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In brief

Reiniger et al. show that the preferred
retinal locus of fixation is systematically
and reproducibly displaced from the
topographical center of the human fovea.
In the binocular visual field, the area of
high cone density sampling is thus
horizontally enlarged and offset toward
an area usually containing smaller details
in the natural environment.
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SUMMARY

The small physical depression of the human retina, the fovea, is the retinal locus of prime visual resolu-
tion, achieved by a peaking topography of the light-sensitive cone photoreceptor outer segments’ and a
post-receptor wiring scheme preserving high-density sampling.*® Humans dynamically direct their gaze
such that the retinal images of objects of interest fall onto the foveola, the central one-degree diameter of
the fovea,®® but it is yet unclear whether a relationship between the individual photoreceptor topography
at this location and visual fixation behavior exists.®'® By employing adaptive optics in vivo imaging and
micro-stimulation,’'~'® we created topographical maps of the complete foveolar cone mosaics in both
eyes of 20 healthy participants while simultaneously recording the retinal location of a fixated visual ob-
ject in a psychophysical experiment with cellular resolution. We found that the locus of fixation was sys-
tematically shifted away from the topographical center toward a naso-superior quadrant on the retina,
about 5 min of arc of visual angle on average, with a mirror symmetrical trend between fellow eyes. In
cyclopean view, the topographical centers were superior to the fixated target, corresponding to areas
in the visual field usually more distant'*'® and thus containing higher spatial frequencies. Given the large
variability in foveal topography between individuals, and the surprising precision with which fixation is
repeatedly directed to just a small bouquet of cones in the foveola, these findings demonstrate a finely
tuned, functionally relevant link between the development of the cellular mosaic of photoreceptors and

visual behavior.

RESULTS AND DISCUSSION

Foveolar cone topography

By high-resolution adaptive optics scanning laser ophthalmos-
copy (AOSLO), cone photoreceptor topography at the very cen-
ter of the fovea was analyzed in 41 eyes of 21 healthy human
participants (twenty binocular and one monocular). In each
retinal image, about 6,800 to 9,100 cones were marked and their
location used to compute continuous two-dimensional maps of
cone density (STAR Methods; Figures 1A-1F). Peak cone den-
sity (PCD) varied widely across participants (range: 10,823-
18,023; average: 14,067 cones/deg?; see also Table S1), similar
to previous reports.'*% %1519 |n alignment with histology® and
in vivo imaging,>'” we found a steeper drop in cone density
along the vertical compared to the horizontal meridian (Figures
1G and 1H), an anisotropy also found in retinas of other
mammals.?%?

Cone density, interocular symmetry, and fixation behavior
(see below) of the three children in our study (aged 10, 12,
and 14 years; participants P3, P10, and P16, respectively) did
not differ from the adult population. This extends cone density
reports at higher eccentricites®>* into the foveal center. Histo-
logical studies point to an earlier cessation of centripetal cone
photoreceptor migration, with a doubling of cone density be-
tween gestational week 22 and postnatal day 5, and a tripling

between 5 days and 45 months postnatal.”* Visual acuity in
children was shown to approach adult performance between
the ages of 5 and 6 years.*® Thus, the children examined here
are assumed to be in a comparable stage of visual development
as adults.

We introduce a novel, spatially more robust metric to anchor
the fovea’s topographical center: the cone density centroid
(CDC) was computed as the weighted center of cone densities
within the 20th percentile contour (Figure 1F). In 8 participants
(16 eyes), foveolar cone mosaics were imaged and analyzed
on two different days. After careful alignment of high signal-to-
noise ratio images, the advantage of using the CDC over PCD
location as anchor became apparent. While the PCDs as well
as CDC densities were highly correlated between fellow eyes
(= 0.95, p << 0.001 and r? = 0.89, p << 0.001, respectively; Fig-
ure 11), on average, PCD locations varied by more than 3-fold
(mean = SD: 3.0 + 2.3 arcmin; range: 0.1-7.9 arcmin), compared
to CDC locations (mean + SD: 0.9 + 0.7 arcmin; range: 0.1-2.6
arcmin; p = 0.002; paired t test). In all following analyses, the
CDC was used as the singular spatial reference location of the
foveolar center.

The fact that more and more optical and analytical limitations
are lifted with novel imaging techniques, like lateral resolution
exceeding the diffraction limit offered by AOSLO,?°® and the
good agreement between in vivo studies are likely to lead toward
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Figure 1. Cellular topography of the foveola
(A) Fundus photograph of a participant’s right eye.

(B and C) AOSLO image of the foveal center (B), dashed outline enlarged in (C).
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(D) Cone density was computed by the encircled area of the nearest 150 Voronoi tiles around each image pixel (two examples shown).

(E) Cone density color coded as cones/mm?.

(F) In the full map, iso-contour lines are 10", 20" (bold), 40™, 60™, and 80" percentiles. Diamond, peak cone density (PCD); red circle, cone density centroid
(CDC). See Figure S1 for maps of all eyes. Green and purple lines are cardinal meridians shown in (G) and (H) for all eyes.

(G) Individual (thin) and average (bold) profiles of absolute cone density.
(H) Same as (G), normalized to the cone density at the CDC.

(I) Cone densities at the CDC (circles) and PCDs (diamond) were highly correlated between fellow eyes. Open markers indicate children. Regression lines and
95% confidence intervals are represented by dotted lines and shaded areas, respectively.

See Figure S2 for extended symmetry analysis.

a replacement of the gold standard for quantitative cone mosaic
analysis, from histology of dissected tissue preparations® toward
high-resolution in vivo imaging.

Interocular symmetry of foveolar topography

Symmetry is an extensively studied characteristic in various or-
gans. Previous observations in the field of ophthalmic optics
showed ocular symmetries between fellow eyes, such as corneal
topography and ocular wavefront aberrations.?” For cone
density, high interocular correlation was shown at larger retinal
eccentricities (250, 420, 760, and 1,300 um)® as well as for
PCD."" In the foveal center, similar as shown in our data, Cava
et al." found that, in addition to the PCD, Voronoi cell area
regularity and certain iso-density contour areas are also highly
symmetrical between fellow eyes. Here, we observed high topo-
graphical symmetry between fellow eyes, readily perceivable by
eye (Figure S1). When the pointwise difference in density was
computed between fellow eyes, the median root-mean-square
(RMS) (3.8%) was only slightly larger than the difference between
two maps of the same eye analyzed from different days (median
RMS: 2.9%; Figure S2). Small local image distortions are likely to
occur due to the scanning nature of the AOSLO, pixelwise image
acquisition, and sequential stabilization processes. With a con-
servative estimation of such local distortions of up to 3 pixels
(equaling 0.3 minutes of arc of visual angle), they remain relatively
small compared to the magnitude of measured offsets between
retinal locations of interest. By manually selecting a reference
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frame with low distortions (STAR Methods), we further minimized
this confound. PCDs in fellow eyes were strongly correlated and
not different between right and left eyes (paired t test; p = 0.6), as
is also observed by Cava et al." There was also no significant dif-
ference of PCDs between dominant and non-dominant eyes in
our population (paired t test; p = 0.4). Preliminary data from an
acuity study of our group, including pilot data of five participants
from the present study, showed that resolution acuity was better
in the dominant eyes of all five examined participants, while acuity
thresholds were highly correlated with the density of the foveolar
cone mosaic.’® This suggests that better performance in the
dominant eye might be related to other factors than PCD, e.g.,
the particular retinal locations used during the task as well as
retinal motion. To test this hypothesis, resolution acuity and
ocular dominance need to be investigated in a larger population.
Additionally, a spatially resolved analysis of retinal image quality
might help to better understand how optical limits during devel-
opment influence the formation of the optimal retinal locus, as
they affect the sampling limit in resolution tasks.*°

Preferred retinal locus of fixation

In the natural environment, fixation, discrimination, or resolution
requirements are often closely related. For a long time, it was
common view that the anatomical center of the fovea also repre-
sents the center of fixation,>' a view supported by the rough
alignment between these retinal loci. With current imaging tech-
niques, however, opening the door to the exact cellular makeup
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Figure 2. Measuring fixation behavior

(A) Unambiguous retinal landing points of a small flashing target were derived
from multiple AOSLO videos.

(B) The PRLs (squares) of consecutive videos in right and left eyes of P5 on two
different days (~1 year between measurements; see Figure S3 for fixation
stability across multiple years). Small dots are all stimulus locations; marker
brightness represents consecutive videos. Contours are the area containing
one standard deviation of the data (isoline area [ISOA]). Red circle, CDC.

(C) ISOAs in all fellow eyes, participants ordered by average magnitude. The
left bars represent left and right bars right eyes, respectively. Horizontal lines
represent the average (solid) + one standard deviation (dotted). Box whisker
extends to the most extreme data values, and plus markers represent outliers
(distance >1.5 x range between 25" and 75" percentiles).

of an individual eye, it was revealed that the preferred retinal lo-
cus of fixation (PRL) is offset from the location of PCD as well as
from the center of the foveal avascular zone and foveal
pit.>%10:16:32 The PRL is also not the retinal location that provides
highest sensitivity to small spot stimuli, which was recently
shown to be rather plateau-like within the central 0.1 degree of
the foveola.®® However, a possible systematic relationship be-
tween the PRL and the retinal cone mosaic was yet missing.

In the majority of eyes in our population (33/41), fixation
behavior was examined on 2 or more days (Table S1). PRLs
could be found accurately, with a median distance of 2.3 arcmin
between consecutive measurements (range: 1.0-5.6 arcmin;
Figures 2B and S3B). When stimulus locations were pooled

¢? CellPress

across a single day, median locations differed by only 1.5 arcmin
(range: 1.0-4.2 arcmin; Figures S3A and S3B). The observed fix-
ation stability, given by the isoline areas (ISOAs), ranged be-
tween 23 and 153 arcmin? in right eyes and between 29 and
154 arcmin? in left eyes (Table S1). The participants who had a
larger median ISOA also had higher PRL variability between sin-
gle measurements (p = 0.39; p =0.01; Figure 2C). PRLs as well as
ISOAs were highly reproducible in individuals, even across a
period of up to 3.5 years (Figure S3A). This confirms and extends
the finding of Kilpeldinen et al.,* showing PRL reproducibility
over a period of 2 days, on average.

In addition to the previously described structural symmetry
between fellow eyes, we also observed functional symmetries.
Albeit recorded under monocular viewing, fixation stability
across fellow eyes was highly correlated (> = 0.66; p << 0.001;
Figure 2C), supporting the hypothesis of an underlying coupling
of both eyes during fixation.** When eyes were grouped accord-
ing to ocular dominance, there was no difference between
median ISOAs of dominant and non-dominant eyes (p = 0.062;
Wilcoxon signed rank test; n = 20). Previous studies found
functional interocular correlation in microsaccade rates and am-
plitudes under monocular viewing conditions®® and bivariate
contour ellipse areas®® and suggest improved fixation stability
under binocular viewing conditions.>*%°
The relationship of cone topography and fixation
By measuring fixation behavior in a cone-resolved experiment
(Figures 2A and 2B) and by careful alignment with the cone den-
sity maps of both eyes, we reveal a fine and very reproducible
systematic offset between cone topography and fixation
behavior. In retinal coordinates, the PRL was displaced naso-su-
periorly from the CDC by an average amount of 4.7 arcmin
(Figure 3A), corresponding to about 10 cone diameters, in accor-
dance with a recent monocular study comparing PRL and PCD
locations.*” Offset distances were correlated between fellow
eyes in our study (2 = 0.45; p = 0.001; Figure S4B), with high cor-
relation in the vertical (> = 0.72; p << 0.001; Figure 3B), but not
horizontal component (> = 0.09; p = 0.19). The offset’s angular
component was thus not significantly correlated (r? = 0.07; p =
0.28), albeit with a mirror symmetrical trend along a vertical
axis (Figure S4C). Other studies, with a lower number of subjects
or a less accurate method of measuring the PRL, found larger
offsets with median values of 9.8 and 11.5 arcmin.®'° However,
a trend toward PRL formation superior to the PCD is visible also
in those data. Similar PRL offsets (mean: 5.3 arcmin) could be
found when re-analyzing data from Wang et al.” with our analysis
methods (Figure S4A).

Projection of cone topography into the visual field

In the following, we assume that monocular and binocular PRLs
are identical and that PRLs are retinal coordinates of corre-
sponding points in the visual environment and thus independent
of viewing distance.®” In a cyclopean view, where both PRLs are
the common center, CDCs and high cone density areas were
slightly superior to the fixated point (Figures 4A and 4B), firmly
linked between the two eyes. In a natural environment, the visual
field above a fixated point is often farther away (e.g., horizontal
surfaces, such as grounds and table tops),'*'® creating a bot-
tom-to-top gradient of spatial frequencies with higher fre-
quencies above the point of fixation. A displacement of the
CDC superior to fixation might allow for a better estimation of
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Figure 3. Relationship between cone topography and PRL in retinal coordinates
(A) Right and left eyes’ median PRL and 1 SD ISOAs plotted relative to the CDC (see also Figure S4). Exemplary data pair most similar to average (P13) is

highlighted in purple.

(B) Vertical offsets were strongly correlated between fellow eyes (> = 0.72; p << 0.001). The linear regression and 95% confidence interval (shaded area) are
shown. Horizontal offsets were not correlated (r2 =0.09; p = 0.19). |, inferior; N, nasal; S, superior; T, temporal retinal orientations.

See Figure S4 for distance and angular relationships.

3D structure of textured surfaces or objects. Due to the strong
correlation of the vertical position in the visual field, the offset be-
tween both eyes’ CDCs was more pronounced horizontally in our
data (Figures 4C and 4D). Also, CDCs of most right eyes landed
leftward from the left eye’s CDCs, resulting in crossed disparity.
Uncrossed disparities were observed in five participants only,
who also had minimal horizontal offsets. Figure 4D further illus-
trates the geometry and magnitude of the offsets projected
into the binocular field of view.

The highly ordered and systematic functional and topograph-
ical architecture we observe between fellow eyes could be the
result of a developmental process creating appropriate location
information for binocular spatial sampling. From such point of
view, a nasal displacement might emerge as an “overshoot” dur-
ing PRL formation, ensuring overlap between the high spatial
frequency sampling capacity areas in both eyes. We found
incomplete overlaps that essentially enlarge the visual field
sampled by high-density cones in all participants (Figures 4B
and 4C). By the rules of binocular combination, the eye that
sees higher contrast and sharper details gets more weight in
the cyclopean percept.*® Thus, by imperfect horizontal align-
ment of cone topographies, the visual system might create a
larger field of sharp perception with individual sharpness gradi-
ents of the two retinal images.*°

One of the factors driving the enrichment of visual capacities
during development is the demand of resolving fine structures in
the visual environment, and fixation behavior seems to contribute
to such strategies. In adults, fixational eye motion was shown to
enhance visual resolution, for instance.’®*? Post-receptorally,
the connectivity between individual cones and midget bipolar
and ganglion cells was recently shown to develop and establish
a private line for the central photoreceptors already during gesta-
tion.* The centripetal migration of cone photoreceptors starts in
parallel but takes place mainly after birth.>* The nasal superior
offset direction aligns with the closest connectivity to the
optic nerve head, which could facilitate the slightly offset PRL

4 Current Biology 317, 1-6, September 27, 2021

development, even if conduction velocity of retinal ganglion cells
was shown to minimize possible time differences across the
retina.*®> At larger retinal eccentricities, midget ganglion cells
have smaller dendritic field diameters in the nasal quadrant of hu-
man retinae,”* which may be an outcome of the same underlying
mechanisms as the biased PRL formation.

Conclusions

Taken together, participants without known retinal disease or
abnormalities showed a small but systematic offset between
their PRL and the center of cone density distribution, formed in
a way to vertically offset high cone densities toward the superior
part of the visual field and to ensure a horizontal overlap of those
areas in the binocular visual field. This functional symmetry was
associated with high interocular symmetry of foveolar cone
topography. Binocular, foveated display systems that seek to
mimic human vision with high precision could be tuned to reflect
this spatial relationship.*® Binocular in vivo foveal topography
data may provide a basis for detecting changes in the central
photoreceptor topography during retinal disease’® and, more
generally, could contribute to replace histology as gold standard
for normative human photoreceptor evaluations in a healthy
population.

STARXMETHODS

Detailed methods are provided in the online version of this paper
and include the following:

o KEY RESOURCES TABLE
® RESOURCE AVAILABILITY
O Lead contact
O Materials availability
O Data and code availability
o EXPERIMENTAL MODEL AND SUBJECT DETAILS
O Human participants
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(A) CDC of both eyes (right, orange; left, blue) plotted with their PRL as common center in the visual field. Lines connect fellow eyes.
(B) Similar as in (A), including retinal areas encompassing the highest 20% cone densities (within the central 50 arcmin of the fovea). Overlap is shown in dark red.

(C) Projections of high-density cone areas of all participants.

(D) The average displacement between fellow eyes, in a static reading situation, roughly equals the distance between two letters at reading distance (~1 mm).

Orientation of cone mosaics is as seen from behind the observer.

e METHOD DETAILS
O Adaptive optics retinal imaging
O Image processing and cone density analysis
O Determination of the preferred retinal location of fixa-
tion (PRL)
® QUANTIFICATION AND STATISTICAL ANALYSIS

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.
cub.2021.07.005.
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Deposited data

Raw and analyzed data This paper https://doi.org/10.17632/9gkpxsmz23.1

Software and algorithms

MATLAB R2016a (Data analysis) MathWorks https://www.mathworks.com

CNN-Cone-Detection Cunefare et al.*’ https://github.com/DavidCunefare/
CNN-Cone-Detection

Other

Re-analyzed data Wang et al.” https://doi.org/10.5061/dryad.nhOfp1b

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources should be directed to and will be fulfilled by the Lead Contact, Wolf M. Harmening
(wolf.harmening@ukbonn.de).

Materials availability
This study did not generate new unique reagents.

Data and code availability

Cone mosaic images, cone coordinates and retinal locations (PCD, CDC and PRL) have been deposited at Mendeley Data and are
publicly available as of the date of publication. A MATLAB code that can be used for plotting the data on the original image is pro-
vided. This paper analyzes existing, publicly available data. The access links and DOlIs for the datasets and code are listed in the Key
resources table.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human participants

Forty-one eyes of twenty-one participants (7 male, 14 female, 18 adults [age: 18 —42], 3 children [age: 10, 12 and 14]) with no known
ocular conditions and only mild refractive errors (SE: + 2.5 diopters) were studied. Participants are referred to throughout the manu-
script with a singular ID, selected based on a descending order of peak cone densities for the left eye. For one of the participants
(P21), data from the right eye were included as the only monocular dataset in the study, because the left eye’s cone mosaic could
not be resolved completely. Therefore, this eye’s data were only used for PRL reproducibility analysis, as image and functional data
were collected over multiple years. Most of the participants were examined on multiple days (compare Table S1). Participants P4,
P13 and P21 were trained AOSLO observers and members of the lab. Mydriasis was established by two drops of 1% Tropicamide,
instilled into the eyelid about 15 and 10 minutes prior to the imaging session. A third drop was administered in case imaging and
experimentation continued for more than 30 minutes. A customized dental impression mold (bite bar) was used to immobilize and
adjust the head position and thus to align the participants eye in front of the imaging system. 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-Universitat of Bonn.

METHOD DETAILS

Adaptive optics retinal imaging

In vivo images of the complete foveolar cone mosaic were recorded using a custom-built adaptive optics scanning laser ophthalmo-
scope (AOSLO). The general setup of the AOSLO has been described previously,*®“® pertinent differences are described here.
Briefly, the AOSLO front-end featured three f = 500 mm afocal telescopes, designed to point-scan an adaptive optics corrected focal
spot of light across the retina to achieve diffraction limited resolution performance in both the incident and reflected beams. A mag-
netic actuator-driven deformable mirror with continuous membrane surface (DM97-07, 7.2 mm pupil diameter, ALPAO, Montbonnot-
Saint-Martin, France) was placed in a retinal conjugate plane and driven by the error signals of a 25x25 lenslet Shack Hartmann

Current Biology 37, 1-6.e1-e3, September 27, 2021 el



mailto:wolf.harmening@ukbonn.de
https://doi.org/10.17632/9gkpxsmz23.1
https://www.mathworks.com
https://github.com/DavidCunefare/CNN-Cone-Detection
https://github.com/DavidCunefare/CNN-Cone-Detection
https://doi.org/10.5061/dryad.nh0fp1b

Please cite this article in press as: Reiniger et al., Human gaze is systematically offset from the center of cone topography, Current Biology (2021),
https://doi.org/10.1016/j.cub.2021.07.005

¢ CellPress Current Biology

sensor (SHSCam AR-S-150-GE, Optocraft GmbH, Erlangen, Germany). Imaging and wavefront correction wavelength was either
840 nm (x12 nm) or 788 nm (12 nm) light, obtained by serial dichroic and bandpass filtering of a supercontinuum source (SuperK
Extreme EXR-15, NKT Photonics, Birkerad, Denmark). The imaging field of view was 0.85 x 0.85 degree of visual angle. The light
reflected from the retina was captured in a photomultiplier tube (PMT, H7422-50, Hamamatsu Photonics, Hamamatsu, Japan),
placed behind a confocal pinhole (Pinhole diameter = 20 um, equaling 0.47 (840nm) and 0.5 (788nm) Airy disk diameters). The
PMT signal was sampled continuously in a field programmable gate array (FPGA), rendering a 512 x 512 pixel video at 30 Hz
(600 pixel per degree of visual angle). With fast acousto-optic modulation of the imaging wavelengths, the square imaging field be-
comes a retinal display in which psychophysical visual stimulation was possible.’'**° The best images during PRL recordings (see
below) were used to create spatially registered, high signal to noise ratio images of the foveal center in which all cones could be
resolved.

Image processing and cone density analysis

Acquired AOSLO video frames were spatially stabilized by real-time, strip-wise image registration in custom written software.”’
These online-stabilized videos contained frames displaying incomplete stabilization that could be due to poor image quality,
eye blinks, drying tear film, etc. Such frames were identified and deleted manually. The remaining frames were averaged to obtain
a single high-quality image of each retina per video. The single best of at least five such images was selected to be used for further
analysis and serve as high signal-to-noise anchor image for spatial alignment with functional data recordings. All cone center lo-
cations were labeled in a semi-manual process by a single trained image grader: first, a convolutional neural network,*” CNN, was
trained to locate cone center locations with a smaller subset of only manually graded images in our pilot study. Then, all retinal
images were annotated by the newly trained CNN, and manually corrected using custom software. Such corrections were espe-
cially necessary in the foveal center, and wherever cones appeared completely dark.’? The manual correction prioritized mosaic
regularity in cases of ambiguity.® Based on the labeled cone center locations, a Voronoi tessellation was computed (MATLAB
functions: delaunayTriangulation, voronoiDiagram and voronoin). Each cone was regarded as occupying the space of each corre-
sponding Voronoi cell. Angular cone density (cones/deg?) was computed at each image pixel by averaging the Voronoi area of the
nearest 150 encircled cones around that pixel (Figure 1D). This method ensured smooth cone density maps and prevented sam-
pling artifacts as they often occur using defined shapes of masks (e.g., circular or square masks) for selection of cones in a partic-
ular area (Figure 1E). Linear cone densities were computed with respect to the individual retinal magnification factors of each eye,
considering axial length, anterior chamber depth and corneal curvature,'® based on swept source biometry (IOLMaster 700, Carl
Zeiss Meditech, Jena, Germany). Finally, the cone density centroid (CDC) was determined as the weighted centroid (MATLAB
function: regionprops(region_logical, image, “WeightedCentroid”)) of the highest 20% of cone density values. The CDC is indi-
cated by circular marker throughout the manuscript. The 20" percentile was chosen arbitrarily because the entire contour was
evaluable in all eyes. CDC locations did only marginally change at other contours. At the 20% contour, cone densities equaled
the highest ~13% of densities across the entire retina, considering previously reported cone densities at larger retinal eccentric-
ities.>'® Therefore, the theoretical limit of cone sampling within those areas was < 35 arcsec (range: 9600 to 14900 cones/deg?),
equaling 20/13 vision or better under correction of ocular aberrations. Under natural viewing conditions, expected performance
would be slightly less due to higher order aberrations and crucially depends on post-receptor circuitry, midget bipolar and gan-
glion cells (see Discussion).

To quantify overall symmetry between density maps, three different analyses were performed:

(1) Spatial two-dimensional differences (or reproducibility) of cone density maps of the same eye were recorded and analyzed
independently on different days (columns in Figures S2A and S2B), based on a careful alignment of the cone mosaic images.

(2) The differences between density maps of fellow eyes which were recorded on the same day (rows in Figures S2A and S2B)
were obtained by comparing flipping the left eyes map along the vertical axis and aligning it with the CDC of the right eyes map.

(3) The difference between individual density maps of all right eyes and a randomly selected left eye, which was flipped and
aligned with the CDC of the right eye as described in analysis (2).

To quantify the two-dimensional differences, the root-mean-square (RMS) of the point-by-point difference maps was used for the
comparison between absolute and normalized density maps (Figure S2C, respectively, compare with Figure 1G and 1H).

Determination of the preferred retinal location of fixation (PRL)

Using the AOSLO as stimulation platform, a small (nominal 1.6 arcmin), flashing (3 Hz) square with negative contrast polarity (light
turned off) was presented as visual target at the center of the AOSLO imaging raster during image acquisition, and participants
were asked to fixate the target as accurately and relaxed as possible. At least five 10 s AOSLO videos were recorded in each eye
during such fixation epochs. In AOSLO videos, the visual stimulus was directly visible with respect to the retina (Figures 2A and
3B). Thus, fixation behavior can be directly and unambiguously observed in such videos. The PRL was calculated as the median
fixation target location across all videos. To bring fixation behavior into spatial correspondence with the topographical analysis, aver-
aged retinal images derived from both analyses independently were carefully aligned with each other. In 33 of the 41 eyes, PRL mea-
surements were conducted multiple times (e.qg., if participants also took part in other experiments). In three eyes (P13, P4 and P21),
data were obtained in 8, 12 and 17 measurement sessions, respectively, over a period of 3.5 years. For eight participants (16 eyes)
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sessions were repeated after 1 year. For quantification of fixation stability, the isoline area (ISOA) which contains one standard de-
viation (STD) of the data was fitted to the scatterplot of all stimulus positions (Figure 2B).

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were performed using MATLAB v2016.
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