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Purpose: Patients with advanced age-related macular degeneration (AMD) may have
preserved visual function despite significant retinal structural changes. We aimed to
evaluate the relationships among retinal thickness, macular sensitivity, and visual acuity
(VA) in advanced AMD.

Methods:We examined 43 eyes of 22 patients with advanced AMD (ages 66–93 years),
prospectively recruited from the Canberra Hospital Ophthalmology Department. Visual
function was measured on participants with low and high contrast visual acuity (LCVA
and HCVA) and 10-2 Matrix visual fields. Retinal structure was determined with spectral
domain optical coherence tomography (OCT), and customized softwaremapped the 64
OCT macular thickness regions onto the 44 regions of the 10-2 test.

Results: Median retinal thickness at each 10-2 region was near normal. Just 7 of
88 regions from the OCT analysis that were thicker than the median had sensitivity
that declined significantly with increasing thickness (r = −0.698 ± 0.082, mean ±
SD), whereas 17 of 88 thinner regions showed significantly decreasing sensitivity with
decreasing thickness (r= 0.723± 0.078). The absolute value of deviations frommedian
optical coherence tomography thickness (aOCT) outside the central eight degrees was
significantly correlated with HCVA (r = −0.34, P = 0.047). Thickness in the central eight
degrees was not. Similarly, matrix sensitivities inside the central eight degrees were
significantly correlated with outer aOCT (r = −0.49, P = 0.002).

Conclusions: Retinal thickness outside eight degrees were significantly associated with
HCVA and macular sensitivity. These results suggest that outer macular thickness may
be a useful prognostic indicator in AMD.

Translational Relevance: Retinal structure at the borders of themaculamay be a surro-
gate marker of vision and retinal thickness near fixation.

Introduction

Age-related macular degeneration (AMD) is the
leading cause of vision loss in the Western world,1
leading to poor quality of life outcomes especially for
reading, driving, and looking after oneself.2–4 Recent

advances in managing early stages of AMD5 and treat-
ments for end stage geographic atrophy are currently
being explored (ARVO abstract: 2019, 4983). Previ-
ous studies have investigated impaired visual acuity
(VA),6 dark adaptation,7 flicker thresholds,8 photo-
stress recovery time,9 and microperimetry in AMD.10
Traditionally, high-contrast visual acuity (HCVA) has
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been used as a functional end point for clinical studies
and for monitoring changes in function but is consid-
ered a poor measure of early stages of functional
impairment due to the limited area of retinal function
assessed, and reductions in other forms of macular
function preceding changes in HCVA.11,12 That being
said, photopic vanishing optotypes may be more effec-
tive in AMD.13 Visual acuity has also been shown
to be poor in identifying ocular pathologies, such as
glaucoma14 and diabetic retinopathy.15 Disagreement
also exists in the spatial correlation between sensitivity
loss, as measured by microperimetry, and morphologi-
cal changes in the retina.16,17 For instance, retinal sensi-
tivity loss in eyes with goodVA, has been demonstrated
in regions with soft drusen and retinal pigmented
epithelial change.18 Regulatory agencies are recogniz-
ing the need for a more robust measure of functional
change than best corrected visual acuity (BCVA) as a
functional end point for retinal disease and the need for
novel functional end points to be developed.19

In principle, combined structure/function measures
might be useful. We recently published a paper on a
new form of objective perimeter. That indicated that
a functional marker in the peripheral macular retina
might be able to predict which neovascular AMD
(nAMD) eyes will respond to anti-vascular endothe-
lial growth factor (VEGF) treatment.20 We there-
fore hypothesized that a comparison of central versus
peripheral retinal thickness and sensitivity might yield
new and prognostically valuable information about
AMD.

In patients with AMD, there are no studies inves-
tigating sectoral differences in the structure-function
relationship, particularly between the center and
peripheral visual field and inner/outer macular regions.
As a starting point, we used the Matrix 10-2 perime-
ter, with its large 2 degrees square stimuli, to assess
44 regions of the central 20 degrees of the field. We
used optical coherence tomography (OCT) to measure
macular thickness across an 8× 8 grid of locations that
were 3 degrees square. We then mapped the thickness
data onto the 10-2 regions allowing detailed region-by-
region comparisons between structure and function.
Overall, the aim of this study was to investigate the
relationship between structural changes and functional
loss in patients with advanced AMD presenting with a
range of acuities.

Methods

This was a prospectively designed cohort study.
Adult participants from the retinal clinic at the

ophthalmology department at the Canberra Hospital
were recruited. In addition, participants were recruited
from private ophthalmology clinics and recruitment
invitation tomembers of theMacular Disease Founda-
tionAustralia livingwithAMD in theCanberra region.
All participants recruited completed the study. The
study was approved by the Human Research Ethics
Committees of the Australian Capital Territory (ACT)
Health (Protocol ETH.10.13.291), and the Australian
National University (protocol 2013/286), and was
conducted according to the Declaration of Helsinki.
Written informed consent was obtained from all
participants.

Study Participants

Twenty-two Caucasian participants with advanced
AMDwere included at baseline (82.3± 7.8 years, mean
age ± SD). Sixteen were women and the participants
ranged in age from 66 to 92 years. Participants were
selected if they met eligibility criteria that included:
(1) reported experiencing difficulties with face percep-
tion and social interactions; and (2) diagnosed by a
retinal ophthalmologist (R.W.E.) as having advanced
AMD, defined as nAMD or geographic atrophy in
at least one eye. For grading AMD severity, we used
the grading scheme adopted by Barbazetto21 and the
Age-Related Eye Disease Study Research Group.22
Participants were recruited to achieve a wide range
of VA losses (Table 1). Exclusion criteria included
the history of ocular trauma or surgery, and the
presence of other ocular pathologies, except for clini-
cally nonsignificant lens opacities. In addition, cogni-
tive dysfunction, including dementia and morbidities
affecting retinal structure, were excluded. Cognitive
dysfunction was identified during the initial interview
with a clinical psychologist (J.L.). No participants were
found to suffer frommental health impairment. Details
of these participants face recognition performance and
quality of life issues have been published elsewhere.23,24

Ophthalmic Examinations

All eligible participants underwent a comprehen-
sive ophthalmic examination by a qualified orthop-
tist measuring visual function, including both high-
and low-contrast BCVA (HCVA and LCVA, respec-
tively) measured unilaterally using retro-illuminated
logMAR charts conforming to the Early Treat-
ment Diabetic Retinopathy Study (ETDRS) letter
standard.25 Room lights were turned off and letter
contrasts were presented with 96% and 10% for HCVA
and LCVA charts, respectively. Termination rules for
acuity measurements included four or more errors
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on a single line.26 Slit lamp biomicroscopy, intraoc-
ular pressure, and pachymetry were measured prior
to automated perimetry with 10-2 frequency doubling
technology (MATRIX) perimetry (Carl Zeiss Meditec,
Dublin, CA). Its use in AMD and its threshold
methods are discussed in detail elsewhere.27 We used
the auxiliary fixation targets option of the 10-2 test
to aid fixation. This presents four 2-degree diame-
ter targets at 10 degrees eccentricity from the central
target. These have been shown to improve fixation
significantly in similar patients with AMD to those
used here.27 Participants were subsequently dilated
with 1.0% tropicamide and 2.5% phenylephrine and
spectral domain OCT scans were obtained from each
eye (Spectralis, HRA + OCT; Heidelberg Engineer-
ing, Heidelberg, Germany, software version 6.9.5.0).
Two scan patterns were obtained. The first was a dense
central volume scan (27 degrees × 27 degrees), 61
B-scans each spaced 120 μm apart, based upon an
automatic real-time (ART) mean of 25 repeats of the
768 A-scans. The second was a circular 12 degrees
diameter scan centered on the optic disc composed
of 768 A-scans and ART mean of 100. Automated
retinal segmentation was performed by Heidelberg
Heyex software. The 8 × 8 grid of full retinal thick-
ness measurements was extracted from the “Thickness-
Grid” fields of the xml files recorded for the central
volume scans, measured and recorded with the 7-
degree fovea-disc tilt. The thickness spanned the retinal
pigment epithelial to the retinal surface. All scans
including segmentation were reviewed on the day (by
E.M.F.R.) to confirm scan quality. The Spectralis locks
all scans to the retinal vessel pattern and are rescanned
in the event of fixational errors. When patients had
difficulty seeing the fixation target an auxiliary target
was used and wasmoved to align the fovea to the center
of the scan. The scanned area is larger than the 8 ×
8 grid so there was an opportunity for a final align-
ment of the grid and the fovea post hoc, after which the
Heyex software calculated the mean thickness within
each 8 × 8 grid region. Single-field fundus photogra-
phy was taken on all participants centered on the fovea
(Canon CR-2, Tokyo, Japan).

Analysis

All statistical analysis and manipulation of OCT
and Matrix data was completed with custom made
MATLAB code (MathWorks, Inc., Natick, MA). As
is the default for Heidelberg central scans, the posterior
pole scans were imagedwith a 7-degree tilt. These scans
produced an 8 × 8 grid of thickness values. Each grid
consisted of 3 degree squares that overlapped well with

10-2 grid of 2 degree squares representing the large
Matrix grating stimuli (Fig. 1A). A matrix of weights
was generated to map the OCT data onto the 10-2 grid,
taking into account the exact overlap of the areas of
the two types of regions and the effects of the tilt. We
have published the method in detail.28 The thickness
data was first flipped to be the projection into the visual
field. The result was 44 retinal thickness measures that
matched the 44 10-2 perimetry regions. It was useful
that the Matrix stimuli were similar in size to the OCT
regions so that they gave an indication of mean sensi-
tivity over areas comparable to the regions. Spearman
correlation coefficients were used to examine correla-
tions between the OCT parameters and visual sensitiv-
ity at each region.

As might be expected, we found that reduced sensi-
tivity was often correlated with regions of thicker or
thinner than normal retina, so we took steps to accom-
modate this. The median thickness computed at each
region (Fig. 1B) was very close to the standard for the
Heidelberg OCT for normal persons at just over 300
μm peri-centrally and somewhat less in the central and
peripheral regions.29 We therefore used median results
of our patients as a normative template, and calcu-
lated differences from the median thickness. For all
analyses, right-eye data was flipped right-to-left for all
calculations, in particular when calculating differences
from the normative template (see Fig. 1B). Results for
right eyes were then flipped back for presentation in
all subsequent figures. To examine if functional data
were correlated with overly thick or thin retinal regions,
we examined the absolute value of the deviations from
median OCT thickness (aOCT).

When examining correlations with HCVA and
LCVA we separately analyzed the mean across the
central and peripheral regional data, separating the
data into: (1) the central 8 degrees field to align with
the inner 16 regions (4 × 4) of the 10-2 stimulus layout
and (2) the outer 2 rings of the 10-2 maps (28 regions).
Before comparison with the VA data the means of
these inner and outer regions was computed. This
also reduced the effects of multiple comparisons given
that these averages meant the 146 correlations were
computed across 2 numbers per eye rather than 44.

Results

Table 1 shows the baseline clinical data for the
patients included in the study. Patients with exuda-
tive AMD presented with classic (15/44 eyes) or occult
lesions (11/44), with the remainder presenting with
large drusen (3/44), geographic atrophy (13/44), and
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Figure 1. (A) Overlap of the OCT 8 × 8 thickness grid data (blue) onto the 10-2 grid: red = inner regions, magenta = outer regions. The
thickness data was flipped to be the projection into the visual field. (B) To compute the overall median thicknesses for both eyes together
(OU) the thickness data from the right eye were flipped so that anatomically equivalent regions were considered between eyes. The plotted
median regional thicknesses thus represent the combinedmeasures from both eyes of all AMD eyes, mapped onto theMatrix 10-2 test grid.
(C,D) Correlations between the thickness data anddecibel sensitivity at each 10-2 location for right and left eyes, respectively. Positive corre-
lation indicates increasing thickness correlated with greater sensitivity. Negative correlations indicate decreasing sensitivity for increasing
thickness. The correlations are modest with only one peripheral location showing significant correlation OD (C, yellow check bottom left).

subretinal fibrosis (2/44). This was reflected with mean
HCVA loss of 36.5 ± 28.4 (letters) in the right eye
compared to 31.7 ± 25.0 in the left eye, and greater
Matrix mean deviation loss of -13.4 ± 8.06 dB in right
eyes compared to -12.5 ± 7.83 dB for left eyes. The use
of the auxiliary fixation aids (Methods) appeared to be
validated because in the 44 measured fields the median
number of fixation losses was 0 out of 10 (mean ±
SD, 1.14 ± 2.12; interquartile range: 0 to 2) in agree-
ment with the literature.27 Not reported there was the
percentage of valid pixels for the OCT thickness grid
data per eye. The median ± mean absolute deviation
(MAD) per eye was 99.85 ± 0.149%, and of the 2816
grid thickness values only the fifth percentile was less
than 100% at 96.47%.

Figure 1A shows the overlap between the red and
magenta squares representing the large Matrix grating
stimuli, and the OCT 8 × 8 thickness grid (blue
squares). The figure takes into account the effects of the
7-degree tilt of the OCT grid. The inner 16 regions of

theMatrix grid (red) will be referred to later as the inner
regions, whereas the outer 32 regions (magenta) will be
referred to as the outer regions. The abundant overlap
of the Matrix stimuli and OCT thickness-grid regions
meansmapping fromone to the other is well principled.
By contrast all other perimeters that provide 10-2 like
test patterns use tiny 0.43 degrees diameter Goldmann
Size 3 stimuli. These stimulate only 3.65% of each 2 ×
2 degrees cell of the 10-2 pattern, and thus one cannot
with any confidence compare the resulting sensitivity
data to the 3× 3 degrees OCT thickness grid measures.
This was our main reason for selecting the Matrix
with its 2 × 2 degrees stimuli. Figure 1B shows the
median retinal thickness at each 10-2 location. Recall
that thickness data has been flipped to the projection
into the visual field.

To produce the median across eyes at each location,
the right eye data was reversed to produce the left eye
equivalent so that anatomically equivalent regions are
considered. Figures 1C 1D show the mean correlations
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Figure 2. Median thicknesses by eye for the locations that were (A, B) thicker or (C, D) thinner than the median thickness at each region
(see Fig. 1B).

between the thickness data and decibel sensitivity at
each 10-2 location for the right and left eyes. Positive
correlations indicate regions of increased thickness and
higher sensitivity. The correlations were modest with
only one peripheral location (see Fig. 1C) showing
significant correlations in the right eye (r = 0.42,
P = 0.002). Further examination indicated that the
low correlation was in part due to interference from
averaging eyes with active pathophysiological processes
of retinal atrophy (thinning) and thickening, when we
isolated eyes based on retinal thickness, sensitivity loss
emerged as being correlated with both thicker and
thinner than median macular regions.

Subsequent analysis utilized the median retinal
thickness values (see Fig. 1B) subtracting that value
for each region to derive deviation from the median
template, which was a good proxy for normative data
(Methods). For each eye, we then separately examined
median regional thickness data for the locations that
were thicker (Figs. 2A, 2B) or thinner (Figs. 2C, 2D)
than the template.

Figure 3 shows the Matrix sensitivity profile for the
same selection of regions with thicker or thinner retinal
structure relative to the median. As might be expected

in AMD, regions of greatest sensitivity loss were often
isolated to locations near fixation (Fig. 3D). The 10-2
tests took 4.40 ± 0.15 and 4.43 ± 0.26 minutes (mean
± SD) for the left and right eyes, respectively. Figure
3 shows that the damage to the two eyes can be quite
asymmetric, but this seems to affect test-duration very
little.

Figure 4 shows regional correlations between the
Matrix sensitivities and retinal thickness for each
region. For the thicker retinal regions, there were 7 of
88 with significant negative correlations (r = −0.698
± 0.082, mean ± SD). For thinner retinal locations, 15
of 88 significant positive correlations were found (r =
0.723 ± 0.078). The cutoff for significant correlation
was very close to ±0.6 in all regions. The presenta-
tion within the central 8 degrees (the central 4 × 4
regions) tended to follow sensitivity loss: compar-
ing Figures 3A, 3D with Figures 4A, 4D shows that
when per-region sensitivity loss was more severe the
correlations with thickness tended to be positive.When
the sensitivity loss was less the correlations were not
significant. For thinner patches in either eye, the corre-
lations were positive indicating higher sensitivity in
thicker regions (see Figs. 4C, 4D). For thicker retinal
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Figure 3. Mean Matrix sensitivity for AMD participants separated into cohorts presenting with (A, B) thicker and (C, D) thinner retinal
patches than the median thickness. That is sensitivity data for each region of each plot were taken from the corresponding regions that
contributed to the plots of Fig. 2. Panels A and D Show deep sensitivity losses centrally confirming that sensitivity loss can be created by
retinal thinning or thickening.

presentations, the peripheral correlations were
negative, indicating that as thickness became close
to normal, sensitivity increased. Counter examples
were also present, however.

Table 2 summarizes the correlations among a
number of variables, including HCVA, and the means
of the 16 inner (8 degrees) and the 28 outer regions
of the Matrix sensitivity data and transformed aOCT
thickness data (Methods). The P values shown are
Bonferroni corrected for the pairs of eyes per subject.
There were no significant correlations with LCVA.
Seemingly confirming the results from Figure 4 the
outer aOCT values were negatively correlated with
HCVA (r= −0.34,P= 0.047), whereas the inner aOCT
correlation with HVCA did not reach significance.

We also examined linear mixed-effects models
(correcting for multiple comparisons) of our struc-
ture/function variables regressed onto HCVA and
LCVA. These largely confirmed the correlation analy-
sis of Table 2. For HCVA, the significant indepen-
dent determinants were: aOCTinner, Sensitivityinner, and
Sensitivityouter (allP< 0.02). For LCVA, aOCTinner and
aOCTouter were significant (P < 0.05).

It seems likely that retinas comprised of many
thinner regions are likely to be atrophic, whereas
those with thicker values can be trophic. To explore
this, we selected the 15 retinas with classic choroidal
neovascularization (CNV; see Table 1) and 15 with
geographic atrophy (N = 13) or sub-retinal fibrosis (N
= 2). The latter had thinner retinas than average. We
then averaged their OCT and Matrix data for inner
and outer regions and computed the correlations as
for Table 2. The outcomes (Table 3) were very similar
to Table 2.

Discussion

In this study, Matrix 10-2 perimetry was used to
evaluate the local relationship between retinal sensi-
tivity and thickness at 44 regions across the macula
in advanced AMD. We found that macular thickness
outside the central eight degrees was more strongly
correlated with HCVA than central thickness. Previ-
ous studies have reported that mesopic VA is reduced
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Figure 4. Correlations betweenMatrix sensitivity and corresponding retinal thicknesses at each region. (A, B) Eyes presenting with thicker
retinal locations than median value with seven dark blue regions reaching significance for negative correlations with retinal sensitivity.
(C, D) Eyes presenting with thinner patches showed 15 significant positive correlations (bright yellow). The cutoff for significance was very
close to ± 0.6 for all regions. The presentation within the central 16 regions tended to follow the sensitivity loss. Outside the central four
degrees the results followed retinal thickness. Thewhite or black asterisk (*) indicate significant correlations (P≤0.05). Correcting formultiple
comparisons, 3 correlations in 4B would survive (all outer), 2 in 4C (1 outer), and 4 in 4D (all outer).

Table 2. Correlations Among Changes in Acuity, Thickness, and Perimetric Function

HCVA aOCTinner aOCTouter
aOCTinner −0.06 1.00 0.58 (<0.001)
aOCTouter −0.34 (0.047) 0.58 (<0.001) 1.00
Sensitivityinner 0.73 (<0.001) −0.24 −0.49 (0.002)
Sensitivityouter 0.66 (<0.001) −0.22 −0.54 (<0.001)

Significant univariate correlations are indicated with a P value shown in parentheses (2-tailed, N = 6 variables compared,
LCVA data not shown as nothing correlated with it). Inner and outer indicate regions inside or outside the central 8 degrees.

Significant associations are shown with a P value.

in AMD and is correlated with structural change.31,32
Here, we made VA measurement more difficult by
lowering contrast and did not find significant correla-
tions with structural change. Taken together, these data
might suggest that investigating rod function is more
promising. New acuity tests using vanishing optotypes
may be more effective in AMD.13 Similarly, retinal
sensitivity outside the central eight degrees of the

visual field was significantly associated with abnormal
central retinal thickness (greater or lesser than normal),
but there was no association within the central eight
degrees. It has been reported before that although the
Matrix and Humphrey 10-2 tests perform similarly in
AMD, that neither is well correlated with HCVA.27

We found that the correlation between retinal sensi-
tivity and simple thickness was modest, with only one
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Table 3. Correlations Among Acuity, Thickness, and Perimetric Function for Trophic and Atrophic Retinas

HCVA aOCTinner aOCTouter
aOCTinner −0.02 1.00 0.73 (<0.001)
aOCTouter −0.19 (0.047) 0.73 (<0.001) 1.00
Sensitivityinner 0.57 (0.002) −0.34 −0.42 (0.041)
Sensitivityouter 0.52 (0.007) −0.41 (0.051) −0.58 (0.001)

Significant associations are shown with a P value.

peripheral location showing significant correlation (see
Figs. 1C, 1D; OD r = 0.42, P = 0.002). This is not
unexpected given that either pathological thinning or
thickening of the retina may cause reduced sensitiv-
ity. Indeed, Matrix sensitivity (see Fig. 3) showed deep
losses centrally for either thicker or thinner retinas
(cf. Fig. 3 and Fig. 4) confirming that central retinal
thinning or edema may cause sensitivity loss. That
has been reported previously for diabetic macular
edema.30 Previous reports in early AMD have found
significant correlations between local retinal sensitiv-
ity measured with microperimetry and integrity of
the inner segment ellipsoid band and retinal pigment
epithelial elevation.33 Our results may represent loss
of structural integrity in thinner and thicker retinal
regions confirming previous reports of reduced sensi-
tivity in these locations. Our results conclude that
retinal thickness at the borders of the macula may
potentially predict changes in structure and function
nearer fixation, healthier tissue adjacent to the main
lesion perhaps reflecting what happens next. Longitu-
dinal studies correlating the structural changes during
the evolution of AMD with local retinal sensitivity are
required to confirm this.

We found that when we isolated the data by thinner
and thicker than normal regions it greatly increased
the number of regions showing significant correla-
tions with the Matrix sensitivities. The presentation
within the central eight degrees tended to follow the
sensitivity loss, when loss was high the correlations
with thickness tended to be positive (see Figs. 3A, 3D
andFigs. 4A, 4D).When the sensitivity loss was less the
correlations were not significant. Outside the central
eight degrees, the results followed retinal thickness. For
thinner patches in either eye, the correlations indicated
that the thinner the retina the lower the sensitivity
(cf. Figs. 2C, 2D; 3C, 3D; 4C, 4D). For thicker patches,
the peripheral correlations were negative, indicating
that, as expected, when thickness became close to
normal sensitivity went up.

Separating the responses into central and periph-
eral regions uncovered a novel relationship between
structural changes in thickness and function. Evalu-
ating sensitivity at the 16 regions covering the central

8 degrees showed no significant associations with VA
but was associated with retinal thickness more periph-
erally. Interestingly, whereas the outer macular aOCT
data was correlated with the inner (and outer) Matrix
sensitivity, the inner aOCT was not significantly corre-
lated with the inner Matrix sensitivity (see Table 2).
These results reflected the outcomes for HCVA. We
found that HCVA was significantly associated with
outer retinal thickness and both inner and outer sensi-
tivity. Taken together these outcomes suggest that the
outer macular data appear to provide a more consis-
tentmarker of eye health than the variable presentation
centrally.

Our findings of strong associations between retinal
thickness and sensitivity outside the central retina
confirms previous reports of an optimal range of
retinal thickness that produces peak sensitivity.30 Hatef
and associates30 failed to find a significant relation-
ship between mean macular sensitivity within the
central 12 degrees and BCVA, not dissimilar with our
finding for the central 8 degrees. In addition, this result
confirms previous findings from our laboratory that
responses from regions outside the central retina identi-
fies nAMD eyes that are likely to respond optimally
to anti-VEGF therapy.20 Taken together these findings
suggest that there is potential for a novel functional end
point other than VA. However, VA remains a critical
measure of visual function in clinical studies due to the
ease and rapidity of measurement, although alternative
measures of macular function may provide a valuable
additional information regarding the health of the eye
and response to therapy.

Eccentric thickening may influence VA due to the
anatomic structure of Henle’s layer. Previous studies
have evaluated the variability of the foveal shape on
retinal thickness in glaucoma to consider the value
for customized mapping of the structure and function
in the macular area to aid progression analysis. They
found hemifield asymmetry in parafoveal shape effect-
ing central retinal thickness measures.34,35 Our obser-
vations of interaction between eccentric thickening
in the central eight degrees (2.64 mm) and VA may
be influenced by the foveal anatomy of Henle’s layer,
displacing inner retinal layers in the foveal region.
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For example, the displaced foveal ganglion cells could
be affected by disease at 2 to 3 mm from the fovea,
indirectly affecting VA. A larger sample with varying
lesion size would allow us to further explore the
relationship between retinal function and thickness.

Several studies have shown that patients with
quite severe macular degenerations can have multiple
preferred retinal loci36,37 andmay even use them in task
specific ways.38 That being said, these studies tended
not to use multiple eccentrically presented fixation aids
to augment the centrally presented fixation target as
we have done here. That optional feature of the Matrix
10-2 test has been reported in patients with AMD27 to
decrease fixation loss to a median of 0 / 10, as reported
here. Although we feel fixation was well-controlled
and unlikely to affect our results, there is no doubt
that follow-up studies could benefit from measuring
the preferred retinal loci (PRL). Another aspect of
the Matrix is that the stimuli are 27 times larger in
area than standard Goldmann Size 3 stimuli, making
the results more robust in the face of small but deep
scotomas, which can greatly affect the reproducibil-
ity of standard automated perimetry.39–41 In any case,
the possibly more interesting results from a prognostic
perspective were for retinal region corresponding to 4
to 10 degrees eccentricity, rather than central regions
containing central scotomas.

In summary, this study found a novel relationship
among retinal thickness, macular sensitivity, and VA in
patients with advanced AMD. We found that retinal
thickness in the outer macula was more significantly
associated with HCVA and macular sensitivity than
central retinal thickness. This highlights the importance
for considering the status of the extrafoveal macula
as an indicator of VA and retinal function. However,
there are limitations to this study that may affect our
results. The number of study participants is small and
confirming these results in a larger sample is required
and also to potentially explore if these findings trans-
late across occult and classic lesions and the various
sizes of geographic atrophy. The participants did have
their visual capacity assessed in terms of face recogni-
tion and quality of life measures.23,24
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