) includes graphical representations of the point
thresholds (or pointwise sensitivities) overlaid onto an
image of the fundus indicating the retinal locations
of each stimulus presented (Fig. 1A). The sensitiv-
ity map is also displayed with radial interpolation
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Figure 1. Top row: An example of a standard output given by the MAIA microperimeter for a healthy subject. (A) Point threshold values
overlayedontoa fundus image. (B,) Heatmapoutputusinga radial interpolationwithpoint threshold values. (C) Histogramofpoint threshold
values and a mean sensitivity value for all points. (D,) Point sensitivity output of custom program and boundary using a convex hull about
the outermost tested points. (E) Heatmap generated using thin plate spline interpolation of point sensitivities.

of each point displayed as heat map (Fig. 1B). The
final MAIA output relevant to this study is a calcu-
lation of the average threshold (mean sensitivity) of
all points alongside a histographic representation of
point threshold sensitivities (Fig. 1C). Here, the mean
sensitivity is given by the average of all point threshold
values.

Threshold values are given in the range −1 dB to 36
dB with 0 dB to 36 dB the dynamic range of the stimuli
luminances and −1 dB representing instances when
the brightest stimulus (0 dB) is not seen. This negative
decibel value is a proxy value for a hypothetically
brighter stimulus (by one log unit than the 0 dB stimu-
lus) that cannot be achieved by theMAIAmachine and
represents the “floor effect” generated by a limitation
of the devices’brightness capabilities. It is used as a tool
to represent areas of sensitivity too low to be measured
by the limits of the microperimeter machine and not an
actualmeasure of the retinal sensitivity at that location.

The primary outcome from the MAIA
microperimeter is the mean sensitivity, given in
decibels (dB), which describes the average retinal
sensitivity within the given visual field area. This
measure has several positive attributes; it is a single
value; simple to understand; and has a wide range
of possible values providing a reasonable sensitiv-
ity to detect changes in retinal function. There are,

however, some notable drawbacks inherent to this
measure. The process of averaging sacrifices localized
information, whereby large areas of moderate sensi-
tivity gains maybe outweighed by localized losses in
other areas. In addition, in advanced disease where
the size of scotoma is larger than the remaining
area of functional retina, the mean sensitivity is
weighted heavily towards zero decibels. This creates an
additional floor effect (separate from the floor effect
caused by a limited dynamic range of the device)
because of averaging methods in patients close to
end-stage disease whereby the mean sensitivity returns
0 dB despite remaining sensitive retinal locations. This
has implications for monitoring disease progression
and detecting safety and efficacy signals for established
or novel treatments. Finally, average values without
weighting consideration may only have validity within
regular equidistant spaced testing patterns. For irreg-
ular or radial grid patterns with centrally condensed
points, averaging significantly weights in favour of
points located in more densely arranged areas and
may underestimate the potential sensitivity in regions
sampled by fewer points. This last limitation has
significant implications for accuracy and efficiency
that maybe overcome by methods of spatial weighting
such asVoronoimosaic areas1; however, theseweighted
averages do not address the issue of the floor effect
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caused by averaging in advanced disease discussed
earlier.

These drawbacks are overcome by consideration
of a “hill of vision,” a concept first introduced by
Traquair in 1927.2 A volumetric measure of the hill
of vision, which is a measure of the “total amount”
of sensitivity within a given visual field area, may
be calculated in physical units of decibel-steradians3,4
or decibel-degrees squared, and represents both the
degree and extent of sensitivity in the region of interest.
Volumetric data and three-dimensional representations
in perimetry have been used by Weleber et al.3,5 using
a custom program termed visual field modeling and
analysis (VFMA), as an outcome measure in patients
undergoing gene therapy trials.3,5 These include a clini-
cal trial to investigate potential treatments for autosom-
nal dominant retinitis pigmentosa6 and studies of
Goldmann kinetic perimetry in retinitis pigmentosa.7
Volume and slope of the hill of vision metrics have also
been used to investigate structure-function correlations
in autosomnal dominant retinitis pigmentosa.8 VFMA
and volumetric approaches have been applied to
microperimetry assessments in several instances; Tanna
et al.9 in longitudinal assessment of retinal sensitiv-
ity in patients with childhood-onset Stargardt disease;
Mehat et al.10 in clinical trials for stem cell treatment
in advanced Stargardt disease; and Dimopoulos et
al.11 in investigating the use of customized grids in
patients with choroideremia. A volumetric measure,
with the the notable benefit of eliminating the need
for averaging methods, is limited only by the true
floor effect of the microperimter device rather than
an averaging value floor effect. These are of particu-
lar importance in gene therapy trials where patients
may be near end-stage visual function. Novel treat-
ments may be targeted to highly localized regions with
gains in some areas offset by losses caused by natural
disease progression in areas that remain untreated. In
addition, an interactive three-dimensional visualization
of a hill of vision may aid in interpretation of changes
when monitoring disease progression in comparison to
standard two-dimensional sensitivity heat map outputs
from microperimeter devices. There are known age-
related changes in perimetry. However, investigations
into age-related normative values in microperimetry
are limited12,13 and therefore are not yet a part of
the standard MAIA output. Historically, volumetric
data have not been commonly used due to the difficul-
ties in coding custom programs for the task of three-
dimensional rendering. The widespread adoption of
R programming language14 along with several open
source packages used within R have made this task far
simpler and within reach for eye research departments.

We introduce a web application and an open-source
code within R programming language (v3.6.3) which
allows for the three-dimensional visualization of the
hill of vision generated by post-analysis of a standard
output raw data file from MAIA microperimeter.
Subsequently, this allows calculation of amicroperime-
try volume, providing a measure of extent and
degree of sensitivity of the centrally tested field that
is independent to the mean sensitivity. We present
examples of its application in several acquired and
inherited retinal diseases to demonstrate the qualita-
tive benefits of three-dimensional visualization before
defining the relationship between the mean sensitiv-
ity and sensitivity volumes. We then apply volumet-
ric analysis to microperimetry results from a subject
treated as part of a recently reported phase I/II gene-
therapy trial for RPGR-related retinitis pigmentosa15
to demonstrate its potential utility as a clinical trial
outcome measure.

Methods

Data Preparation

Generation of heat maps and three-dimensional
surface plots of the hill of vision were carried
out in R,14 a freely available open source statis-
tical programming package. All plots were gener-
ated on a standard Dell (Intel i7) laptop with
no special modifications. The complete code, with
an example input file, can be downloaded directly
from aGithub repository (https://github.com/amanasj/
MAIA3D) or can be installed as an R package
using the command “install_github(’amanasj/mp3d’)”
and the package called using “library(mp3d).” Using
this code, with some minor data preparation, we
used the exported threshold text data files (thresh-
old.txt) from the MAIA microperimeter to create a
three-dimensional plot using interpolation and three-
dimensional graphical packages. Each plot is rendered
and displayed within a few seconds and requires
minimal processing power. Alternatively, A web appli-
cation (https://ocular.shinyapps.io/MAIA3D/) can be
used to upload a raw threshold.txt file to automatically
generate an interactive three-dimensional hill of vision.

In preparing the raw data files for graphical repre-
sentation, we identifed several issues with the numer-
ical output from MAIA. Firstly those points that are
seen using only the brightest stimulus (0 dB) do not
contribute toward the mean sensitivity, or crucially,
volume measures. We therefore elected to convert each
0 dB value to an arbitrary nominal value of 0.1dB so as
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to “reward”a “just seen”point at maximumbrightness.
Secondly, non-seen point values of −1dB representing
the floor effect of the machine are incorporated into
the calculation of mean sensitivity which only serves to
exaggerate averaging floor effects by negatively scoring
non-seen points. To restate, in calculating mean sensi-
tivity, the inclusion of −1 dB values drives the mean
sensitivity value artificially to towards zero. We there-
fore convert all −1 dB (non-seen) values to 0 dB. Our
treatment of “non-seen” points follows the methodol-
ogy used in static-automated perimetry such as in the
Octopus 900.16

The complete code as given in the supplementary
section contains comments detailing each step of the
process with a brief descriptive outline of the code
structure given initially. This code is optimized in its
current form to only process results from the MAIA
microperimeter but could, with very minor modifica-
tions, be adapted for any perimetry device.

Interpolation

Interpolation is the process of predicting values
between two known data points. In the context of
microperimetery it is a predicted line or curve between
tested threshold points. It is a natural extension of the
concept of extrapolation for predicting values beyond
the range of tested data points. Interpolation seeks to
model smooth transitions between tested locations and
graphically display the result as heat maps. Interpo-
lation techniques, however, are a complex field with
many possible choices depending on the type of data
in question. For example, interpolation of a set of data
points such as the point threshold sensitivity values
in microperimetry can be chosen to be a simplistic
linear trend from one point to the next (first degree
polynomial), quadratic (second degree polynomial)
or cubic (third degree polynomial) curves. In these
instances abrupt changes in gradients appear where
two polynomials meet. To address this, smoothness can
be increased by imposing the requirement of continu-
ous first and second degree gradients (i.e., constant first
and second degree derivatives). This acts to transition
various polynomial fits resulting in smooth curves and
transitions between data points. The resulting curve
generated by imposing constant first and second degree
gradients is called a “spline.” Cubic splines are exten-
sively used in image processing due to ease and speed of
computation. Cubic splines, however, have a tendency
to ‘overshoot’when dealing with large changes between
two point values creating undesirable artifacts adjacent
to tested points. Interpolation using thin plate splines
have been suggested as a more suitable option.17 Here
threshold points are treated as fixed points (knots)

about which the interpolated surface is modelled as
a thin plate of metal with a resistance, or minimum,
bending energy associated between threshold points.18

Interpolation using thin plate splines in our code
is performed using the fields package (version 10.3).19
Two-dimensional plots are produced in ggplot2
package (version 3.31).20 We advise that all packages
listed in the initial section of the R code provided
in the supplementary section are installed. Using a
MAIA threshold raw data file and the code in the
supplementary section, an example point sensitivity
plot can be produced (Fig. 1D). Here the tested points
are bounded by the outermost points forming a convex
hull. This ensures an abrupt termination of the inter-
polation at the outer boundary minimising potential
artifacts arising from edge effects. Once interpolation
is performed, ggplot2 is used to graphically display the
heat map (Fig. 1E).

Volumetric Analyses

Once the MAIA data file has been interpolated
into a two dimensional heatmap, three-dimentional
surface plots of the hill of vision are produced
using the persp3d function within rgl package (version
0.100.54).21 Volumetric measures are calculated by a
simple integration over this surface with values given
in units of dB-degrees2. Weleber et al.3 use units of
dB-Sr, with steradians (Sr) an SI unit of solid area on
a spherical surface. In the context of full field kinetic
perimetry, cartographic distortions arise due to trans-
lation of two-dimensional isopter plots into a measure
of retinal space. For example, spherically shaped retinal
scotomas or testing grid patterns appear elliptical
on two-dimensional field plots.4 Decibel-steradians
are a natural unit in these instances where two- to
three-dimensional conversions are neccesary for an
accurate volume measure. In microperimetry, however,
typically only the central 10° radius is examined, and
so we consider at these eccentricities there are minimal
effects of cartographic distortions.11,22 We therefore
adopt dB-degrees2 as a more intuitive unit of volume
measure with familiarity and ease of interpretation by
clinicians.

Subject Cases

Retrospective analysis of microperimetry exami-
nation results from four patients with a range of
retinal diseases and one healthy control subject was
performed. All patients gave written informed consent
and the research adhered to the tenets of the
declaration of Helsinki. Microperimetry examinations
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Figure 2. (A, B, C) Examples of preset nonuniform radial grid patterns that can be selected within the MAIA. A custom radial grid (D) was
designed to demonstrate volumetric measures.

were carried out with the MAIA device (Center-
Vue, Padova, Italy) at the Oxford Eye hospital as
part of screening for ongoing studies (REC refer-
ence 17/LO/1540, NCT03846193, NCT03116113). A
comparison of volumetric values using our algorithm
to that obtained using VFMA for each subject case was
made (VFMAprogram supplied under a Collaborative
Research Agreement by the OHSU Office of Business
Collaborations and Technology Transfer, Portland,
OR, USA).3

Perimetric Quality Control

Fixation losses were assumed to result from
false-positive suprathreshold blind spot presentations
(Heijl-Krakau method)23 and those examinations with
fixation losses above 30% were deemed unreliable and
not included for analysis (as per MAIA operating
manual). In addition, we conducted a more in-depth
volumetric analysis on one patient with a confirmed
diagnosis of RPGR-related retinitis pigmentosa who
participated in a phase 2 gene therapy clinical trial, the
results of which have been previously reported.15

Radial or Nonuniform Grid Patterns

Within theMAIA there are several alternative preset
grid options to the standard 10-2 grid, some of which
use nonuniform grid patterns, that is, those with irreg-
ular or nonuniform spacing between points such as
radial grid patterns with a central condensation of
points (Figs. 2A–2C). In addition, custom grids can
be manually created with stimuli added at any desired
location. Using our R code, we generated a nonuni-
formly spaced grid pattern (Fig. 2D) and manually
input point sensitivity data to simulate two distinctly
different pathological retinal sensitivity patterns. Both
simulated pathologies were created to have equal mean
sensitivity. The three-dimensional hill of visions were
produced to investigate the performance of volumetric
measures compared to the mean sensitivities.

Results

Case Studies

Three-dimensional microperimetry hill of vision
plots are shown in Figure 3 and represent a normal
control subject and a range of patients with confirmed
ocular pathologies. Using the programming code
to generate these in R (given in the supplemen-
tary section), these three-dimensional visualisations
become interactive with the viewpoint altered using
the computer mouse as desired. The interactive three-
dimensional plots can be saved as HTML files for later
viewing. The images in this article represent screen-
shots of those interactive plots. Results are presented
with values for both mean sensitivity and volume for
comparison.

Figure 4 shows longitudinal microperimetry results
for a patient who underwent gene therapy of the right
eye as part of a phase II trial. The results from baseline
(pre-treatment) through to week 12 post-treatment
have previously been reported by Cehajic-Kapetanovic
et al.15 The three-dimensional representations shown
provide a more intuitive visualization and interpreta-
tion of changes in retinal function with correspond-
ing volume measures allowing for a measure of overall
retinal sensitivity utilizing the full dynamic range of
the microperimetry device. At week five after treat-
ment, an inflammatory response resulted in a tempo-
rary loss of retinal sensitivity at several locations,
with mean sensitivity reporting zero decibels despite
individual point sensitivities remaining. A volumetric
measure, however, captures this information record-
ing a nonzero value (analysis of data extracted
from Cehajic-Kapetanovic et al.15). A comparison of
microperimetry volume measures presented in this
work from that obtained using the VFMA program
is given in Supplementary Table S1 (supplementary
section). Evaluation of agreement carried out using
intraclass correlation coefficient (ICC) using a 2-way
random effects model demonstrated excellent agree-
ment between the two measures with an ICC of 0.99.
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Figure 3. (A) Normal control patient with the standard output
from MAIA showing heat map overlaid onto a fundus image (left)
and a three-dimensional of hill of vision (right) using the custom
program provided. Volume (vol) and mean sensitivity (MS) values
aredisplayed. (B) StandardMAIAoutput (left) and three-dimensional
hill of vision (right) for a pediatric patient with RPGR-related retini-
tis pigmentosa demonstrating an overall depression of retinal sensi-
tivity as indicated by the warmer colors: Three-dimensional visual-
ization demonstrates a complex structure in the sensitivity map
formed by interpolation of individual point threshold sensitivities.
(C) A patient with geographic atrophy with a central scotoma. Note
on the three-dimensional hill of vision plot (right), the steep gradi-
ents superior to the central scotoma with more gradual changes
inferiorly. (D) A patient with Stargardt disease with central macula
scotoma. Here the patient has developed eccentric fixation as seen
by a superior shift in grid centering. (E) A patient with choroideremia

←
with advanced paracentral field loss. The remaining central island
retains moderate to good threshold sensitivities associated with
good visual acuity. Three-dimensional visualization of the hill of
vision (right) clearly reveals characteristic steep gradients across the
island-scotoma border.

Figure 4. Microperimetry results for an RPGR-related retinitis
pigmentosa patient who underwent gene therapy treatment in
the right eye. Left: Standard output from MAIA. Right: Three-
dimensional hill of vision. Increases in retinal sensitivity and field
extent were interrupted by regression at week 5 (plot C) associ-
ated with inflammation which, once treated, resulted in return of
microperimetry sensitivity gains. Note at week 5, the mean sensi-
tivity given as 0 dB despite the presence of sensitive points caused
by averaging of a large number of scotoma points. Volumetric data
capture these point sensitivities returning a nonzero value.
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Figure 5. Microperimetrymeasures for the treated right eye of the RPGR-related RP patient shown in Figure 4. (A) Longitudinal data for the
standardMAIA output of mean sensitivity at baseline and subsequent visits after receiving gene therapy treatment. (B) Hill of vision volume
measure for the same time points. (C) Comparison of mean sensitivity and volume as retinal sensitivity measures. Note the nonzero values
returned using volumetric measures.

Mean Sensitivity and Volume Comparisons

Mean sensitivity as a simple, single value measure
of retinal sensitivity has a useful function in a clini-

cal setting. Using a case study of the RPGR-related
RP patient shown in Figure 4, for moderate to high
values, average sensitivity has a good agreement with
volumemeasures as shown inFigures 5A and 5B.Mean

Figure 6. Custom designed radial grid patterns with simulated threshold values manually input to create distinctly different hills of
vision. (A, B) The distribution of point sensitivities and the resulting three-dimensional visualization, respectively, for radial pattern one.
Here a central island of relatively sensitive retinal function is surrounded by paracentral relative scotoma. (C, D) The point map and three-
dimensional visualization, respectively, for a second custom simulated threshold pattern with an altered distribution of point sensitivities.
Here the paracentral regions are relatively preserved and a central scotoma present. Both examples have been designedwith an equalmean
sensitivity of 17dB to illustrate a significant underestimateof retinal sensitivity in the second radial patternwhenusingmean sensitivity alone
to interpret the plots.
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sensitivity, however, begins to break down and suffer
from an induced averaging method floor effect when
only a few retinal loci are sensitive across the testing
grid (Fig. 5A, week 5). Figure 5C demonstrates this
effect where mean sensitivity reaches zero decibels with
volume retaining a nonzero value. The nonzero volume
corresponds to contributions by the few remaining
points of retinal sensitivity that the averaging in a
mean sensitivity index did not detect (as also seen
in Fig. 4C).

Radial or Nonuniform Grid
Patterns—Simulated Examples

To investigate nonuniform grid patterns, two
distinctly different simulated test cases were designed
with identical mean sensitivity values. Radial pattern
one (Fig. 6A) represents a relatively preserved central
island surrounded by relative scotoma in the paracen-
tral regions. This is analogous to retinal sensitivities
seen in choroideremia or RPGR-related retinitis
pigmentosa. Radial pattern two (Fig. 6C) represents
relative central scotoma with preserved paracentral
regions, similar to that seen in geographic atrophy or
macular dystrophies. Plotting the three-dimensional
hill of vision for both cases (Figs. 6B, 6D) highlights
that despite having identical mean sensitivity values,
significant differences in sensitivity volumes are
obtained (9683 dB-degrees2 and 13,571 dB-degrees2 in
radial tests one and two, respectively). This equates to
a 29% difference in volume between the two examples.
Converting this percentage change back to a decibel
scale implies that a more accurate measure of the
mean sensitivity in radial test 2 would be approxi-
mately 22dB, rather than the 17dB given by a simple
averaging method. This discrepancy is due the lower
sampling density of points in the paracentral regions.
A single high value point sensitivity here has far less
impact on an overall mean than several high-value
sensitivity points covering a theoretically similar area
in the more densely sampled central region.

Discussion

In this study we introduce a method for the produc-
tion of microperimetry three-dimensional hill of vision
plots. To our knowledge, this study represents the first
application of the generalized microperimetry hill of
vision method to a cross-section of ocular pathologies
using a web application or freely available, open-source
software. It also explicitly investigates the impact
in nonuniform grid patterns within microperimetry.

Furthermore, we demonstrate the increased accuracy
of this three-dimensional hill of vision method in
detecting retinal sensitivity changes in patients who
have advanced vision loss compared with the common
standard mean decibel value using a patient case study.

The VFMA method has demonstrated success in
both observational studies and clinical trials. We have
verified our method against the VFMAmethod imple-
mented by Weleber. Both techniques show similar
outcomes and patterns. The small difference in the
numerical values may be as a result of algorith-
mic differences, however, the direction and pattern of
loss is qualitatively equivalent with excellent quanti-
tative agreement using ICC analysis. R programming
language is a freely available tool used by data scientists
and researchers. The inclusion of several R-packages
allows for a relatively simple routine to be adopted to
convert raw data files from the MAIA microperime-
ter into three-dimensional hill of vision plots with an
associated volume measure. The development of an
R-package, webapp and open-source code promotes
open science enabling independent validation, increase
research repeatability and allows for user modifications
and further development tailored to specific analysis
requirements. Our use of decibels degrees squared also
provides clinicians with a more intuitive and famil-
iar unit scale. The three-dimensional output provides
a detailed visualization of retinal sensitivity with
subtle topographical changes more easily detected than
the current two-dimensional MAIA output, particu-
larly when used interactively. A volume measure also
provides awider rangemetric for retinal sensitivity than
mean sensitivity and does not suffer from an induced
averaging floor effect as such hill of vision and volumet-
ric approaches in microperimetry have been used to
good effect in previous clinical trials.9,10 A poten-
tially useful additional aspect of three-dimensional
hill of vision representation in microperimetry may
be the study of gradients across scotoma borders in
ocular pathologies. Strong structure-function correla-
tions have been found using static-perimetry hill of
vision gradientmeasures in autosomal dominant retini-
tis pigmentosa.8 A detailed assessment of gradients
across borders may be a promising tool for sensitive
measures of disease progression or an early marker
for novel treatment efficacy. For example, it is known
that in RPGR-related retinitis pigmentosa, functional
field loss progresses in a radial fashion from mid-
peripheral locations resulting in a gradual decline in
retinal sensitivity. There is a relatively shallow gradi-
ent from central healthy locations to more affected
paracentral regions. In contrast, in choroideremia
patients, the gradient from healthy central regions to
more affected paracentral areas is often far steeper.
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Three dimensional representations help to visualize
these pathology specific characteristics and gradient
measures may allow for more sensitive measures of
functional retinal changes. We anticipate that potential
future adoption of adaptive optics microperimetry will
greatly enhance our understanding of retinal function
at scotoma borders in ocular pathology and three-
dimensional visualization will be an invaluable tool to
conceptualize gradient properties at these borders.

We propose that the production of a three-
dimensional hill of vision representation of MAIA
results is now achievable to a wider range of clinical
researchers. A volume measure of the hill of vision
combines the extent and degree of retinal sensitivity
and allows for a simpler visualization of subtle changes
in retinal sensitivity function. In addition, the result-
ing volume of the hill of vision allows for the utiliza-
tion of the full dynamic range of the microperime-
ter whilst retaining the attributes of a single value
index. This is valuable in patients close to end stage
disease where the mean sensitivities may approach
the floor of the machines’ capability. In particular,
for radially or irregularly spaced grid testing patterns,
mean sensitivity is problematic. We emphasize that
the use of mean sensitivity in these instances poses
a significant potential for error in assessing retinal
sensitivity function and that mean values can only
be representative of function in evenly spaced grid
patterns. For radial or unequally spaced patterns, mean
values are weighted towards those points located in
more densely spaced regions. Consequently, uniform
testing grids such as the 10-2 grid, are typically used
in clinical trials. A global volumetric measure can be
used without similar issues. Volumetric data are able
to model sensitivity information in sparse regions by
interpolating values between tested points and use
these data to inform an overall sensitivitymeasure. This
benefit may subsequently permit the use of nonuni-
form testing grids with higher sampling density in
regions of particular clinical interest, for example, at
the border of a scotoma. Theoretically, nonuniform
grids may also be uniquely tailored to the pathology
of each patient, for example, in the unique scalloped
islands of choroideremia patients, with a volumetric
measure still being comparable between subjects where
mean sensitivity would not be. In the context of novel
treatments, the three-dimensional hill of vision and
wide volume range allows for simpler detection of
localized changes in retinal sensitivity, where the mean
sensitivity may be relatively unchanged. This may be
of use in detection of progression during the natural
history of the disease or in response to novel therapies
where a pointwise analysis may otherwise be employed.
Further work in providing an age-matched normative

database may further expand the clinical application
of fundus tracked perimetry devices. Importantly, we
demonstrated in this study the value of volumetric
measures as a safety signal in inflammation after novel
treatments.

In conclusion, volumetric measures of retinal sensi-
tivity confer several advantages over the standard
output of mean sensitivity in microperimetry, most
significantly in avoidance of the averaging floor effects.
These are especially relevant in diseases affecting the
central retina, both inherited and acquired, which
produce a central scotoma and in whom with disease
progression the mean sensitivity will tend towards
zero decibels. Further avenues of investigation include
characterizing the natural history of volumetric sensi-
tivity in specific retinal diseases; performing direct
comparisons between uniform and nonuniform testing
grids and the resultant volume measures; as well defin-
ing disease specific test-retest variability and analyses
of gradients across scotoma borders. Here, we present
methodology and novel open-source software to allow
user-generated detailed interactive three-dimensional
microperimetry hill of vision plots with volumetric
sensitivities and suggest that they may form an appro-
priate clinical trial outcome measure.
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