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Purrose. The cellular topography of the human foveola, the central 1° diameter of the
fovea, is strikingly non-uniform, with a steep increase of cone photoreceptor density and
outer segment (OS) length toward its center. Here, we assessed to what extent the specific
cellular organization of the foveola of an individual is reflected in visual sensitivity and
if sensitivity peaks at the preferred retinal locus of fixation (PRL).

MerHoDSs. Increment sensitivity to small-spot, cone-targeted visual stimuli (1 x 1 arcmin,
543-nm light) was recorded psychophysically in four human participants at 17 locations
concentric within a 0.2° diameter on and around the PRL with adaptive optics scanning
laser ophthalmoscopy-based microstimulation. Sensitivity test spots were aligned with
cell-resolved maps of cone density and cone OS length.

Resurrs. Peak sensitivity was at neither the PRL nor the topographical center of the cone
mosaic. Within the central 0.1° diameter, a plateau-like sensitivity profile was observed.
Cone density and maximal OS length differed significantly across participants, correlat-
ing with their peak sensitivity. Based on these results, biophysical simulation allowed to
develop a model of visual sensitivity in the foveola, with distance from the PRL (eccen-
tricity), cone density, and OS length as parameters.

Concrusions. Small-spot sensitivity thresholds in healthy retinas will help to establish the
range of normal foveolar function in cell-targeted vision testing. Because of the high
reproducibility in replicate testing, threshold variability not explained by our model is
assumed to be caused by individual cone and bipolar cell weighting at the specific target

locations.
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he central part of the human retina, the fovea, features
several morphologic specializations as a result of a
complex series of events that are initiated during gestation
and completed in childhood.!? The network of retinal blood
vessels organizes itself around an avascular zone concen-
tric within the fovea,®> and the foveal pit emerges as post-
receptoral neurons migrate laterally. As a consequence, the
foveola, the central 0.6° diameter of the fovea,? is completely
free of overlying neural tissue, favoring undisturbed light
catch. Cone photoreceptors migrate inward to form a lattice
of tightly packed receptors at their smallest diameter found
anywhere in the retina,> and simultaneously the pigment-
laden cone outer segments (OSs) elongate,! leading to a
peak in optical density at the foveola.>” At close inspection,
the topography and density of cone photoreceptors within
the foveola are highly variable among individuals,®® and it
is not clear to what extent the individual cellular mosaic and
the exact foveal topography is related to visual sensitivity.
On a broader scale, photopic light sensitivity is best at
the fovea!® and drops rapidly with increasing eccentric-
ity.!! Several clinical studies using fundus-guided perimetry,
so-called microperimetry, have investigated the structure—
function relationship in the fovea of diseased eyes and
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observed a correlation between retinal thickness and sensi-
tivity.'>-14 The application of adaptive optics to determine
foveal cone spacing of patients with retinal degenera-
tion revealed a correlation between foveal sensitivity and
cone spacing.’>"'® These studies faced two key limitations.
First, foveal sensitivity was tested at a single location and
compared across patients, not across retinal space within an
individual. Second, stimulus size (Goldmann III, ~26 arcmin
diameter) was large compared with a minimal cone spac-
ing of about 0.5 arcmin.’ Sensitivity to luminance stimuli
is assumed to be conveyed primarily by parasol ganglion
cells.!® This view is supported by the observation that spatial
summation is correlated with the dendritic field size of para-
sol ganglion cells.?® In the foveola, however, the diameter of
the spatial summation area was found to be about 2.5 arcmin
and therefore between the dendritic field size of parasol
and midget ganglion cells.*! Thus, a visual stimulus at the
same size or even smaller than this spatial summation area is
crucial to reveal an otherwise conflated relationship between
the peaking topography of the detector array in the foveola
and its visual sensitivity.

Concomitant to the peaking spatial sampling capacity at
the fovea, motor circuits of the brain stem generate eye
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and head movements to bring the retinal images of objects
of interest detected in the periphery into the foveola,??3
where they fall on a distinct bouquet of only a handful of
cones, the preferred retinal locus of fixation (PRL), or “opti-
mal locus”, of fixation.?*~2° In clinical research, the term PRL
refers to a newly formed stable location on the retina used
for fixation,?” due to a central scotoma®®~3! caused by macu-
lar diseases,* such as age-related macular degeneration.’®
Classical work assumed that, in healthy participants, this
location might colocalize with the location of peak cone
density.2>3*3 With high-resolution in vivo imaging, it has
now been shown, also in healthy participants, that the PRL is
offset from the location of peak cone density,? the center of
the bottom of the foveal pit,3° or the center of the foveal avas-
cular zone.>’~* The underlying processes of PRL formation
are yet unknown, and the newly formed PRL in patients is
usually a suboptimal retinal location, given the fact that other
intact locations of the retina would have provided better
acuity® or higher contrast sensitivity.> Here, we hypothe-
sized that the subset of cones at the PRL may have functional
preeminence in terms of visual sensitivity, as fixational eye
movements re-center the object of interest onto this location
with extreme precision.”*!

With recent optical tools, the mosaic of even the small-
est cone photoreceptors in the foveola can now be resolved
in the living human eye, and visual function such as visual
sensitivity can be simultaneously probed psychophysically
with cellular precision.*? In a first attempt to better under-
stand how the morphological factors such as distance from
the PRL, cone density, and OS length have functional conse-
quences on vision, we used this experimental access to study
the direct relationship between the cellular makeup of the
foveal center and sensitivity to light in four healthy human
participants.

METHODS

In four human participants (one female; ages 29, 32, 42, and
42 years), the cellular topography of the fovea, light sensitiv-
ity to cone-sized stimuli, and PRL of fixation were mapped
with cellular precision using an adaptive optics scanning
laser ophthalmoscope (AOSLO) microstimulator. The partic-
ipants were three of the authors (P1 = N.D., P2 = J.LR,,
P3 = W.M.H.) and one lab member (P4). Pupil dilation and
cycloplegia were induced by instilling 1 drop of 1% tropi-
camide 15 minutes before the beginning of an experimen-
tal session. For each participant, a custom dental impres-
sion (bite bar) was used to immobilize and control the posi-
tion of the head during imaging and stimulation. Written
informed consent was obtained from each participant, and
all experimental procedures adhered to the tenets of the
Declaration of Helsinki, in accordance with the guidelines
of the independent ethics committee of the medical faculty
at the Rheinische Friedrich-Wilhelms-Universitit of Bonn,
Germany.

AOSLO Microstimulator

The central ~1° of the right eye of each participant was
imaged, and targeted test sites were simultaneously stimu-
lated with a custom multiwavelength AOSLO.*~% In brief,
one near-infrared (IR) light channel was used for imag-
ing and wavefront sensing (840 + 12 nm; FF01-840/12-25,
Semrock, Rochester, NY, USA), and a visible green light chan-
nel was used for stimulation (FF01-543/22-25, 543 4+ 22 nm;

IOVS | July 2021 | Vol. 62 | No.9 | Article 31 | 2

Semrock), which is thought to stimulate the L- and M-cone
photopigments equally, based on their absorbance.®” Adap-
tive optics correction, run in a closed loop at about 25 Hz,
consisted of a Shack-Hartmann wavefront sensor (SHSCam
AR-S-150-GE; Optocraft GmbH, Erlangen, Germany) and a
magnetic 97-actuator deformable mirror (DM97-08; ALPAO,
Montbonnot-Saint-Martin, France) placed at a pupil conju-
gate. Imaging and stimulation beams, traversing the system
coaxilly, were point-scanned across the retina, spanning a
square field of 0.85 x 0.85 degrees of visual angle. The
reflected IR light from the retina was sampled by a field-
programmable gate array board (ML506; Xilinx, San Jose, CA,
USA), producing video frames with 512 x 512 pixels (spatial
resolution, 0.1 arcmin of visual angle per pixel) at ~30 Hz.
Longitudinal chromatic aberration was compensated by a
static relative vergence difference of 1 diopter (D) between
the 840-nm and 543-nm light channels®® and an individual
adjustment of defocus of the deformable mirror for each
eye, prioritizing focus in the stimulation channel. Transverse
chromatic offsets were compensated dynamically with every
stimulus presentation based on Purkinje-based pupil moni-
toring.1®4 The same system was used to monitor the diam-
eter and position of the pupil relative to the light beam,
ensuring that all light entered the eye at all times. Stimu-
lus intensity was controlled via two cascaded acousto-optic
modulators (AOMs; TEM-250-50-10-2FP with high extinction
option; Brimrose, Sparks Glencoe, MD, USA).%

PRL Determination

The PRL of fixation was determined by recording the exact
retinal location at which a small (1.6 x 1.6 arcmin nomi-
nal size), flashing (3 Hz) visual stimulus landed during
attempted fixation for 10 seconds in three individual AOSLO
videos. Retinal fixation locations were then found by (1)
automatically registering each frame strip-by-strip to a
common reference frame of a single video,”® (2) manual
deletion of incorrectly registered frames (usually due to
microsaccades, insufficient image quality, or eye blinks), and
(3) tabulating all stimulus locations within the remaining co-
registered frames (Fig. 1A). The final PRL estimate for each
eye was the median stimulus location across three videos,
equaling on average 387 frames (Fig. 1B). This location was
defined as 0° eccentricity, or the PRL.

Cone Density Maps and Cone Density Centroid

Continuous maps of cone photoreceptor density were gener-
ated with imaging wavelengths of 543 nm (P1 and P2) or 788
nm (P3 and P4), similar to the PRL determination method.
In the summed and normalized images, one human grader
marked the location of each cone, assisted by convolutional
neural network custom software.”':>> The Voronoi function
of MATLAB (voronoiDiagram; MathWorks, Natick, MA, USA)
was used to compute the area of each cone. Cone density
was then calculated pixelwise by first identifying the near-
est 150 cones around each pixel in the image and divid-
ing the number of cones by their summed area. The cone
density centroid (CDC) was the retinal location found as the
weighted centroid of the area containing the highest 20%
cone density values.’

Determination of Cone OS Length

Spectral-domain optical coherence tomography (OCT)
images were acquired for all four participants in a 5° x 15°
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Figure 1. PRL determination from three 10-second videos. (A) The nominal fixation target was a 1.6 x 1.6-arcmin square presented at a
fixed position in the center of the AOSLO raster, flashing at 3 Hz. High-resolution eye motion traces were recorded in three 10-second epochs,
tracking the position of the center of the target in retinal coordinates. Single dots represent frame-by-frame—derived retinal coordinates of
the target, and colors indicate repeats. (B) Stimulus positions in relationship to the foveal cone photoreceptor mosaic. The bivariate contour
ellipse was set to contain 68% of all stimulus locations. The participant’s PRL (white ellipse and marker) was computed as the median data

point, pooling all locations of the three consecutively recorded videos.

field, centered on the fovea with a B-scan spacing of 11 uym
(Spectralis HRA+OCT; Heidelberg Engineering, Heidelberg,
Germany). For further processing, the central 45 B-scans
around the foveal pit were selected. Cone OS length was
defined as the linear space between visible bands 2 and 3 in
each B-scan, thought to correspond to the space between the
ellipsoid zone and the interdigitation zone, respectively.>
In a first step, these two bands were segmented using a
brightness-based detection algorithm (Fig. 5A). Because the
retinal pigment epithelium is thought to have a relatively
uniform thickness and flat layout, a two-dimensional area fit
across all B-scans for the third band was computed, reduc-
ing artifacts of the individual band marking. The width of
both bands was modeled with a one-dimensional Gaussian
profile, centered on the band marking. The OS length was
defined as the linear space between the steepest parts of
the declining slope of the second band and the rising slope
of the third band.>® These two-dimensional (2D) maps of OS
length were registered with retinal AOSLO images by center-
ing their maximal value at the CDC, assuming that both maps
had a common center. Additionally, the limits of the sensitiv-
ity correlations were determined empirically by introducing
a systematic offset in these maps. The location yielding the
optimal correlation of thresholds, and OS length was marked
in the OS maps as the OS offset (OSO) (Fig. 5B).

Increment Sensitivity Thresholds

With the PRL as a spatial anchor at the center of the test
locations, 16 additional test locations were selected manu-
ally, close to the intersections of two concentric perimeters
(spaced 6 and 12 arcmin) around the PRL with the horizon-
tal, vertical, and diagonal meridians (Figs. 2A, 2B). At each of
the 17 test locations, sensitivity thresholds were determined
as the median of three to five repeat measurements per loca-
tion. Sensitivity thresholds were estimated with QUEST.>

Thresholds reflect incremental sensitivity due to stimulus
presentation against the visible IR imaging raster back-
ground (about 5 cd/m? photopic luminance).*?>> Consider-
ing a residual defocus of 0.03 D,* the stimulus edge length
given by the full width at half maximum was about 0.8
arcmin, equaling between 1.5 (P1) and 1.8 (P4) times the
diameter of the smallest cones. Threshold estimation was
completed after 12 trials if the standard deviation (SD) value
of QUEST was less or equal to 0.10 log arbitrary AOM volt-
age drive units (Fig. 2D). If the SD was higher at trial 12, the
run was extended by additional trials until the SD criterion
was met. The run was terminated and had to be repeated if
the SD criterion was not met after 18 trials.

Real-time image stabilization enabled retinal tracking and
repeated stimulation of the targeted test sites with an accu-
racy of about %1 foveolar cone diameter.’® The exact stimu-
lus location was marked during the trial delivery by a digi-
tal marker in an individual trial video. For each participant,
a high signal-to-noise ratio image (sumframe) was created
by summing all stimulus delivery frames across the experi-
ment and by dividing by the numbers of frames contribut-
ing to each pixel. During the subsequent offline analysis,
all stimulus delivery locations were automatically retrieved
from the trial videos and registered via cross-correlation to
the sumframe to create the target location map. Trials with
suboptimal delivery (>0.6 arcmin deviance from median
delivery location) were excluded from further analysis.

Due to small fixation eye motions during the experiments
and a stationary AOSLO beam, stimuli were presented at
variable locations within the IR imaging raster. The imaging
raster, being the visible background during stimulation, had
a non-uniform brightness along its horizontal axis due to
the sinusoidal scanning velocity of the AOSLO. To compen-
sate for this non-uniform background and to keep the visible
contrast between stimulus and background constant, indi-
vidual trial intensity was corrected based on its horizon-
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Ficure 2. AOSLO-based microstimulation. (A) Color fundus image of one participant. The gray square shows the size and position of the
AOSLO imaging and stimulation raster on the retina, positioned at the center of the fovea. (B) Cropped view of an averaged frame showing
the AOSLO image of the central fovea. Retinal stimulation sites are marked by transparent green markers, and three sites are highlighted
by black boxes to be further analyzed in the next panels. (C) Zoomed-in view of selected target sites. Markers indicate individual stimulus
locations during repeated stimulation for threshold estimation. The green square represents the stimulus in raster pixel size. The contour
lines mark 50%, 75%, and 95% of the summed light delivery for each run. Scale bar: 1 arcmin. (D) Exemplary progression of stimulus
intensity based on the current threshold estimation via QUEST with three runs per test site. The individual run was completed when the

standard deviation of the estimated threshold was <0.10, resulting in a varying number of trials per test site and run.

tal position in the raster. In the stimulus-generating soft-
ware, we opted to render stimuli with constant energy (not
size), resulting in compensation factors ranging between
0.95 and 1.00. After trial rejection (about 5% due to imper-
fect registration and 1% due to an inaccurate delivery)
and intensity correction, QUEST was rerun to compute the
final threshold estimate. Trial deletions caused by stabiliza-
tion errors produced higher QUEST SDs. Thresholds with
SDs higher than 0.15 log arbitrary units (prioritizing data
acquisition at this point) were excluded from the following
analysis.

Conversion of Arbitrary Power Units to Number
of Photons at the Cornea

Before and after each experimental run, maximal output
power of the AOSLO stimulation light channel was measured
at maximal AOM drive voltage with a silicon photodiode
and power meter (S130C and PM320E; Thorlabs GmbH,
Bergkirchen, Germany) in the transmitted portion of the
stimulation beam after a 90/10 (T/R) beam splitter was
placed in the light delivery arm of the AOSLO. The aver-
age of these two measurements was used for actual stimulus
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power calculation of a given run. Typically, laser power fluc-
tuated by less than 1% between measurements. With this,
the QUEST threshold estimate (ThreshEst), thus far given in
log10 arbitrary AOM drive units, could be converted into a
number of photons at the cornea using the following equa-
tion:

Pyax - Transosio

.10 ThreshEst.

PbOtonsTbresh. = *Lstim

EPb()t(m

where Py, is the maximal AOM output power measured,
Trans sos10 is the relationship of maximal power fed into the
AOSLO and the power detected at the eye’s pupil position
(about 0.065), tg;, is the stimulus duration during a single
presentation (2.45 ps), and Epp, i the energy of a single
photon.

Cone Light Capture Model and Image Systems
Engineering Toolbox for Biology

To compute light catch in the targeted cones, a custom two-
dimensional model of light acceptance was implemented in
MATLAB. First, the sumframe of the target location map
was registered via crosscorrelation®” to a high signal-to-
noise image of the foveal center used to create the cone
location map. Second, cone center locations were used to
compute a complete Voronoi tessellation of the mosaic defin-
ing the inner segment area of the individual cones. Third,
the absorption characteristic across the inner segment area
was modeled by a 2D Gaussian with a sigma value creating
an aperture of 0.48 of the equivalent diameter.”® The retinal
stimulus was the result of a convolution of the nominal 7
x 7 AOSLO raster pixel stimulus and a diffraction-limited
point spread function with a residual defocus of 0.03 D.5
Finally, the convolved stimulus was multiplied by the cone
absorption matrix to arrive at the amount of stimulus light
absorbed by each cone. The reported value of percent of
light per cone is based on the total light distribution given
by the convolved stimulus matrix.

To independently model the impact of the biophysical
properties of the cones, such as cone diameter, OS length,
and cone class, on sensitivity thresholds, the Image Systems
Engineering Toolbox for Biology (ISETBio) for MATLAB>%
was used. In brief, ISETBio renders an ideal observer and its
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theoretical response during a visual psychophysics experi-
ment. Here, we employed subsets of ISETBio to simulate the
retinal image during stimulation and the emerging photore-
ceptor response. The following parameters were used: The
scene was a 511 x 511-pixel image with the central 7 x 7
pixels containing the stimulus. The field of view was set to
0.85°, and the background luminance set to 0.1 cd/m?. The
wavefront was set to be diffraction limited, with a varying
residual defocus of 0.01, 0.03, and 0.05 D and zero longi-
tudinal chromatic aberration. The hexagonal mosaic func-
tion was used with custom cone spacing and optical density.
The optical density was calculated as the product of the OS
length and an average absorbance of 0.014 pm™'.°* Cone
responses to each condition (varying cone density, opti-
cal density, and both coupled) were computed 10 times to
account for simulated neural noise. Stimulus locations were
shifted in steps of 0.6 arcsec (oversampling the AOSLO stim-
ulus raster 10-fold). The cone class composition of the test
site was controlled by adjusting the L- and M-cone spatial
density parameter for each cone class and carefully checking
the center surround configuration of the generated mosaic.
These two simulations were both run with a residual defocus
of 0.03 D and were repeated 33 times per condition.

REsuLts
Retinal Topography and the PRL

The PRL was found to be offset on average by 3 arcmin from
the CDC (Fig. 3A). For each participant, the offset and the
angle were different, ranging from 1 arcmin and 15° (P1) to
3 arcmin and 178° (P4), with a good repeatability of about 1
arcmin. The bivariate contour ellipse areas, indicating fixa-
tion stability, were found to be small in all participants (50,
67, 16, 30 arcmin?, P1-4).

The foveal mosaics of all four observers could be fully
resolved and marked to create continuous maps of cone
density. Participants P1 to P4 were numbered according
to their peak cone density values (13733, 15230, 18023,
and 18406 cones/deg?, respectively). Cone density dropped
rapidly with increasing eccentricity (Fig. 4), on average to
67% of the peak cone density at a distance of about 20
arcmin from the CDC. The two-dimensional maps of cone
OS length were found to show a similar topography as cone
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Ficure 3. Fixation behavior and foveal increment sensitivity. (A) The PRL of each participant (P1-P4) is plotted relative to the location
of the CDC (plot origin, star). Filled markers represent single measurements, and open markers are the final PRL based on three repeat
measurements. Letters indicate nasal, temporal, inferior, and superior. (B) Pooled sensitivity thresholds across all test sites for each participant
separately (P1-P4) and combined (“All”). Although the range (~0.5 log10 units, whiskers), as well as the highest and lowest thresholds, were
very similar across participants, the median, the first and third quartiles differed. (C) The observed standard deviations of repeated threshold
estimations at the same test site were similar for three participants. Variability for P3 was higher than for the other three participants; 85%

of all observed SDs were <0.10 log10 photons.



Investigative Ophthalmology & Visual Science

Human Foveolar Sensitivity

IOVS | July 2021 | Vol. 62 | No. 9 | Article 31 | 6

3.7
3.6
35
3.4
3.3

3.2

(suojoyd 0160j) ployseiy L

3.1
3.0

29

Cone density
¥ (Cones/deg?)

x103
18
16
14

Ficure 4. Sensitivity in relationship to cone topography and fixation behavior in all participants. Squares mark the average stimulus location
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on the retina and equals the average 95% outline of the summed light delivery (Fig. 1C). Cone density is indicated by colored contour lines.
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shown, as well.

density in each eye (Fig. 5). P1, the participant with the
lowest peak cone density, also had the lowest maximal OS
length (28 um). For P2, P3, and P4, the maximal OS lengths
were 32, 33, and 40 pm, respectively. Within the central 12-
arcmin radius around the CDC, OS length ranges were 3, 4,
4, and 8 pm (P1-P4, respectively).

Small Spot Sensitivity

Small spot sensitivity thresholds across participants were
between 2.97 and 3.67 log10 photons at the cornea (median,
3.25 logl0 photons). Although the range of thresholds
across the four participants was similar (0.55, 0.54, 0.65,
and 0.54 logl0 photons for P1-P4, respectively) (Fig. 3B),
their median thresholds decreased continuously from P1 to
P4 (3.35, 3.24, 3.24, and 3.15 log10 photons, respectively).
The thresholds observed in P1 were significantly higher

compared with the thresholds of P4 (z = 18; P = 0.009, two-
sample #-test). The repeatability for each test site, computed
across three to five reruns, was high, with an average SD of
0.06 £ 0.03 log10 photons (Fig. 30).

Correlation Between Retinal Structure and
Function

As a first observation, none of the participants had their PRL
at the target site with the lowest threshold (5.7, 6.5, 6.5,
and 6.0 arcmin distance from PRL for P1-P4, respectively).
The average distance between the test site with the lowest
threshold and highest cone density was 7.3 arcmin. In P1
and P2, the CDC was closer to the target site with the lowest
threshold than the PRL (CDC distances of 4.5, 3.3, 7.8, and
9.8 arcmin).
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Figure 5. Cone OS length topography. (A) Foveal OCT B-scans from P1 and P4 and a zoomed-in view of the OS in the central fovea.
(B) Further zoomed-in view of central OS and measurement demonstration for all four participants. The center of the band (cyan line) was
semiautomatically marked. The OS start and end (magenta) were found by fitting a one-dimensional Gaussian centered on the second and
third band. The estimated maximal OS length is stated in the upper right corner. (C) Interpolated 2D map of cone OS length in the central
fovea for each participant. The OS map was centered on the CDC; the cross (OSO) marks an empirically determined center of the OS map
relatively to the CDC and the test sites yielding the highest possible correlation between thresholds and OS length. The black vertical lines
in B indicate the region of the 2D presentation in C.
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Ficure 6. Sensitivity thresholds for each participant in relation to distance from PRL, cone density, and OS length. (A) Individual thresholds
for the distance from the PRL for each test site are marked with filled symbols. (B) For each test site, we used the median threshold (open
symbols) of repeated testing (3-5), and reported this value as the sensitivity of the test site. Boxplots show median (white line), first and
third quartiles (box), and whiskers extending to 1.5-fold the distance between the first and third quartiles. (C) Median thresholds in relation
to the cone density of the test site. (D) Median thresholds in relation to the OS length at the test site as obtained from the 2D map shown
in Figure 5. The drawn correlation is based on the OS map centered on the CDC, and po is the optimal correlation based on OSO centering.
Vertical lines in B, C, and D show the standard deviation across repeated runs, and thick black lines are linear fits to the data.

The range of cone densities at the test sites differed
clearly within and among participants, with a difference
from minimum to maximum of 2300 cones/deg® (11,215
to 13,198 cones/deg®) for P1, 3400 cones/deg® (12,564
to 14,971 cones/deg?) for P2, 6100 cones/deg? (11,786 to
17,881 cones/deg?) for P3, and 3800 cones/deg? (14,364

to 18,132 cones/deg?) for P4. Although the highest cone
density of P4 was about one-third higher than the peak
cone density of P1, sensitivity thresholds were similar at
those locations. For further correlation analysis, the median
threshold of repeated threshold estimations at the same test
location was used (Figs. 6A, 6B).



Investigative Ophthalmology & Visual Science

Human Foveolar Sensitivity

IOVS | July 2021 | Vol.62 | No.9 | Article31 | 9

>

v P1 ' ' B
. o P2 °
g 3.6f o P3 v
S o P4
o]
T
S 3.4
1o
o]
O 3.2
[e]
c
[
o
£ 3.0
= m=0.01
p=0.27

C

0 6 12 10 12
Distance from PRL (arcmin)

Cone density (Cones/deg?) x10°

14 16 18

Outer segment length (um)

Ficure 7. Pooling threshold data across participants. (A) Sensitivity thresholds of all participants as a function of test site distance from PRL,
given as median (white line) and first and third quartiles (box). Whiskers extend to 1.5-fold the distance between the first and third quartiles.
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a moderate correlation (p = -0.45). (C) Thresholds as a function of cone OS lengths showing a moderate correlation (p = -0.43). Using
the OSO for all participants, the optimal correlation po was -0.51. All independent variables (distance, density, OS length) were pairwise

significantly correlated with each other (P < 0.001, data not shown).

In each participant, the lowest single threshold was
observed 6 arcmin away from the PRL (Fig. 6B). Also, the
median threshold at 6 arcmin distance was almost identical
(P1 and P2) or even lower (P3 and P4) than the median
threshold at the PRL. For the 12-arcmin eccentricity, we
observed a similar or higher median threshold compared
with the median PRL threshold. In P3 we observed an
extremely high threshold at one location that was 0.3 log10
photons higher than the second highest threshold.

Plotting the individual thresholds as a function of the
cone density of the test site revealed a tendency toward
lower thresholds for higher cone densities (Fig. 6C), with
correlation coefficients of p = -0.09, -0.49, -0.32, and -
0.52 for P1 to P4, respectively, with corresponding slopes
of m = -0.02, -0.06, —0.03, and -0.07 log10 photons per 10>
cones/deg? for P1 to P4, respectively.

As expected, correlating thresholds with foveal cone OS
length revealed a similar trend: Thresholds were generally
lower at sites with higher OS length (Fig. 6D). Correlation
coefficients were p = -0.18, -0.45, -0.31, and -0.52 for P1 to
P4, respectively. The slopes were almost the same across the
four participants (m = -0.03, -0.05, -0.04, and -0.04 1log10
photons/um for P1 to P4, respectively). Based on an empir-
ical approach placing the OS map to maximize the corre-
lation between OS length and thresholds yielded optimal
correlation coefficients of po = -0.40, -0.60, —-0.49, and -
0.65 for P1 to P4, respectively. The corresponding optimized
displacement of the OS length map relative to the CDC, the
OS offset, is shown in Figure 5C.

When data were pooled across participants, the corre-
lation between the thresholds and the distance from the
PRL was given by a slope of 0.65 logl0 photons/deg (p
= 0.27) (Fig. 7A). The observed decrease of thresholds at
6 arcmin distance from the PRL remained in the combined
dataset. Thresholds as a function of cone density had a nega-
tive slope of -0.04 logl0 photons per 10> cones/deg® (p
= -0.45) (Fig. 7B). The correlation between thresholds and
OS length indicated an average decrease of thresholds of —
0.02 log10 photons/pm in the pooled dataset (p = —0.43)
(Fig. 70).

Modeling the Impact of Cone Density, OS Length,
and Distance From PRL on Sensitivity

Because the individual factors of cone density, OS length,
and distance from PRL were all highly significantly corre-
lated with each other (P < 0.001; data not shown), a physio-
logical model of cone light capture (ISETBio) was employed
to model the impact of these three factors independently.
The first hypothesis tested with ISETBio modeling was
whether the correlation between detection thresholds and
cone density could be caused by spatial summation effects,
as the stimulus light diameter was about 1.5 times the aver-
age foveal cone diameter. Therefore, the average distance to
the surrounding neighbors could have played an important
role. Using the cone spacing according to the observed cone
densities, the results from this model were best described by
a linear regression with a slope of about -0.01 log10 photons
per 10° cones/deg?, roughly four times lower than the obser-
vation in our data (Fig. 8A). ISETBio was also used to test
the influence of OS length and associated optical density
on sensitivity and predicted a strong impact of OS length
on thresholds (p = -0.99), with a slope of -0.008 logl10
photons/um OS length based on the observed OS lengths
(Fig. 8B).

In the following step, the slopes derived for 0.03 D
residual defocus®® were used to remove the estimated
proportional influence of cone density and OS length from
the observed thresholds. The rescaled thresholds were
supposed to vary only due to retinal eccentricity in terms of
distance from the PRL (Fig. 8C). When all rescaled thresholds
were plotted as a function of distance to the PRL, a linear
fit with a slope of 0.01 log10 photons/arcmin PRL distance
(p = 0.21) emerged.

These rescaled thresholds were also used to compute the
location of the sensitivity centroid (SC) for each participant
by finding the retinal coordinate yielding the highest value
of p for corrected thresholds against distance from this coor-
dinate (Fig. 3). The SC was offset from the PRL (11.7, 3.8,
4.8, and 7.5 arcmin distance) or CDC (13.1, 2.2, 6.8, and 3.7
arcmin distance) in all participants.
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Finally, we used a linear model (fitlm, MATLAB) to esti- possibly be due to the exact stimulus position on the cone
mate the individual influence of the three factors tested mosaic. To test the hypothesis that the exact placement of
here (cone density, OS length and PRL distance of the test the test stimulus relative to the cone mosaic affects sensitiv-
site) on sensitivity thresholds (Fig. 9). The slopes of the ity at that site, the photon catch of each cone for the average
individual factors were given by —0.020 log10 photons per stimulus location during each run was modeled. An exam-
10° cones/deg?, -0.009 log10 photons/um, and 0.005 log10 ple is shown in Figure 10A for two different cases. The first
photons/arcmin PRL distance. All three factors had the same case shows two different target sites in the retina of P2. At
impact on the sensitivity thresholds, based on P values of both target sites, the exact stimulus locations on the cone
about 0.36 for cone density and OS length and 0.35 for PRL mosaic were similar, but the thresholds differed significantly
distance. In combination, the estimated thresholds were best by 0.36 log10 photons (P = 0.03, Mann—-Whitney U test; n =
fitted by a linear regression with a slope of 0.97 (p = 0.50). 4). In the second example from P4, the stimulus placement
differed; the first one was centered on a single cone, and
the second one was placed in the middle of three cones. For
this case, we found similar sensitivity thresholds, with a non-
significant difference (P = 0.49, Mann-Whitney U-test; n =
4). When all thresholds were plotted against light catch in the
Given a residual variability of £0.20 logl0 photons from nearest cone, no significant correlation emerged (Fig. 10B).
the prediction, we also looked at the variability that could =~ The ISETBio model, by creating a generalized perfect

Modeling the Impact of Stimulus Position and
Cone Class Composition
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differed significantly (P = 0.03, Mann-Whitney U test; # = 4). The right two panels show two different test sites of P4, with different light
catch situations. In the first condition, three cones are supposed to catch the same number of photons, whereas in the second condition the
major portion of stimulus photons are being caught by a single cone. The observed thresholds for these test sites differ insignificantly (P =
0.49, Mann-Whitney U test; n = 4). (B) The data pooled across all participants. Small light catch numbers indicate a three-cone position,
and high numbers a single-cone center position. Example datasets shown in A are highlighted with filled symbols. There was no significant
correlation between observed thresholds and stimulus delivery condition. (C) This observation was confirmed by an ISETBio model testing
the influence of stimulus position on the number of isomerizations. The model showed a maximal change of 0.1 log10 isomerizations for
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not contain any inter-cone class inhibition and therefore shows that only a slight increase of isomerizations if solely L-cones were activated.
The error bars in C and D indicate the ISETBio simulated retinal noise.

hexagonal retinal mosaic, supported this observation: When
shifting the stimulus systematically from a cone-centered
position to a position in the middle between cones, the
number of isomerizations changed by 0.1 in logl0 space
(Fig. 10C). There was no difference if the center cone was
an L- or M-cone. Such small changes could not explain
the observed variability of +0.3 logl0 photons but could
be one reason for the observed intra-run variability of
0.06 log10 photons due to small stimulus displacements

caused by residual errors of the real-time stabilization
(Fig. 20).

Another reason for such variability could be the composi-
tion of cone classes at the stimulus location. Based on ISET-
Bio, the maximal difference was 0.02 logl0 isomerizations
for a stimulus location consisting of only L-cones versus
only M-cones (Fig. 10D). This model did not contain any
specific L-/M-cone interactions and only used cone class—
specific spectral sensitivity.
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DISCUSSION

We studied the anatomical and functional profile of the
center of the foveola of four human participants with adap-
tive optics-assisted in vivo imaging and microstimulation to
quantify the impact of three key morphological factors on
visual sensitivity with cellular resolution.

Distance From PRL

Apart from the observation that the PRL is offset from
the cone topography center mirror symmetrically between
fellow eyes,’ there is currently no other structural indica-
tion for why it forms where it does.?>*% Our hypothe-
sis was that the PRL forms at a location with peak visual
sensitivity. However, we found a rather plateau-like sensi-
tivity profile within the central 6-arcmin radius around the
PRL with reduced sensitivity at about 12-arcmin eccentricity,
resulting in a much flatter slope than the anatomical topog-
raphy of cone density and OS length changes in the same
region. In all eyes, the location of the individual peak sensi-
tivity, as well as the empirically determined SC, was offset
from the PRL (Figs. 3, 5). The distance between the PRL and
the SC was small, about 7 arcmin on average, and the aver-
age thresholds at the PRL and 6-arcmin eccentricity were
similar. Therefore, sensitivity can be ruled out as a major
driving factor of the PRL formation. A recent study from our
group found a systematical offset between the PRL and the
CDC favoring binocular fixation as a more important factor
for the location of the PRL.

Cone Density

We observed a correlation between median sensitivity
and the participant’s peak cone density (PCD), a find-
ing supported by recent clinical work in pathological reti-
nas.'0-18.62.63 When sensitivity was correlated with eccen-
tricity (and thus cone density), it was shown that a small
stimulus size, equal to or lower than the according spatial
summation area, is crucial to resolve the foveal sensitivity
peak. 1049 Qur stimulus (about 1-arcmin full width at half
maximum diameter) met this criterion because the spatial
summation area of the foveola was found to be about 2.5
arcmin in diameter.?! That spatial summation is at play in
our data can be concluded by considering the estimated
number of isomerizations at threshold: Given that the overall
transmission for 543 nm light is 43% (neglecting individual
and age-related variations),®° the average detection thresh-
old was 2.9 log10 photons at the cone inner segments. The
two-dimensional model of cone capture showed that the
central cones at the target site catch between 55 photons
(7% of the stimulus light on the retina) and 95 photons
(12%) at threshold. With an optical density of about 0.5,
this corresponds to 27 or 45 isomerizations in either L- or
M-cones. This is close to the estimated number of isomeriza-
tions (about 22-71) at the absolute cone threshold,®® which
would indicate complete adaptation to the IR background in
our stimulus situation. The 840-nm imaging light had a radi-
ant power of about 14.8 log10 photons/s at the cornea (170
pW). With an overall ocular transmission factor of 0.55 for
840 nm® and a field size of 0.85°, the estimated photon rate
at an individual inner segment was 10.7 log10 photons/s. If a
fraction of 33% was transferred into the OSs (using a Gaus-
sian absorption model®® and assuming a cone integration
time [cit] of 100 ms,* 7°), we yielded roughly 250 R¥/cit per
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L-cone and 22 R*/cit per M-cone. Thus, the observed incre-
ment thresholds followed Weber’s law’! only for L-cones.
In other words, based on differential cone isomerizations
induced by the background light, a threshold variability
of about 1 log unit would have been expected. However,
this was not observed in our data, and we conclude that
a cone-class—encompassing summation mechanism seems
likely.

Modeling of light propagation in cone inner and outer
segments revealed that a smaller cone aperture is beneficial
for increased quantum catch due to the waveguiding prop-
erties of the cone.*

As a consequence, a sharp peak of sensitivity within the
foveola, centered on the highest cone density, would have
been expected, based on the steep increase in the dendritic
field size of the parasol ganglion cell’? and the inner segment
diameter of the cone.>”? In recent microperimetry studies
using a 6-arcmin stimulus diameter, a sensitivity decline with
a slope of about 1.4-dB/deg eccentricity was found.'"574
In our study, using a stimulus smaller than Ricco’s area,
we observed a four-times steeper slope of about 6 dB/deg
within the central 0.2°, but with a sensitivity plateau for
the central 0.1° radius, which may reflect the topography of
parasol dendritic field sizes. Biophysical modeling predicted
only a small influence of cone spacing on sensitivity due to
the size of our stimulus, without taking into account effects
that are due to different light propagation in differently
sized cones®® or increased summation due to an increased
dendritic field size of ganglion cells.”?

OS Length

Following the approach suggested by Spaide and Curcio,>?
our peak OS lengths (average across participants, 33 pm)
were shorter compared with reports for healthy partici-
pants from conventional OCT (with averages of ~41 um,”®
~47 um,”® and ~52 pm’”), but were closer to histological
reports (with averages of 35 pm,’”® >45 pm,” and 30 pm®°).
We found that sensitivity was moderately correlated with
cone OS length within the steep topography of the foveola.
In patients with inherited retinal degeneration, a relation-
ship between visual sensitivity and OS length was recently
observed by Foote et al.,'® but not by Bensinger et al.'” A
significant correlation between OS length and sensitivity was
furthermore reported in other cases of retinal diseases such
as age-related macular degeneration,'>8! glaucoma?® and
retinitis pigmentosa.'?

Given that the light-sensitive photopigment is accu-
mulated in the photoreceptor OS and based on the
assumption that the amount of photopigment per cone is
relatively constant,’ OS length is directly linked to optical
density.°-#3 Furthermore, a correlated decrease of photopig-
ment density and OS length with eccentricity was demon-
strated.” A biophysical model of the cone’s quantum catch
based on the optical density confirmed the observation that
longer OSs are likely to absorb more photons and therefore
convey increased sensitivity.

We report a strong correlation between maximal OS
length and peak cone density, an observation shared by
other groups to varying degrees.'®"18.7¢-8¢ By computation-
ally shifting the OS length map relative to cone density
(0SO) (Fig. 5), the correlation between OS length and sensi-
tivity changed only marginally, indicating that these two are
indeed co-aligned.
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Variability of Threshold Estimates

The impact of the above factors could explain visual sensi-
tivity in the foveal center reasonably well (p = 0.50). The P
value was similar for all three factors (about 0.36); thus, if
two factors (e.g., eccentricity and OS length) are known, an
estimation of foveal sensitivity could be derived. However, a
threshold variability of £0.2 log10 photons remained unex-
plained in the three-parameter model. Biophysical modeling
ruled out light catch differences due to differing stimulus
positions on the cone mosaic*? or the spectral identity of the
cone at the test site as major sources for the observed vari-
ability (Fig. 10). Variations in the optical wave guidance char-
acteristics, due, for example, to the photopigment density of
the cone,®® could not be tested here.

In replicate testing, demonstrating that cell-resolved
sensitivity thresholds were stable across days, we observed a
maximal threshold difference of 0.4 log10 photons between
test sites spaced only 1 arcmin apart, equaling four times
the intra-run variability (Fig. 11). A similar observation was
reported recently with cone-sized stimuli, where thresh-
olds differed by up to 0.3 log units between neighboring
cones.°

Minimal variations of the photopigment spectral sensi-
tivity are likely to occur in the same retina,?”:®® and females
specifically are extremely likely to have two spectrally differ-
ent L-cones, even though functional tetrachromacy has not
yet been observed.®” Given the fact that the female partic-
ipant (P2) did not show an increased cone—cone variabil-
ity (Fig. 3C) and the ISETBio model predicted a neglectable
influence of the cone class on thresholds (Fig. 10D), we
assume that possible photopigment variations would not
account for the high sensitivity differences between neigh-
boring cones alone. Thus, post-receptoral retinal architec-
ture has to be considered further. Individual cone inputs
to ganglion cells vary due to functional weighting at the

cone bipolar or bipolar ganglion synapses.”? So far, in

vitro studies have reported linear and nonlinear interactions
between cones due to subunits within receptive fields of a
ganglion cell.”® The size and location of these subunits in the
receptive field of the ganglion cell were reported to corre-
spond directly to the bipolar cells.**

Horizontal signal processing is realized by H1 and H2
horizontal cells. When an L- and M-cone are connected to the
same horizontal cell, elevated activation of the L-cone that
is due to the 840-nm imaging background would lead to an
inhibition of the M-cone response to the stimulus.>*>%> Neigh-
boring S-cones were found to have a suppressing effect on
thresholds.” The influence of S-cones in the central fovea
has to be considered for the following reasons: First, histol-
ogy showed that scattered S-cones can be found within the
central 0.15°°%7 and, for individual cases, even within the
foveola.”® Second, it is likely that our pulsed light source
(pulse durations of about 25 ps and a frequency of 100
Mhz) activates S-cones via a two-photon effect of the infrared
imaging light”® In the unlikely event of a stimulus being
placed centered on an S-cone, the expected threshold would
have been elevated by 0.3 logl0 photons, based on our
simulation shown in Figure 10A. Therefore, the conspicu-
ously high threshold found in P3 could be due to an S-cone
situated at that location (Fig. 11).

In conclusion, we found that peak sensitivity does not
coincide with the PRL. Small spot sensitivity within the fove-
ola is influenced by the individual cellular morphology and
distance from the PRL. On a cellular scale, we observed
reproducible and significant threshold differences between
neighboring cones in vivo, supporting in vitro reports of
individual cone weights within receptive fields. In combina-
tion, these findings will be helpful in determining the param-
eters for normal cone function in AOSLO microstimulation
testing and thus distinguishing between healthy and patho-
logical cone function.
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