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Abstract
Purpose: The relationship between perimetric stimulus area and Ricco's area (RA) 
determines measured thresholds and the sensitivity of perimetry to retinal disease. 
The nature of this relationship, in addition to effect of retinal ganglion cell (RGC) 
number on this, is currently unknown for the adaptation conditions of mesopic mi-
croperimetry. In this study, achromatic mesopic spatial summation was measured 
across the central visual field to estimate RA with the number of RGCs underlying 
RA also being established.
Methods: Achromatic luminance thresholds were measured for six incremental 
spot stimuli (0.009–2.07 deg2) and 190.4 ms duration, at four locations, each at 2.5°, 
5° and 10° eccentricity in five healthy observers (mean age 61.4 years) under mes-
opic conditions (background 1.58 cd/m2). RA was estimated using two-phase re-
gression analysis with the number of RGCs underlying RA being calculated using 
normative histological RGC counts.
Results: Ricco's area exhibited a small but statistically insignificant increase be-
tween 2.5° and 10° eccentricity. Compared with photopic conditions, RA was 
larger, with the difference between RA and the Goldmann III stimulus (0.43°) being 
minimised. RGC number underlying RA was also higher than reported for photopic 
conditions (median 70 cells, IQR 36–93), with no significant difference being ob-
served across test locations.
Conclusions: Ricco's area and the number of RGCs underlying RA do not vary 
significantly across the central visual field in mesopic conditions. However, RA is 
larger and more similar to the standard perimetric Goldmann III stimulus under 
mesopic compared with photopic adaptation conditions. Further work is required 
to determine if compensatory enlargements in RA occur in age-related macu-
lar degeneration, to establish the optimal stimulus parameters for AMD-specific 
microperimetry.

K E Y W O R D S
hill-of-vision, mesopic, microperimetry, partial summation, perimetry, Ricco's area, spatial 
summation
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INTRO DUC TIO N

The quantitative measurement of visual function across 
the central visual field with microperimetry (fundus-
controlled perimetry) is fundamental to the diagnosis and 
monitoring of retinal diseases such as age-related macular 
degeneration (AMD). This test permits the measurement of 
contrast thresholds for a stimulus of fixed area and dura-
tion at pre-selected locations across the central visual field. 
Distinct from standard automated perimetry, microperim-
etry incorporates eye or retinal tracking such that stimu-
lus presentations are gaze-contingent, enabling a more 
precise determination of visual function at defined retinal 
locations and a better understanding of any structure–
function relationship.1–3 In select devices, the inclusion of 
real-time biofeedback can also be used for eccentric fixa-
tion training in patients affected by central scotomata.4,5 
For such reasons, microperimetry is considered the refer-
ence standard visual field examination for the manage-
ment of patients with unstable or eccentric fixation caused 
by macular pathologies.6–9

While microperimetry is widely accepted as a functional 
measure in clinical practice and as an outcome in clinical 
trials, it displays a number of marked limitations. These in-
clude high measurement variability,10 a limited dynamic 
range10,11 and poor sensitivity to the effects of early and 
intermediate AMD.12 Previous work13,14 has suggested that 
many of these limitations may be related to the design of 
the test and specifically the adaptation conditions used. It 
has been demonstrated that the sensitivity of microperim-
etry to early AMD and the dynamic range of the test appear 
to be improved by the use of mesopic rather than phot-
opic adaptation conditions. It has been hypothesised that 
the ability to probe both rod- and cone-mediated function 
underpins the improved sensitivity of mesopic microper-
imetry to early AMD, where the loss of rod photoreceptors 
precedes cones.15 While this theory reflects known histo-
logical changes in AMD, previous work16 has identified the 
response in healthy observers to be mainly cone mediated 
under conventional mesopic microperimetry conditions 
(background luminance, 1.27 cd/m2), with rods and cones 
being active in dark-adapted microperimetry (addition of 
a 2.0 log density filter in room illumination <0.1 lux). The 
principle of ‘winner-takes-all’ describing cone-driven sup-
pression of rod cell activity may also contribute to the 
photoreceptor response in microperimetry performed 
under photopic, mesopic or scotopic adaptation condi-
tions.17 Considering this, other factors may account for the 
improved sensitivity of mesopic microperimetry to the ef-
fects of early AMD.

The ability of the visual system to integrate light pho-
tons over space (spatial summation) is fundamental to 
the detection of perimetric stimuli.18,19 For stimuli of 
sufficiently small area, light energy is linearly summed 
by the visual system and complete spatial summation is 
observed, as defined by Ricco's law20 where the product 
of the stimulus contrast (ΔI) and area (A), is constant at 

threshold (ΔI × A = k). The largest area for which this rela-
tionship holds is known as the area of complete spatial 
summation or Ricco's area (RA), with partial summation 
being exhibited for stimulus areas that exceed this. Other 
empirical laws have been proposed to describe the rela-
tionship between stimulus area and contrast thresholds 
where partial summation is exhibited; one such exam-
ple being Piper's law21 whereby contrast thresholds are 
inversely proportional to the square root of the stimulus 
area. The size of RA is influenced by various factors, includ-
ing background illumination,22,23 stimulus chromaticity24 
and visual field eccentricity (under photopic conditions), 
possibly as a noise-compensatory mechanism25–28 such 
that RA contains input from a constant number of ret-
inal ganglion cells (RGCs).28,29 It has also been shown to 
change in some forms of ocular disease such as retinitis 
pigmentosa30 and glaucoma.19,31 However, we have less 
understanding of how RA changes in mesopic conditions, 
with only one study reporting spatial summation to be rel-
atively constant with increasing visual field eccentricity in 
healthy observers.32 Although in that earlier study stimuli 
were presented under mesopic conditions, stimulus du-
ration was five times longer (1000 ms) than that typically 
used in mesopic microperimetry (200 ms), limiting clinical 
relevance because of the known interactions between 
spatial and temporal summation.23,33

The choice of perimetric stimulus area relative to RA 
has a marked influence on the sensitivity of the test to 
alterations in the neural architecture of the visual path-
way.19,31,34 Studies have reported the sensitivity of achro-
matic photopic perimetry to alterations in pathological 
RGC density to be improved using stimuli that are equal to, 
or smaller than RA such that complete spatial summation 
is exhibited.19,31 Previous work has also uniformly identi-
fied the Goldmann III (GIII) stimulus to be larger than RA 
within the central 10° of the visual field in healthy observ-
ers under photopic conditions (10 cd/m2), with the eccen-
tricity at which this stimulus is equal to RA being between 

Key points

•	 Unlike photopic conditions, the upper limit of 
complete spatial summation (Ricco's area) does 
not vary significantly across the central visual 
field in mesopic conditions.

•	 The number of retinal ganglion cells underlying 
Ricco's area in mesopic conditions was greater 
than for photopic conditions, but did not vary 
significantly across the central visual field.

•	 Ricco's area is closer in size to the Goldmann III 
stimulus in mesopic compared with photopic 
conditions. This likely accounts for mesopic mi-
croperimetry exhibiting improved sensitivity to 
age-related macular degeneration.
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10° and 20°.26,29,34,35 It is also recognised that RA increases 
in size where the adapting luminance is reduced;22,23 this 
likely resulting in the GIII stimulus being equal in size to RA 
at a more central visual field location in mesopic relative to 
photopic conditions. This effect is also likely exacerbated 
by ‘filter effects’ that occur secondary to outer retinal dam-
age in conditions such as AMD,36,37 whereby the intensity 
of both the stimulus and background are attenuated si-
multaneously to a greater extent than in healthy observ-
ers. Currently no study has quantified RA in relation to the 
area of GIII in mesopic compared with photopic conditions 
at different visual field eccentricities. Whether the number 
of RGCs underlying RA is a constant in mesopic adaptation 
conditions is also unknown. It may also be proposed that, 
if local spatial summation characteristics change in AMD in 
compensation for retinal damage (e.g., photoreceptor loss), 
then the damage may be more readily detected in meso-
pic or scotopic conditions because the conventionally used 
GIII stimulus equates more closely to, or is smaller than, the 
local RA. In this study we examined the hypothesis that the 
GIII stimulus more closely relates to the measured RA within 
the central visual field in mesopic adaptation conditions in 
a group of participants with no eye disease, and explored 
if the number of RGCs underlying RA was also constant in 
mesopic conditions. We also explored the effect of retinal 
eccentricity on partial summation, an aspect of summation 
that is known to vary with visual field eccentricity in phot-
opic conditions,35 but where no information is available for 
mesopic conditions.

M ETH O DS

Participants

Five healthy observers with a mean age of 61.4 years (ages: 
60 [n = 2], 61 [n = 1], 63 [n = 2]) were recruited and tested 
in the Centre for Optometry and Vision Science (COVS) at 
Ulster University, Northern Ireland. All participants had a 
best-corrected visual acuity of logMAR 0.0 (6/6) or better 
in the test eye, with spherical refractive error and astig-
matism within ±6.00 and ≤1.25 D, respectively. Intraocular 
pressure was confirmed to be within normative limits (i.e., 
≥11 and ≤21 mmHg). Slit-lamp assessment of the anterior 
eye and examination of the posterior segment showed 
no significant media opacities or ocular pathology in all 
participants, with optical coherence tomography (OCT) 
measures of peripapillary retinal nerve fibre layer thick-
ness and macular cube (15° × 15°) within normal limits 
(Spectralis OCT, heide​lberg​engin​eering.com). Full visual 
fields were confirmed using the 24–2 SITA standard test 
on the Humphrey Visual Field Analyser (zeiss.com). All ob-
servers were also free of any systemic disease that may af-
fect visual performance.

The study was reviewed and approved by the Ulster 
University School of Biomedical Sciences Ethics Filter 
Committee. The research protocol adhered to the tenets of 

the Declaration of Helsinki and each participant provided 
informed consent prior to data collection.

Apparatus and stimuli

Stimuli were generated using MATLAB (R2016b, mathw​
orks.com) with Psychtoolbox (version 3.0), driven by a Bits# 
Stimulus Processor in Mono++ mode (Cambridge Research 
Systems, crsltd.com) and presented on a γ-corrected 21-
inch cathode ray tube (CRT) display (SONY 420-GSM, sony.
com; frame rate: 75 Hz, pixel resolution 1280 × 1024). A 
uniform background luminance of 1.58 cd/m2 was used 
for all participants.41 Chromaticity co-ordinates for the 
background and stimuli were x = 0.250 and y = 0.295. All lu-
minance measurements and temporal outputs were veri-
fied with a colorimeter (ColorCAL-II; Cambridge Research 
Systems, crsltd.com) and Optical Transient Recorder-3 
(OTR-3, Display-Messtechnik, displ​ay-messt​echnik.de). 
Radiance measures of the display were captured using a 
spectroradiometer (SpecrtoCAL-MKII; Cambridge Research 
Systems, crsltd.com). Responses were collected using a 
Cedrus RB-540 response box (cedrus.com). Prior to com-
mencing each experiment, the CRT display was allowed a 
minimum of 1-h warm-up time.

Achromatic luminance thresholds were measured for six 
incremental spot stimuli of constant duration (15 frames, 
200 ms) and different area (range: −2.07 to 0.32 log deg2) at 
eccentricities of 2.5°, 5° and 10°, along each of the 45°, 135°, 
225° and 315° meridians. Measurements were performed 
for one eye only, with the test eye selected by the partic-
ipant in the event of both eyes meeting the inclusion cri-
teria. The pupil in the test eye was dilated (≥7 mm) using 
tropicamide hydrochloride (1%) to ensure uniform retinal 
illuminance in all observers. Following pupil dilation, a 
period of 10 min adaptation time was permitted with the 
participants viewing the test display in a darkened room. 
Refractive error for the test eye was then determined at 
the fovea for a viewing distance of 62 cm by an experi-
enced optometrist. During study measurements, observ-
ers placed their heads in a secure, purpose-built chinrest 
while wearing a trial frame holding full-aperture corrective 
lenses for the test eye, and an opaque occluding patch over 
the fellow eye. Steady fixation on the central target was 
monitored visually.

Psychophysical procedure

Luminance thresholds were measured at each visual field lo-
cation using a randomly interleaved 1/1 staircase and a ‘Yes/
No’ procedure, terminating after six reversals. Stimulus area 
and test eccentricity were randomly selected for each test 
run, with each run lasting approximately 3 min. Observers 
were asked to press a response button to indicate stimu-
lus detection. If no response was collected within a speci-
fied window of 2 s after stimulus presentation, then it was 
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registered as unseen. Stimulus luminance was decreased 
following a ‘seen’ response and increased following an 
‘unseen’ response. Reversals in responses were registered 
when a change from ‘seen’ to ‘unseen’ or vice versa was 
detected. Stimulus luminance was changed by 0.5 log 
units (5 dB) up to the first reversal, by 0.25 log units (2.5 dB) 
up to the second reversal, by 0.1 log units (1 dB) up to the 
third reversal and finally by 0.05 log units (0.5 dB) for greater 
than three reversals. The mean of the final four reversal val-
ues was taken as the threshold at each test location. These 
threshold values corresponded to the 50% seen point on a 
psychometric function.38 False-positive catch-trials (12 pres-
entations, ~20% of total trial number) were also presented 
as 0% luminance stimuli in each test. Data were discarded 
if false-positive rates exceeded 20%, resulting in the partici-
pant being re-advised and that test repeated. All data were 
collected within a single session, lasting approximately 1.5 h 
for all participants. To avoid fatigue, regular rest periods 
were included. All participants had perimetric experience 
but were naïve to the protocol and completed a trial run be-
fore study measurements were performed.

Data analysis

Iterative two-phase regression analysis (Levenberg–
Marquardt estimation, maximum 5000 iterations) was used 
to generate spatial summation functions (log threshold lu-
minance vs. log stimulus area) and estimate RA at each test 
location. This analysis fits two lines to the data with the slope 
of the first line being constrained to −1, representing com-
plete spatial summation in line with Ricco's law (Figure 1a). 
The slope and intercept of the second line in the model was 
free to vary, reflecting the degree of partial summation ex-
hibited. The point at which these lines intersect, known 

as the breakpoint, was taken to indicate both RA and the 
threshold luminance for a stimulus equal to RA. If the bilinear 
fit were to fail due to variability within the data set, or RA was 
estimated to be less than the smallest stimulus area (−2.07 
log deg2), then the data were excluded from further analysis. 
This analysis was undertaken for both mean data (across all 
observers) and at individual locations in each observer.

The effect of eccentricity on partial summation was also 
investigated in this study. Partial summation was quan-
tified as the slope of the second line in each summation 
function, constructed using iterative two-phase regression 
analysis (Figure  1a). While this is the standard method to 
express the extent of partial summation present where a 
bilinear fit is used to examine summation,39 this is limited 
by the fact that the transition between RA and the stim-
ulus area where no summation is exhibited (slope = 0 for 
log threshold luminance vs log stimulus area) is curvilinear, 
this trend being described by a single linear slope value. To 
account for this, the mean stimulus area where summation 
function slope was −0.5 was identified at each location by 
fitting a second order polynomial function to the spatial 
summation data collected (log stimulus area vs. log ΔL) 
and examining the gradient of a tangent to this best-fitting 
curve at 50 uniformly spaced points between the largest 
and smallest stimulus areas examined (see Figure 1b). For 
each summation function, the mean stimulus area where 
the slope of the gradient to the summation function was 
−0.50 was identified, this analysis being repeated for each 
observer at all meridians and test eccentricities.

To estimate the number of RGCs underlying RA, we first 
estimated the average RGC density underlying stimuli. This 
was done using two methods in this study:

1.	 Histology method: To permit comparison with similar 
analyses undertaken in photopic conditions, we applied 

F I G U R E  1   Methods used to (a) generate spatial summation functions (iterative two-phase regression analysis) and (b) examine the range of 
stimulus areas for which the slope of a tangent to a second order polynomial fit to the summation was −0.5 (see Methods for full description). In plot 
a, grey reference lines to the x-axis indicate the standardised stimulus areas; Goldmann I (G1), Goldmann II (G2), Goldmann III (G3), Goldmann IV (G4) 
and Goldmann V (G5).
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the method proposed by Kwon and Liu.28 In short, 
RGC density (all RGCs and midget RGCs) was calculated 
at each test location after adjustment for the lateral 
displacement of RGCs from underlying photoreceptors 
(receptive fields) using the calculation proposed by 
Drasdo et al.40

2.	 OCT method: We also estimated RGC density using OCT-
derived retinal ganglion cell layer (RGCL) thickness meas-
urements (from a 30° × 25° posterior pole scan captured 
using the Spectralis OCT) and the method proposed by 
Raza and Hood.41 We subsequently applied the method 
of Drasdo et al.,40 incorporating the recent adjustments 
proposed by Montesano et al.,42 to gain estimates of 
local RGC density underlying stimuli, accounting for the 
effect of lateral RGC displacement from underlying pho-
toreceptors on both stimulus location and shape (where 
every point along the edge of the stimulus was inde-
pendently displaced) at the RGC layer. In this calculation, 
axial length values were used to adjust the transverse 
scaling of OCT scans for the effect of ocular magnifica-
tion, in addition to estimating stimulus area as mm2 on 
the retina for each observer.

For both methods, the RGC number underlying RA was 
calculated as the product of stimulus area and co-localised 
RGC density.

The effect of increasing visual field eccentricity on RA 
and partial summation (summation function second line 
slope) was examined for each visual field meridian using 
a Friedman test. Post-hoc Wilcoxon signed-rank tests were 
used to examine pair-wise differences in RA or partial sum-
mation as indicated. An identical analysis was applied to 
examine the effect of visual field eccentricity on luminance 
thresholds measured with stimuli equal to RA (from two-
phase regression analysis) and RGC number underlying RA. 
To examine the effect of eccentricity on the mean stimu-
lus area where the gradient of a tangent to the summation 
function was −0.5, data were grouped across all meridians 
and observers for each eccentricity, with a Kruskal–Wallis 
test used to examine for statistically significant differences. 
For all analyses, p-values were corrected for multiple com-
parisons (Holm–Bonferroni correction) with an alpha (α) 
value <0.05 taken to be statistically significant.

R ESULTS

Summary spatial summation functions for each merid-
ian may be seen in Figure 2. An increase in RA is apparent 
between 2.5° and 5°, but no difference in RA measures 
was observed between the 5° and 10° locations. This 
trend is also seen when considering the individual RA es-
timates (Figure  2a). In total, 60 individual spatial summa-
tion functions were generated in this study. Of these, six 
RA estimates were excluded from further analysis due to 
variability in the data set (n = 4) or values generated that 
were smaller than the minimum stimulus area (n = 2). 

Individual RA estimates (median, interquartile range [IQR]) 
were −1.29 deg2 (IQR −1.58 to −1.14), −1.04 deg2 (IQR −1.16 
to −0.98) and −1.09 deg2 (IQR −1.38 to −0.94), at 2.5°, 5° and 
10°, respectively (Figure 2a). Differences in RA with visual 
field eccentricity failed to reach statistical significance 
for any meridian examined (45°: χ2(2) = 1.5, p = 0.47; 135°: 
χ2(2) = 1.5, p = 0.72; 225°: χ2(5) = 1.5, p = 0.47; 315°: χ2(2) = 3.5, 
p = 0.17).

Ricco's area is plotted as a function of visual field eccen-
tricity for individual participants in each meridian (where 
data were available) in Figure 3. At all test locations, me-
dian RA (log deg2) was found to be smaller than the stan-
dard GIII stimulus used in conventional microperimetry 
(Figure 3f). A total of 87.5%, 85% and 83.3% of RA values at 
2.5°, 5° and 10° eccentricity, respectively, were smaller than 
the GIII stimulus.

When expressed as the slope of the second line in the 
summation function, the level of partial summation was 
found to increase as a function of eccentricity (2.5°: −0.43, 
IQR −0.33 to −0.46, 5°: −0.43, IQR −0.39 to −0.39, 10°: −0.55, 
IQR −0.41 to −0.60), but this was not statistically significant 
for the meridians examined (45°: χ2(2) = 0.5, p = 0.79; 135°: 
χ2(2) = 4.7, p = 0.10; 225°: χ2(5) = 1.5, p = 0.47; 315°: χ2(2) = 2.0, 
p = 0.34, Figure 4a). In similar fashion, we also observed that 
the median stimulus area (log deg2) for which the slope of 
a tangent to the summation function was −0.5 varied with 
eccentricity (2.5°: −0.53, IQR −0.77 to −0.35, 5°: −0.41, IQR 
−0.58 to −0.03, 10°: −0.12, IQR −0.27 to 0.05); these differ-
ences were statistically significant for all meridians exam-
ined (45°: χ2(2) = 16.9, p < 0.001; 135°: χ2(2) = 19.0, p < 0.001; 
225°: χ2(5) = 6.3, p = 0.04; 315°: χ2(2) = 22.5, p = 0.001, 
Figure  4b). Post-hoc tests revealed statistically significant 
differences in the median stimulus areas for which the 
slope of the tangent to the summation function was −0.5 
at 2.5° and 10° eccentricities along the 45°, 135° and 315° 
meridians (all p < 0.001). Statistically significant differences 
were also observed between locations at 2.5° and 5° along 
the 45° and 315° meridians (both p < 0.001), in addition to 
locations at 5° and 10° along the 45° meridian (p = 0.001).

In line with previous studies undertaken in photopic ad-
aptation conditions,27,39 luminance at threshold (log ΔL) for 
stimuli equal to RA were similar for locations at 2.5° (−0.23, 
IQR −0.21 to −0.12) and 5° eccentricity (−0.23, IQR −0.31 to 
−0.14). However, luminance thresholds for a stimulus equal 
to RA were higher for locations at 10° eccentricity (0.20, 
IQR −0.11 to 0.49) compared with 2.5° and 5° eccentricities. 
These differences were not statistically significant for any 
meridians examined (all p > 0.05; Figure S1).

The number of RGCs (all cell types) found to underlie 
RA was relatively constant between visual field locations 
at 2.5° (83.0 cells, IQR 39.7–114.0) and 5° (90.0 cells, IQR 
62.6–102.6), but lower at 10° (27.6 cells, IQR 11.0–45.1) when 
estimated using normative histological data. These trends 
were also replicated for midget RGCs (2.5°: 66.6 cells, IQR 
31.8–91.5; 5°: 69.4 cells, IQR 48.3–79.3; 10°: 19.2 cells, IQR 
7.6–31.3). Very similar trends were also observed when RGC 
number (all subtypes) underlying RA was estimated using 
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6  |      MESOPIC SPATIAL SUMMATION WITH ECCENTRICITY

participant specific OCT scans (Figure 5c; 2.5°: 105.9 cells, 
IQR 58.5–176.1; 5°: 127.8 cells, IQR 100.4–165.6; 10°: 46.0 cells, 
IQR 20.9–68.1). Despite such differences, no statistically sig-
nificant change in the number of RGCs underlying RA was 
observed with eccentricity (45°: χ2(2) = 3.5, p = 0.35; 135°: 
χ2(2) = 4.7, p = 0.29; 225°: χ2(5) = 1.5, p = 0.47; 315°: χ2(2) = 6.5, 
p = 0.16).

D ISCUSSIO N

In this study, we examined spatial summation across the 
central visual field (2.5–10°) in mesopic adaptation condi-
tions. RA was found to be larger in mesopic compared with 
previously reported values for photopic conditions,28,35 in 
addition to being more similar in size to the standard GIII 
perimetric stimulus in mesopic conditions. No statistically 
significant change in RA across the central visual field was 
observed, with any differences being smaller than those 
seen in photopic conditions across the same visual field 
eccentricities.28,43 Incomplete or partial summation, ex-
pressed as the slope of the second component line in each 
spatial summation function constructed, increased with 
visual field eccentricity, but this change failed to reach sta-
tistical significance. In contrast, the median interpolated 
stimulus size where the tangent to the summation func-
tion slope was −0.5 was significantly larger at 10° com-
pared with 2.5°. No statistically significant variation in RGC 
number underlying RA was found across the retinal loca-
tions examined.

While it is universally reported that RA enlarges as a 
function of visual field eccentricity in photopic condi-
tions,26–28,44 only one previous study32 examined spa-
tial summation across the central visual field in mesopic 

adaptation conditions. In agreement with the findings of the 
current investigation (Figure 2b), Dannheim and Drance32 
reported the shape of spatial summation functions col-
lected in mesopic conditions, for a stimulus duration of 1 s, 
to remain constant between 0° and 30° eccentricity along 
the 45° meridian in healthy participants aged 20–79 years. 
Conversely, spatial summation function shape was found 
to alter markedly between the same visual field locations 
in photopic conditions (background 3.18 cd/m2). Despite 
such trends, the authors reported that the maximal change 
in stimulus diameter (from 0.083° to 2°) induced a change 
in contrast thresholds that was approximately 40% greater 
at 30° compared with 5° eccentricity under both mesopic 
and photopic adaptation conditions. A similar observation 
was made in the current study whereby changing stimulus 
area from 0.01 to 2.07 deg2 induced a 30.3% greater change 
in thresholds at 10° compared with 2.5° eccentricity. In the 
absence of alterations in RA, it is likely such findings may 
be accounted for by an increased degree of partial summa-
tion at 10° compared with 2.5°; this trend being observed 
in this study (Figure  4). Using similar methodology, Choi 
et al.35 reported partial summation to increase with visual 
field eccentricity under photopic conditions, the extent of 
partial summation being lower compared with those in the 
current study. An alternative explanation is that changes in 
complete spatial summation, although present, were small 
and potentially may not have reached statistical signifi-
cance in view of this (Figure 3f).

Changes in photopic spatial summation with visual 
field eccentricity have been hypothesised to be a noise 
compensatory mechanism strongly related to local RGC 
density, whereby a critical number of functionally intact 
RGCs underlie RA.28,29 Swanson et al.29 demonstrated the 
relationship between the number of RGCs underlying a 

F I G U R E  2   Mean spatial summation functions at each test eccentricity (2.5–10°) constructed using (a) iterative two-phase regression analysis 
and (b) a second-order polynomial function. Grey reference lines to the x-axis indicate the standardised Goldmann stimulus areas (G1–G5) used 
in perimetry. In plot a, the dashed lines to the x-axis represent the estimated Ricco's area (RA) values, with boxplots of RA measures in individual 
observers also being included for reference. In plot b, a reference line of −1 slope (indicating complete summation, dotted line) is included, with 
the inset plot including a vertical translation of the summation functions (to account for luminance threshold differences with eccentricity) for 
comparison.
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GIII stimulus (estimated from normative histological RGC 
counts45) and photopic contrast thresholds for the same 
stimulus to be best described by a two-phase linear model 
whereby a slope of unity was observed when the RGC 
number was ≤31.6 cells (~15° eccentricity); this broke down 
when the cell number was >31.6 (0–15° eccentricity). More 
recently, RA was found to enlarge between 4° and 18.5° 
eccentricity, with the number of RGCs underlying RA re-
ported to be constant (~14 RGCs), accounting for 89% of 
the variance in RA with eccentricity, with the same number 
of RGCs determining contrast detection when calculated 

using a retina-V1 model.28 Interestingly, a lower, but still 
constant number of midget RGCs (~10) were estimated to 
underlie RA; this accounted for a comparatively lower 79% 
of the variance in RA with eccentricity. While such evidence 
points strongly to RGC number determining the extent 
of RA and its variation across the visual field in photopic 
conditions, such trends were not observed in the current 
study whereby only 49.2% of the variance in RA with ec-
centricity was explained by variations in overall RGC den-
sity (calculated using methods proposed by Kwon and 
Liu28). Furthermore, the difference in the contribution of 

F I G U R E  3   Changes in Ricco's area (RA) with visual field eccentricity for individual participants (a–e) and all participants and locations (f). 
Meridians were omitted from plots where RA values computed for one or more test locations were excluded. Comparisons with studies undertaken in 
photopic conditions are included for reference in (f). Grey reference lines to the y-axis indicate the area of Goldmann stimuli I to V (G1–G5).

(a)

(b)

(c) (d) (e)

(f)
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8  |      MESOPIC SPATIAL SUMMATION WITH ECCENTRICITY

midget RGCs to RA changes (52.4%) compared with all RGC 
subtypes (49.2%), was found to be smaller than reported in 
photopic conditions.

Unsurprisingly, the size of RA, and thus, the number 
of RGCs found to underlie a stimulus equal to RA at each 
eccentricity appears to be higher than those reported 
in photopic conditions.28,29 These findings likely reflect 
dynamic alterations in the organisation of antagonistic 
centre-surround RGC receptive fields, a feature hypoth-
esised to contribute at least in part to determining the 
extent of RA at a given location. Evidence for altered RGC 
receptive field characteristics with adaption conditions 
may be seen in the work of Barlow et al.46 In that study, 
ex vivo recordings of cat RGCs revealed the inhibitory 
surround of centre-surround antagonistic RGC receptive 

fields to be negligible with some enlargement of the cen-
tre following a period of dark-adaptation; these changes 
were attributed to reduced lateral inhibition in the dark-
adapted retina. Wiesel and Hubel47 observed a similar 
trend for receptive fields of parvocellular cells at thresh-
old in the lateral geniculate nucleus of macaque mon-
keys. Psychophysical evidence for reduced inhibitory 
surround size following dark adaptation in human ob-
servers may also be inferred from pattern-evoked elec-
troretinograms undertaken in light- and dark-adapted 
conditions.48 However, no such changes in basic recep-
tive field characteristics have been reported in V1 of the 
monkey visual cortex.49 Additionally, contrast sensitivity 
(area under the log contrast sensitivity function and peak 
log contrast sensitivity) is lower in older (compared with 

F I G U R E  4   Boxplots of (a) iterative two-phase regression (TPR) second line slope (representing partial summation) for each meridian examined 
at all test eccentricities (included for reference are dashed lines at 0, 0.5 and 1 to represent the slope when summation is totally absent, Piper's law 
applies or complete summation is present) and (b) the range of stimulus areas where the slope of a tangent to the summation function was −0.5 at 
each test eccentricity.

F I G U R E  5   Boxplots of retinal ganglion cell (RGC) number underlying Ricco's area (RA) calculated using mean histology (all subtypes [a] and 
midget cells [b]) and (c) macular optical coherence tomography (OCT) scans for each visual field eccentricity examined in mesopic conditions. 
Included for reference are the number of cells reported to underlie RA in photopic conditions (solid grey lines).
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      |  9HUNTER et al.

younger) adults under mesopic versus photopic adapta-
tion conditions,50 which may also contribute to the en-
largement in RA in mesopic conditions.

While an increase in RA in mesopic relative to photopic 
conditions was anticipated, it appears that the number of 
RGCs underlying RA is not constant across all locations ex-
amined here (Figure 5). This contrasts with photopic condi-
tions where the RGC number underlying RA is essentially 
constant at all locations.28 Considering such trends, it is 
possible that alterations in receptive field characteristics 
at the retina and/or visual cortex, rather than RGC density 
alone, may account for the observed lack of uniformity in 
RGC number in RA. Previous work in the primate retina 
has identified differences in receptive field areas between 
RGC types, with magnocellular (parasol) RGCs displaying 
larger receptive field areas compared with parvocellu-
lar (midget) RGCs, with such differences contributing to 
an increased linear response to contrast changes (higher 
contrast gain) and prolonged functioning in lower adapt-
ing luminances.51 Considering the ratio of midget RGCs 
to other RGC subtypes alters markedly from the fovea to 
mid-peripheral retina.52 Thus, any relative variation in re-
ceptive field organisation with visual field location may 
lead to differences in the nature of any changes in RA and 
thus RGC number underlying a RA stimulus under non-
photopic adapting luminances. An alternative explanation 
may be that RGC number at RA is not constant at all loca-
tions in the visual field, as previously hypothesised. Closer 
examination of the data presented by Kwon and Liu28 for 
photopic conditions reveals the RGC number at RA to be 
higher in the central visual field, with the RGC number 
being relatively constant for locations beyond 8° eccen-
tricity. The trend towards higher RGC counts at 2.5° and 5° 
eccentricities (Figure 5) compared with 10° was also repli-
cated in the present study where both average histology 
and participant specific OCT data were used to generate 
estimates of RGC density. However, this trend may reflect 
the fact that parasol cells most likely mediate responses 
to the stimuli presented. It has previously being reported 
in primate work that parasol cells are preferentially stimu-
lated by perimetric stimuli.51,53

The results of this study also indicate that the GIII stim-
ulus conventionally used in microperimetry is markedly 
closer in size to RA in the central 10° of the visual field in 
mesopic compared with photopic conditions (Figure 3f).28 
This is significant considering our observation that the 
slope of the hill-of-vision, and thus, sensitivity to changes 
in the density of photoreceptors and RGCs across the ret-
ina, is markedly influenced by stimulus area and the extent 
of spatial summation that is exhibited. The slope of the hill-
of-vision appears to reduce proportionally to the degree 
of summation exhibited, this being highest for stimuli ex-
hibiting complete spatial summation (Figure S1a,b) with a 
small decline for increases in stimulus area over which par-
tial summation is present (Figure S1c–f).39

As the GIII stimulus in photopic conditions is markedly 
larger than RA within the central 10° of the visual field, it 

may be argued that the stimulus will be insensitive to small 
changes in the neural architecture of the retina in condi-
tions such as AMD. In contrast, it may be hypothesised that 
the use of the same stimulus in mesopic conditions, where 
RA is closer in size to the GIII stimulus, will permit more sub-
tle variations in disease status to be detected, thus some-
what accounting for the improved sensitivity of mesopic 
relative to photopic microperimetry.6,54,55 Furthermore, 
should spatial summation be altered as part of the AMD 
disease process, then such changes would be more read-
ily detected in mesopic conditions owing to the smaller 
differences between the GIII stimulus and local RA mea-
sures. Such changes in spatial summation may be under-
pinned by a ‘filter effect’ that has been demonstrated in 
photoreceptor disorders whereby cone function (and thus 
measured sensitivity) is affected when assessed in meso-
pic conditions.36,37 These effects have been highlighted in 
threshold vs. intensity (tvi) curves, with conditions where 
receptoral damage was present leading to an upwards and 
rightwards shift36,56 of the tvi curve relative to control data. 
While it is acknowledged that spatial vision is impaired in 
AMD, previous work has suggested that RA is unchanged 
as part of the disease process.57 Importantly, no study has 
investigated this under standardised microperimetry con-
ditions where stimulus presentations are gaze-contingent. 
Such work is essential to determine the optimal stimulus 
characteristics for use in an AMD-specific perimetric test of 
visual function.

CO NCLUSIO NS

The area of complete spatial summation (RA) is smaller 
than a standard GIII stimulus and varies insignificantly 
across the central visual field examined in this study, under 
adaptation conditions of mesopic microperimetry. This is 
in contrast to photopic conditions where RA increases as 
a function of visual field eccentricity, with the GIII stimu-
lus also being markedly larger than RA in the central visual 
field. Further work is required to determine if compen-
satory enlargements in RA occur in varying degrees of 
macular disease such as AMD, increasingly examined by 
microperimetry. This may have implications for the selec-
tion of the optimal stimuli for use in microperimetry.
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