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Editorial on the Research Topic

The neural economy hypothesis: Changes with aging and disease to

cones and other central nervous system visual neurons

Photoreceptors and other central nervous system cells are considered post-mitotic

and at their maximum numbers before birth, although the human retina undergoes

considerable developmental changes in the first few years of life (Hendrickson and

Yuodelis, 1984). In the human fovea, the packing of cones becomes denser at the central

fovea by migration, not by new cones being formed. Cone outer segments elongate by

adding more segments over time, and the inner retinal cells move to more eccentric

locations, reducing light scatter to enhance foveal acuity. To provide decades of vision

these neurons and their networks must have inherent repair processes and be supported

and renewed by glial and other cells. There are limitations to the extent of support

available to visual system neurons, especially photoreceptors with their high metabolic

rates, the assault by incident light on the retina, and the need for optical clarity that

constrains the numbers and locations of blood vessels. Further, these support systems

can fail with aging and disease, creating a harsh microenvironment for photoreceptors.

Cones have a remarkable ability to survive, compared with rods. Alterations

in cone structure and function enable them to stay connected in their circuitry

to provide at least some vision. This is the neural economy hypothesis, i.e., that

neurons adapt to their environment and can modify their physiology to be economical

(Elsner et al., 2020). Improving the microenvironment in aging and disease has the

potential to preserve cones and visual system circuitry, thereby preserving vision.
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Many possible changes to visual system neurons over the life

span include cones reverting to having fewer outer segments,

and even existing as mainly cell bodies as can be found in eyes

with missing or damaged retinal pigment epithelium such as in

age-related macular degeneration (Sarks et al., 1988), myopia

(Jonas et al., 2013), or glaucoma (Dichtl et al., 1998). However,

cone photopigment can increase tomore normal levels over time

following a retinal detachment (Elsner et al., 1992).

New technologies enable in vivo assessments of

photoreceptor health with the added advantages of including

younger subjects with earlier stage disease and longitudinal

studies of disease progression. Histology for many human

diseases such as age-related macular degeneration is often

weighted toward old eyes and end-stage disease. This Research

Topic inspects photoreceptors, their microenvironment, and

visual pathways in health, disease, and aging, using a variety of

techniques including histology, in vivo imaging, and function

measures in both human eyes and animal models.

There are extreme differences in the changes in the retina

when the initial insult is a genetic mutation as opposed to

a metabolic challenge provided by aging or diseases such

as diabetes. The effect of aging on the retina is spatially

heterogeneous, as described in Zouache: the greater prominence

of aging changes occur in the regions with the highest energy

requirements. The environment of neurons changes more in

the macula than in the periphery, and in the outer retina and

choroid as compared to the inner retina. In one family of

progressive retinal degenerations due to genetic defects, known

as retinitis pigmentosa, damage to cones over time and space

can be complex because of the viability factor provided by

another neuron, the rods (Roberts). In a mathematical model

for progressing cone degeneration caused by a reduction in

rod derived cone viability factor (RdCVF), a simple formula is

insufficient as both the amount of RdCVF produced and the

amount of RdCVF the cones require to survive will vary with

retinal location in different manners.

Longer term degeneration of cones is also described by Li

et al., who evaluated long term cone structure in the inherited

retinal dystrophy Oligocone Trichromacy. This condition

results in decreased but usually stable cone function. Their work

demonstrates that even though cone function is reduced, cones

survive, shown by multimodal cellular imaging.

A more complex structure to function relationship was

observed by Jolly et al., who evaluated the changes in color vision

in patients with choroideremia. Their work shows that there is

early loss of tritan (blue-yellow) loss, before loss of red-green

discrimination. While the disease progresses, both chromatic

axes had functional loss, even while visual acuity and OCT based

structural parameters suggest that the retina remained intact.

Their work suggests that the redundancy in the acuity system

is likely maintained longer.

The structure to function relationship is also studied for

aging by Baraas et al. looking at the first detected loss of

red-green function and using the visual acuity of perifoveal

L-cones. Their work confirms cone density did not decrease

significantly in early age-related macular degeneration, through

direct visualization of photoreceptors, even in areas with

decreased L-cone visual function. Cones in patients with age-

related macular degeneration had significantly shortened outer

segments. Using visual function methods, the detection rate

of photons by cones is proposed by Braham chaouche et al.

to detect age-related macular degeneration. Using multi-modal

imaging methods, Yuhas et al. propose that damage to cone

axons may be detected by the combined use of directional

OCT and scanning laser polarimetry or other polarization-

sensitive imaging methods, demonstrating early changes to

photoreceptor integrity in the central macula as a harbinger to

ocular or to neurological disease.

Elsner et al. report that diabetic patients with vessel

remodeling do not have a large decrease of cones and

surprisingly have retinal thickness on OCTwithin normal limits.

There is a greater variability in the reflectance and distributions

of cones. Significantly low cone density is found in some

patients, including younger patients, but the large variability of

older controls makes difficult isolating metabolic damage.

Large changes with aging in more central neurons are

described by Fiuza et al. for the rat non-image forming thalamus.

The daily variations in neurons of calretinin expression that

are important for calcium buffering and signaling decline

progressively with age, with effects not restricted to particular

regions suggesting this is a generalized process.

Taken together, these papers show how cones and other

visual neurons survive, but with altered function. Imaging and

function studies provide the potential for early detection and

streamlining of treatment trials.
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Aging Alters Daily and Regional
Calretinin Neuronal Expression in the
Rat Non-image Forming Visual
Thalamus
Felipe P. Fiuza 1*, José Pablo G. Queiroz 1, Antônio Carlos Q. Aquino 2, Diego A. Câmara 2,

Luiz Eduardo M. Brandão 2,3, Ramon H. Lima 1, José Rodolfo L. P. Cavalcanti 4,

Rovena Clara G. J. Engelberth 2 and Jeferson S. Cavalcante 2

1Graduate Program in Neuroengineering, Edmond and Lily Safra International Institute of Neuroscience, Santos Dumont

Institute, Macaíba, Brazil, 2 Laboratory of Neurochemical Studies, Department of Physiology, Biosciences Center, Federal

University of Rio Grande do Norte, Natal, Brazil, 3Department of Medical Sciences, Uppsala University, Uppsala, Sweden,
4 Laboratory of Experimental Neurology, Department of Biomedical Sciences, Health Science Center, University of State of

Rio Grande do Norte, Mossoró, Brazil

Aging affects the overall physiology, including the image-forming and non-image forming

visual systems. Among the components of the latter, the thalamic retinorecipient

inter-geniculate leaflet (IGL) and ventral lateral geniculate (vLGN) nucleus conveys light

information to subcortical regions, adjusting visuomotor, and circadian functions. It is

noteworthy that several visual related cells, such as neuronal subpopulations in the

IGL and vLGN are neurochemically characterized by the presence of calcium binding

proteins. Calretinin (CR), a representative of such proteins, denotes region-specificity

in a temporal manner by variable day–night expression. In parallel, age-related

brain dysfunction and neurodegeneration are associated with abnormal intracellular

concentrations of calcium. Here, we investigated whether daily changes in the number of

CR neurons are a feature of the aged IGL and vLGN in rats. To this end, we perfused rats,

ranging from 3 to 24 months of age, within distinct phases of the day, namely zeitgeber

times (ZTs). Then, we evaluated CR immunolabeling through design-based stereological

cell estimation. We observed distinct daily rhythms of CR expression in the IGL and in

both the retinorecipient (vLGNe) and non-retinorecipient (vLGNi) portions of the vLGN. In

the ZT 6, the middle of the light phase, the CR cells are reduced with aging in the IGL

and vLGNe. In the ZT 12, the transition between light to dark, an age-related CR loss

was found in all nuclei. While CR expression predominates in specific spatial domains

of vLGN, age-related changes appear not to be restricted at particular portions. No

alterations were found in the dark/light transition or in the middle of the dark phase, ZTs 0,

and 18, respectively. These results are relevant in the understanding of how aging shifts

the phenotype of visual related cells at topographically organized channels of visuomotor

and circadian processing.

Keywords: aging, intergeniculate leaflet, ventral lateral geniculate nucleus, lateral geniculate body, calcium

binding proteins, circadian rhythms, calretinin, stereology
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INTRODUCTION

Aging is characterized, for most living organisms, as a time-
dependent physiological decline associated with increases in
mortality and decreases in fertility rates (Flatt and Partridge,
2018). A practical approach to understand how the aging
phenotype is determined, as well as the relationship between
normal aging and age-related pathologies, is to identify
distinctive cellular alterations as hallmarks of the aging process
(López-Otín et al., 2013). In the nervous system, for instance,
despite there being few changes in the global neuronal numbers
throughout life (Long et al., 1999; von Bartheld et al., 2016),
neurochemical-specific subpopulations of cells are lost during
aging (Bañuelos et al., 2013; Pal et al., 2019; Lamerand et al.,
2020). Thus, given the diverse nature of brain neurochemistry,
the characterization of age-related changes in a cellular level still
poses a challenging endeavor for neuroscience.

There is clear evidence that age-related brain dysfunction and
neurodegeneration are associated with abnormal intracellular
concentrations of calcium (Ca2+), as stated by the Ca2+

hypothesis of aging (Landfield, 1987; Khachaturian, 1994).
Therefore, protein-mediated mechanisms of cytosolic Ca2+

buffering, such as the action of the EF-hand family of calcium
binding proteins (CaBPs), may act as neuroprotective factors
influencing age-related alterations (Alzheimer’s Association
Calcium Hypothesis Workgroup, 2017). Calretinin (CR), a
representative of such CaBPs, seems to participate in the
induction of long-term potentiation (Schurmans et al., 1997)
and is present in neurons which are selectively resistant to the
toxicity induced by β-amyloid protein, calcium overload, and
excitatory amino acid stimulation in the brains of rodents (Lukas
and Jones, 1994; Pike and Cotman, 1995). The CR and other
CaBPs are often employed as histological markers due to their
complementary distribution across brain regions and neuronal
subclasses, being linked with region-specific vulnerability to
aging effects (Fairless et al., 2019; Lamerand et al., 2020).
Accordingly, the CR immunopositive (CR+) neurons are lost
during aging in the cortical and subcortical regions of rodent and
human brains (Villa et al., 1994; Bu et al., 2003; Bae et al., 2015;
Ahn et al., 2017).

Aging affects the overall physiology, including visual,
and circadian functions (Kondratova and Kondratov, 2012;
Engelberth et al., 2013; Yan et al., 2020). After light reaches
the retina, visual pathways to the brain nuclei are commonly
grouped into image-forming and non-image forming visual
systems (Lucas et al., 2014; Sondereker et al., 2020). A major
retinorecipient zone lies in the thalamic lateral geniculate
body, which is subdivided into dorsal lateral geniculate nucleus
(dLGN), intergeniculate leaflet (IGL), and ventral lateral

Abbreviations: asf, Area sampling fraction; CaBP, Calcium binding proteins;

CB, Calbindin d-28k; CE, Coefficient of error; CR, Calretinin; CR+, Calretinin

immunopositive; dLGN, Dorsal lateral geniculate nucleus; hsf, Height sampling

fraction; IGL, Intergeniculate leaflet; opt, Optic tract; RGC, Retinal ganglion cell;

SCN, Suprachiasmatic nucleus; ssf, Serial sampling fraction; vLGN, Ventral lateral

geniculate nucleus; vLGNe, Ventral lateral geniculate nucleus external portion;

vLGNi, Ventral lateral geniculate nucleus internal portion; ZT, Zeitgeber time; AU,

Arbitrary units.

geniculate nucleus (vLGN) (Morin and Studholme, 2014).
Apart from the clear subdivision of the vLGN in an external
retinorecipient (vLGNe) and an internal non-retinorecipient
(vLGNi) portions, there is no obvious cytoarchitectonic
differences in these regions (Monavarfeshani et al., 2017). Unlike
the dLGN, the classical component of the image forming visual
system, the IGL and vLGN have no thalamocortical relays to
any cortical areas (Harrington, 1997; Monavarfeshani et al.,
2017). Instead, the IGL and vLGN widely innervate subcortical
visuomotor related nuclei, such as pretectal and optic accessory
system regions, being likely the main thalamic source of afferents
to the superior colliculus in rats (Matute and Streit, 1985;
Harrington, 1997). Also, the IGL is known to provide photic
and non-photic (e.g., novel or metabolic conditions) inputs
to the hypothalamic suprachiasmatic nucleus (SCN) that fine-
tunes the circadian photo-entrainment (Morin, 2013). For all
these reasons, the IGL and vLGN are classified as the thalamic
components of the non-image forming visual system (Fox and
Guido, 2011; Chengetanai et al., 2020).

It is noteworthy that several visual-related nervous cells, such
as the retinal ganglion cells (RGCs), SCN, IGL, and vLGN
neurons are neurochemically characterized by the presence of CR
(Arai et al., 1992; Jeon and Jeon, 1998; Lee et al., 2010a,b; Lee
et al., 2016; Moore, 2016). Interestingly, the day–night variations
in the CR expression denote region-specificity (Campos et al.,
2015a,b). For instance, the rat SCN presents a higher density
of CR+ neurons in the light phase in comparison with the
dark phase of the day (Moore, 2016). Notably, age-related
alterations in the daily rhythmicity of other neurochemicals, such
as serotonin, noradrenaline, dopamine, arginine vasopressin, and
vasoactive intestinal polypeptide, are features of the brains of
rodents and primates (Míguez et al., 1998; Cayetanot et al.,
2005; Jagota and Kalyani, 2008). In fact, aging leads to a
loss of rhythm in 90% of the hippocampal proteins that
display circadian expression in mice (Adler et al., 2020). Thus,
given the relationship among aging, calcium signaling, and
circadian functions, one could hypothesize that daily changes
in the CaBPs expression are markers of cellular aging and
regional vulnerability. Here, we use unbiased stereology, the
gold standard of cell quantification, to assess whether daily
changes in the number of CR+ neurons occur in the IGL and
vLGN of rats from different ages. In addition to presenting new
data regarding this scarcely investigated issue, we discuss how
the interpretation of morphometric data benefits from taking
into consideration the chronobiologic context. Moreover, we
present data supporting that a phase-dependent reduction in
the amplitude of CR expression characterizes an age-related
shift of neuronal phenotypes in the rat non-image forming
visual thalamus.

MATERIALS AND METHODS

Experimental Subjects
A total of 48 male Wistar rats, ranging from 3 to 24 months of
age, were housed in cages at 22◦C and 50% humidity in a 12:12 h
light/dark cycle with food and water freely available. Animals
were divided into four groups (n = 12 per group) regarding
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the photic condition, or zeitgeber, in which euthanasia was
performed. By definition, the zeitgeber time (ZT) 12 corresponds
to the lights-off hour in the animal housing facility. Specifically,
animals were euthanized at ZT 0-dark/light transition, ZT 6-light
phase, ZT 12-light/dark transition, and ZT 18- dark phase. All
procedures were approved by local ethics committee (CEUA-
UFRN number 054/2015) in accordance with Brazilian law
number 11.794/2008 for animal experimentation.

Tissue Fixation
Following anesthesia with sodium thiopental (40mg/kg), animals
were submitted for a thoracotomy and transcardiac perfusion
through the left ventricle with a 300ml NaCl solution (0.9%)
followed by 300ml formalin (10%) in a 0.1m phosphate buffer
(PB, pH 7.4). These procedures were carried out in the beginning
of each ZT. Following perfusion, the brains were removed, post-
fixed with the same fixative overnight and cryoprotected in a 30%
sucrose solution with 0.1m PB (pH 7. 4) for 3 days. Then, brains
were sectioned into 50µm coronal slices in a cryostat (Leica
Microsystems) and the sections were sequentially collected in 96-
well plates filled with antifreezing solution to be stored at−20◦C
until use for immunohistochemistry. We further detailed tissue
sampling under the Stereology topic.

Immunohistochemistry
Sections of IGL and vLGN were submitted to free-floating
immunohistochemistry. Firstly, sections were blocked for
endogenous peroxidase activity in 0.3% hydrogen peroxide.
Then, sections were incubated overnight with rabbit anti-CR
primary antibody (C7479, Sigma-Aldrich) in a 1:1,000 dilution
with 2% bovine serum albumin and 0.1m PBwith 0.4% Triton X-
100 (PBTX 0.4%). After rinsing, the sections were incubated with
biotinylated goat anti-rabbit secondary antibody (111-065-003,
Jackson ImmunoResearch) in a 1:1,000 dilution with PBTX 0.4%.
Then, sections were incubated in a 0.5% avidin-biotin solution
(Vectastain standard ABC kit, PK-4000, Vector Laboratories),
with 2.3% NaCl addiction, for 120min. Finally, sections were
placed with a 2.5% solution of diaminobenzidine (DAB) diluted
with 0.1m PB. The final reaction was performed adding a
0.01% H2O2 solution, to reveal brown-stained areas resulting
from DAB oxidation. All sections were simultaneously removed
from the DAB solution after 2min of reaction to minimize
the staining variability. The brain sections were mounted on
gelatinized slides, dried, dehydrated in graded ethanol solutions,
cleared in xylene, and coverslipped with a DPX embedding
matrix. Prior to histological processing, we performed a pilot
study to establish optimal antibody concentration and incubation
time. We confirmed internal positive controls by observing
well-defined CR+ cell bodies in regions such as the cerebral
cortex, the thalamic lateral posterior complex, and in the caudal
zona incerta. Also, we addressed negative controls by incubating
sections with no addition of primary antibody. In these cases, we
observed no immunoreactivity.

Stereology
Unbiased stereological analyses were performed in an BX61
optical microscope (Olympus, Japan) fitted with a ProScan

II X-Y-Z motorized stage (Prior Scientific, Rockland, MA,
United States), a 0.5µm resolution Heidenhain MT12
microcator (Heidenhain, Traunreut, Germany) and a Olympus
DP-71 digital camera connected to a computer running the
software NewCAST (Visiopharm, Hørsholm, Denmark). A
pilot study was performed to establish optimal parameters of
section fraction, counting frame area, grid-spacing size, and
disector height for stereological analyses. Accordingly, we used
a 1/4 section sampling fraction (ssf), corresponding to ∼5 IGL
and 6 vLGN sections from an average of 24 sections identified
with the aid of the seventh edition of the rat brain atlas in
stereotaxic coordinates (Paxinos and Watson, 2014). We took
into account, the anatomical considerations of Arai et al. (1992)
and Harrington (1997), as well as previous observations of our
group (Fiuza et al., 2016, 2017), to establish all stereological
parameters and to trace the regional boundaries. Our systematic
uniform random sampling was established by randomly choosing
the first section and picking every following vLGN section in a
200 µm interval.

Regions of Interest
In the lateral geniculate body of the rat, the optic tract (opt)
carries out retinal projections to the dLGN, IGL, and vLGN
laterally bordering these nuclei (Figure 1). The dorsal and
medial borders of IGL, namely the dLGN and superior thalamic
radiation, were easily identified since there is little or no CR
staining in its adjacent boundaries. As the dorsal most regions of
the vLGNe and vLGNi are relatively spared from CR+ neurons,
the IGL ventral borders can be distinguished from its adjacent
vLGN nuclei. At rostral levels, the vLGNe presents a stronger
background of CR staining which serves as a clear division from
vLGNi (Figure 1A). At the middle and caudal levels, vLGNe
enlarges and this stronger background is more pronounced in
its surroundings, rather than in the center, still delineating the
vLGNe/vLGNi border (Figures 1B,C). Also, the vLGNe neurons
usually present a stronger CR cytoplasmic signal which aids in
nuclei delineation.

Absolute Cell Number Estimation
We estimated absolute CR+ cell number bilaterally in an
assumption-free manner for each nucleus following the optical
fractionator method (West et al., 1991). Briefly, this methodology
consists in overlaying a volumetric counting frame, the disector,
in the histological material after the establishment of the ssf as
well as area sampling fraction (asf) and height sampling fraction
(hsf). The asf corresponds to the two-dimensional portion of
the region of interest in which disectors are overlaid. The hsf
comprehends the fraction of the Z plane that each disector
probes. For our estimations, all samples were blind-coded so that
the experimenter had no information regarding the age of the
animal or its ZT group. First, we outlined the IGL and vLGN
subdivisions with a low magnification objective (4x), and then
counted the cells at high magnification (100x PlanApo oil lenses
with 1.4 NA). We only counted the cells with the top of the
nucleus clearly situated within the disector inclusion zone. Based
on our pilot study, we determined a minimum of 100 counted
cells to obtain reliable results with the coefficient of error (CE)
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FIGURE 1 | Delineation of IGL, vLGNe, and vLGNe in CR immunolabeled sections at distinct rostrocaudal positions. Distance caudal (–) to Bregma 0.0 (in mm) are

indicated at the top of each panel. In the rat lateral geniculate body, dLGN, IGL, and vLGN are bordered laterally by the opt. (A) At −4.2mm, vLGNi weak background

aids in the delineation of its boundary with vLGNe. (B,C) At −4.5 and −4.8mm, the medial portion of IGL projects ventrally and stronger immunoreactivity in CR cell

bodies denoting the vLGNe/vLGNi border. Scale bar = 200µm.

below 0.1. To achieve this minimum cell number for counting, we
used a 50 × 50µm counting frame with a grid spacing size of 90
× 90µmwithin our 1/4 ssf.We calculated the asf as a result of the
counting frame area divided by grid-spacing area. The thickness
of each post-shrinkage sections was calculated by focusing the
topmost of tissue and slightly moving down to the bottommost
focus point to measure the distance moved in the z-axis. As we
observed that the tissue shrinks to an average value of 15µm, the
disector height was set at 12µm with 1.5µm guard zones above
and below. Thus, the hsf was obtained through the division of
the disector height by a number-weighted mean post-shrinkage
section thickness. The CE was calculated with the smoothness
class of m= 1 (Gundersen et al., 1999).

After obtaining cell counts (Q−) from IGL and vLGN, the
total number of cells (N) was estimated by the optical fractionator
equation (West et al., 1991):

N =
∑

Q− .
1

ssf
.
1

asf
.
1

hsf

Evaluation of CR Spatial Distribution
We followed the approach of Sabbagh et al. (2020) to evaluate
whether CR staining predominates particular vLGN portions
in the lateral to medial axis at different ZTs. As there was
no indication for the existence of any kind of such cellular
organization in the IGL (Monavarfeshani et al., 2017), we did
not evaluate this nucleus. For this evaluation, we developed a
custom-line scan script that runs in the public domain software
ImageJ FIJI version 1.52p (National Institutes of Health, USA).
First, the image is calibrated into µm scale and the user contours
the region of interest. Then, the image is transformed into 8-bit

type, subtracted from the background and inverted, displaying
the CR staining as pixel gray values. Finally, equally spaced lines
are overlaid into the region of interest and plot profiles show
the variation of pixel intensity along each line length. The data
are plotted based on the average intensity of all lines within
the section and every ssf section of the nucleus. Considering
the variable stoichiometry in immunohistochemical procedures
(Bishop et al., 2018), comparing intensities between the age and
ZT groups could retrieve biased results. For this reason, we did
not perform any direct statistical comparison with this dataset.
Instead, we used its descriptive feature to evaluate the relative
spatial predominance of CR staining in animals at earlier or later
points of the lifespan.

Statistical Analysis
We performed a Kolmogorov–Smirnov test to assess the
normality of our group distributions. After confirming that all
distributions were normal, we computed Pearson’s correlation
coefficient and linear regression analysis to assess if there were
any predictive relationships between age and CR cell numbers
within each ZT group. Further, we divided our study population
into three age groups, namely, young (3–7 months), middle-aged
(12–18months), and old (19–24months) groups (Table 1). Then,
we performed a two-way ANOVA followed by Tukey’s test for
post-hoc comparisons to compare the effects of age and ZT in
CR cell numbers of each LGN nucleus. These analyses aided the
identification of region-specific CR daily rhythmicity and to find
whether the aging effects occurred in the earlier or later periods
of animal lifespan. In all analyses, differences were considered
significant at p ≤ 0.05 and data are expressed as mean ± SD.
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TABLE 1 | Mean CR+ neuronal number estimated in the IGL, vLGNe, and vLGNi

in each ZT and age groups.

ZT group Age group

(Mean ± SD

months)

Nucleus

IGL vLGNe vLGNi

0 Young

(4 ± 1.15)

1,889 ± 516 2,999 ± 459 1,916 ± 375

Middle-aged

(16 ± 2.70)

1,777 ± 525 2,634 ± 721 1,770 ± 472

Old

(23.25 ± 2.70)

1,950 ± 443 2,763 ± 180 1,713 ± 695

6 Young

(4.5 ± 1.91)

2,533 ± 111 4,055 ± 619 2,040 ± 393

Middle-aged

(15 ± 2.16)

2,279 ± 421 3,088 ± 209* 2,129 ± 395

Old

(23.5 ± 0.58)

1,963 ± 240* 3,163 ± 218* 1,729 ± 430

12 Young

(4.75 ± 1.70)

2,572 ± 232 3,480 ± 256 2,831 ± 148

Middle-aged

(15.25 ± 2.36)

2,397 ± 170 3,212 ± 155 2,415 ± 459

Old

(22 ± 1.41)

1,796 ± 87*# 2,754 ± 272* 2,101 ± 274*

18 Young

(3.75 ± 0.95)

1,926 ± 442 2,909 ± 702 2,146 ± 312

Middle-aged

(14 ± 1.87)

1,874 ± 203 2,849 ± 316 1,901 ± 472

Old

(20 ± 1)

2,149 ± 50 3,393 ± 245 1,558 ± 162

*p ≤ 0.05 in comparison with the young group within the same ZT group. #p ≤ 0.05 in

comparison with the middle-aged group within the same ZT group. Data are expressed

as mean ± SD.

IGL, Intergeniculate leaflet; vLGNe, Ventral lateral geniculate nucleus external portion;

vLGNi, Ventral lateral geniculate nucleus internal portion; ZT, Zeitgeber time.

Data analyses were performed with the GraphPad prism version
7.0 software.

RESULTS

Daily Rhythmicity of CR Expression
Representative IGL and vLGN CR immunolabeled sections of
each ZT group in rats from distinct ages are shown in Figure 2.
In Figure 3, we show CR+ cells in higher magnification at ZT
12. After employing the two-way ANOVA with light condition
as an isolated factor, we observed a significant effect upon
CR neuronal changes in the IGL [F(3,36) = 4.07; p = 0.01],
vLGNe [F(3,36) = 4.82; p = 0.006], and vLGNi [F(3,36) = 5.99;
p = 0.002]. In the IGL, Tukey’s test for post-hoc comparisons
revealed that young animals present a higher number of CR+
neurons at ZT 6 (2,533 ± 111), and ZT 12 (2,572 ± 232)
in comparison with ZT 0 (1,889 ± 516). Also, we observed a
significant reduction at the ZT 18 (1,926 ± 442) in comparison
with ZT 12. In the vLGNe, Tukey’s test for post-hoc comparisons
revealed that young animals present a higher number of CR+
neurons at ZT 6 (4,055 ± 619) in comparison with ZT 0 (2,999
± 459) and ZT 18 (2,909 ± 702). In the vLGNi, Tukey’s test

for post-hoc comparisons revealed that young animals present a
higher number of CR+ neurons at the ZT 12 (2,831 ± 148) in
comparison with ZT 0 (1,916 ± 375) and ZT 6 (2,040 ± 393). In
middle-aged and old animals, we observed no alterations in CR
numbers at different ZTs in any nucleus (Figure 4).

Age-Related Changes in CR Cell Numbers
of IGL and vLGN
Mean IGL, vLGNe, and vLGNi CR cell numbers of each age
and ZT group are summarized in Table 1. In the IGL, two-way
ANOVA with age as an isolated factor revealed no significant
effects upon CR cell number alterations [F(2,36) = 2.44; p= 0.10].
However, we found a significant effect between the interaction
of age and ZT factors in the changes of CR cell numbers [F(6,36)
= 2.334; p = 0.05]. In the ZT 6, the Tukey’s test for post-hoc
comparisons revealed a significant CR cell number reduction in
the old animals (1,963 ± 240) in comparison with the young
ones (2,533 ± 111). In the ZT 12, we found a significant
reduction of CR cells in old rats (1,796 ± 87) in comparison
with both young (2,572 ± 232), and middle-aged (2,397 ± 170)
groups (Figure 4A).

In the vLGNe, we observed CR cell numbers changed due to
age factor [F(2,36) = 4.6; p = 0.01] and the interaction between
age and ZT factors [F(6,36) = 2.51; p= 0.04]. In the ZT 6, Tukey’s
post-hoc test revealed a reduction in the CR cell numbers for
the old (3,163 ± 218) and middle-aged (3,088 ± 209) groups in
comparison with the young ones (4,055 ± 619). In the ZT 12,
Tukey’s post-hoc test revealed a significant reduction in CR cell
numbers in the old (2,754 ± 272) animals in comparison with
the young (3,480± 256) group (Figure 4B).

In the vLGNi, we observed CR cell numbers changed due to
age factor [F(2,36) = 4.73; p = 0.01] but the interaction between
age and ZT factors had no significant effects [F(6,36) = 0.48; p =

0.8]. In the ZT 12, Tukey’s post-hoc test revealed a reduction in
CR cell numbers of old (2,101± 274) rats in comparison with the
young ones (2,831± 148) (Figure 4C).

Considering age as a continuous variable, we reported
negative correlations between age and CR cell numbers in IGL
(r = –0.72, p = 0.008) and vLGNe (r = –0.63, p = 0.03) at the
ZT 6. Also, we found negative correlations between age and CR
cell numbers in IGL (r = −0.81, p = 0.002), vLGNe (r = –0.79,
p = 0.002), and vLGNi at the ZT 12 (r = –0.73, p = 0.007).
We observed no correlations between these two variables in any
nucleus in the other ZT groups (Figure 5).

Spatial Distribution of CR in the vLGN
Through line scan analysis, we distinguished four spatial vLGNe
and one vLGNi domains marked by CR staining (Figure 6). We
refer to those as e1, e2, e3, e4, and vLGNi zones. As different
animals have slight differences in vLGN length, here we use
approximations of average distances we found for the young
group. From the lateral-most border to 50µm, we observed that
the e1 zone is relatively spared fromCR (young: 16.34± 4.40; old:
14.36± 4.05). In young animals at the ZT 6, however, we found a
higher predominance of CR staining in this area (35.17± 11.11).
Between e1 and 190µm, we observed the e2 CR rich area (young:
24.74 ± 5.15; old: 21.55 ± 3.69). Between e2 and 350µm, we
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FIGURE 2 | Photomicrographs of CR immunolabeled histological sections containing the IGL, vLGNe, and vLGNi in animals from distinct age and ZT groups. CR

sections are obtained after brain perfusion at ZTs 0 (dark/light phase), 6 (light phase), 12 (light/dark phase), and 18 (dark phase) from young (A–D), middle-aged

(E–H), or old (I–L) animals. Scale bar = 225µm.

found another CR-scarce zone that we refer as e3 (young: 16.54
± 1.98; old: 14.93 ± 2.47). Between e3 and 420µm, we report
the e4 CR rich area highlighting the medial-most vLGNe border
with vLGNi (young: 20.49 ± 4.36; old: 17.09 ± 4.04). From e4 to
the medial-most boundary of vLGNi, we observed no particular
pattern of CR staining (young: 11.62 ± 4.48; old: 10.20 ± 3.84).
Data for CR intensity in each age group are presented here as the
average of all ZTs, except for the e1 in which ZT 6 was isolated.

DISCUSSION

In this study, we describe how changes in the daily expression of
the calcium binding protein, CR, marks region-specific patterns
of cellular aging in the rat non-image forming visual thalamus.

In a previous work, we quantified the total neuronal number
for each of the subregions analyzed here using the same age-
groups (Fiuza et al., 2017). Comparing these datasets, we can
infer CR+ neurons correspond to 32–45% of the total neuronal
population in the IGL, 16–23% in the vLGNe, and 13–20% in the
vLGNi of rats. Considering CR is a knownmarker for GABAergic
interneurons in other regions such as the cerebral cortex and
amygdaloid complex (Tremblay et al., 2016; García-Amado and
Prensa, 2021), it is likely that a sizeable portion of these neurons
also composes GABAergic neuronal subpopulations. In fact,
almost the entirety, if not all, of IGL cells are immunopositive
for GAD, an enzyme that synthesizes GABA (Moore and Speh,
1993; Langel et al., 2018). Also, Gad1 and Gad2 mRNA, which
translates the GAD 67 and GAD 65 isoforms, are expressed by
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FIGURE 3 | High-magnification photomicrographs of CR immunolabeled cells

of the IGL, vLGNe, and vLGNi at ZT 12. The IGL, vLGNe, and vLGNiCR+

neurons from young (A–C), middle-aged (D–F), and old (G–I) animals are

shown in detail. Scale bar = 50µm.

25 and 41%, respectively, of the total DAPI stained cells in the
mouse vLGN (Sabbagh et al., 2020). It is important to highlight
that CR+ neurons are also present in the geniculate body of lizard
(Dávila et al., 2000), African wild dog (Chengetanai et al., 2020),
bandedmongoose, ferret (Pillay et al., 2020), marmoset, rock cavy
(Cavalcante et al., 2008), and human brains (Münkle et al., 2000)
denoting this characteristic is conserved, at some extent, during
evolution. Since the IGL and vLGN contribute to visuomotor
and circadian functions through projections to the superior
colliculus, the pretectal nuclei, and suprachiasmatic nucleus in
many species (Harrington, 1997; Morin, 2013), our findings
could bring an interesting perspective for further translational
aging studies.

We observed a phase-dependent CR expression in the IGL,
vLGNe, and vLGNi of young rats. While every nucleus presented
a higher number of CR cells during the light phase of the day,
distinct phase-dependent patterns denoted a regional variability.
In the IGL, we estimated higher numbers of CR+ cells in both
ZTs 6 and 12 in comparison with ZT 18. However, CR+ cells peak
only at ZT 6 in vLGNe and only at ZT 12 in vLGNi. Such a daily

FIGURE 4 | Daily rhythmicity of CR expression in the IGL, vLGNe, and vLGNi.

Stereological estimations of total CR cell number at each ZT in the IGL (A),

vLGNe (B), and vLGNi (C) from young (black), middle-aged (red), or old (blue)

animals. Data from ZT 0 are double plotted as ZT 24, to graphically represent

the 24 h of the day. Shaded gray areas represent the dark phase. Blue

*p < 0.05 in young vs. old comparison. Blue #p < 0.05 in middle-aged vs. old

comparison. Red *p < 0.05 in young vs. old comparison. Data are analyzed by

two-way ANOVA followed by Tukey’s test for post-hoc comparison. Data are

plotted as mean ± SD.

rhythmicity of CR expression, with higher CR+ counts at ZT 6
in comparison with ZTs 14 and 19, is also a feature of a neuronal
subpopulation found in the rat suprachiasmatic nucleus (Moore,
2016). Additionally, in Sapajus apella, a diurnal primate, a similar
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FIGURE 5 | Age-related changes in the CR expression of the IGL, vLGNe, and vLGNi. Total CR+ cell numbers of the IGL (A–D), vLGNe (E–H), and vLGNi (I–L) are

plotted as a function of age in each ZT. Pearson’s correlation coefficient (r), regression lines with 95% confidence intervals and p-values are shown when a significant

linear relation is observed.
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FIGURE 6 | Spatial distribution of CR staining in the vLGN. (A) Photomicrograph of the vLGN digitally processed for background subtraction. The vLGN borders are

drawn (yellow) and equally spaced lines (gray) in the lateral to medial axis are overlaid to plot profiles of pixel intensity variations in arbitrary units (AU). Scale bar =

100µm. (B–I) CR staining levels through the lateral to medial axis in the young and old animals at t ZTs 0 (blue), 6 (red), 12 (green), and 18 (black). (J,K) Every ZT plot

overlaid for the young and old animals. Relative CR predominance distinguishes five zones, namely, e1, e2, e3, e4, and vLGNi domains. Data are plotted as mean gray

values with standard error for each group.

pattern of reduced CR expression in the dark phase occurs in the
ventral and dorsal subdivisions of the medial geniculate body and
in the granular cell layer, but not in the polymorphic layer, of
the dentate gyrus (Campos et al., 2015a,b). It is also noteworthy
that, contrary to what we found for CR, no daily rhythms were
detected for the CaBP calbindin D-28k (CB) in the adult rat IGL
(Arvanitogiannis et al., 2000). Therefore, it is conceivable that CB
and CR characterize distinct neuronal subpopulations in the IGL
as occurs in the rat arcuate nucleus and in the human temporal
cortex (del Río and DeFelipe, 1996; Foo et al., 2014).

Although daily rhythms of CR expression might reflect
important intracellular mechanisms of calcium buffering and
signaling, we showed here that it progressively declines with
age in the rat non-image forming thalamus. In fact, middle-
aged and old animals were completely absent of daily variations
in the CR+ cell number of every nucleus. To the best of our
knowledge, only one other study addressed the question of
whether daily-rhythms of CaBP expression could be a hallmark
of cellular aging. In this study, no daily or age-related changes
in the density of CB immunopositive neurons were observed in
the SCN of the primate, Microcebus murinus (Cayetanot et al.,
2007). Here, we highlight time of the day as an important
methodological consideration for CaBP cell number estimation
as two independent studies carried out at isolated ZTs, for
instance, one at ZT 12 and other at ZT18, could report either
age-related neuronal loss or no alterations whatsoever.

Treating age as a continuous variable, we observed age-related
reduction in CR+ neurons in all three nuclei at the ZT 12. At ZT
6, we found such alterations only in IGL and vLGNe. No changes
were found in any nucleus at the other ZTs. On comparing with
the age categories dataset, such neuronal loss seems to occur at
different rates. At the ZT 6we can detect changes in CR+ neurons
of vLGNe in middle-aged rats whereas in the other nuclei at
ZT 6 and in every nucleus at ZT 12, the cell numbers were
altered only in the old animals. Considering the total neuronal
number of these regions remains stable during aging (Fiuza et al.,
2017), our findings here are likely due to loss in the capacity
of neurons to express CR rather than death of CR+ neuronal
population with aging. Such findings add up to a number of
reports regarding age-related reductions in CR+ neurons in the
hippocampus (Villa et al., 1994), inferior colliculus (Ouda et al.,
2012), striatum (Bae et al., 2015), and somatosensory cortex
(Ahn et al., 2017) of rodent brains, as well as in the temporal
and auditory regions of the human cerebral cortex (Bu et al.,
2003). Age-related pathologies also result in decreased number
of CR+ neuronal population, as observed in the olfactory cortex
of transgenic AβPP/PS1 mice (Saiz-Sanchez et al., 2012) and in
the pyriform cortex of patients with Alzheimer’s disease (Saiz-
Sanchez et al., 2015). In some scenarios, these alterations might
be due to a specific reduction of CR expression rather than
cell death as we observed here. For instance, the number of
CR+ large striatal interneurons, but not the absolute number of
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these cells, is decreased in Huntington’s disease (Massouh et al.,
2008). Notwithstanding, in the rat dorsomedial and ventromedial
hypothalamic nuclei the percentage of CR+ neurons increases
during aging (Vishnyakova et al., 2020). This reinforces the
usefulness in understanding CR, or any CaBP, expression as
regional markers of cellular changes in normal aging and in the
progression of age-related diseases.

Through our analysis of spatial distribution, we observed a
predominance of CR staining into the lateral-most and medial-
most portions of the vLGNe, with a low density CR zone between
these regions, at all ZTs. In the vLGNi, however, we distinguished
no specific pattern of CR distribution. That was the case even
in the old animals, suggesting that the age-related cell loss we
observed is not restricted at a particular subset of spatially-
located neurons, except perhaps in the e1 subdivision at ZT 6.
We show that CR fairly delimits the vLGNe since sublaminae-
specific markers reveal four hidden laminae, all containing
GABAergic cells, in a lateral to medial organization (Sabbagh
et al., 2020). It is noteworthy that in the vLGNe, but not in the
IGL, retinal terminals are segregated into non-overlapping eye
domains (Monavarfeshani et al., 2017). Such retinal projections
to these nuclei arise from non-image forming RGCs, such as
the M1 intrinsically photosensitive and Cdh3-GFP RGCs (Hattar
et al., 2006; Osterhout et al., 2011). The lateral-most regions of
the vLGNe, which we relate with CR delimited e1, presents retinal
terminals from on–off direction-selective RGCs (Monavarfeshani
et al., 2017). Also, rods and cones seem to participate in the
IGL/vLGN activation since light-induced FOS immunoreactivity
is reduced in these nuclei of mice lacking these photoreceptors,
a response even more dampened in the aged animals (Lupi
et al., 2012). Considering CR+ neurons in the IGL/vLGN may
be targets from CR expressing RGCs (Arai et al., 1992), further
works are necessary to establish whether a coincident loss of
CR expression denotes age-related effects on topographically
organized channels of visuomotor and circadian processing.

Unbiased stereological methods for quantitative
neuroanatomy greatly enriched the knowledge of how aging
affects the nervous system by directing a region-specific approach
to detect age-related alterations in the cellular composition of
the brain. As many studies focus in total protein quantification
to address age-related changes, we highlight the informative
feature to quantify cell numbers for an integrative approach.
For instance, in here and in a few previous reports, if any, the
CR+ cell bodies were found in the rodent dLGN (Arai et al.,

1992; Evangelio et al., 2018). However, in comparison with IGL
and vLGN, the mouse dLGN presents similar CR levels detected
by Western blot and even higher expression of its associated
Calb 2 mRNA (Sabbagh et al., 2018). While mRNA levels are
not necessarily correlated with protein amounts (Maier et al.,
2009), such findings might be due to the presence of CR in axon
terminals at the dLGN as it occurs in the macaque prefrontal
cortex (Melchitzky et al., 2005). Thus, mRNA and total protein
expression approaches could benefit from the understanding if
potential changes in molecule amount are accompanied by shifts
in the cellular phenotype.
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Dark cone photoreceptors, defined as those with diminished or absent reflectivity
when observed with adaptive optics (AO) ophthalmoscopy, are increasingly reported
in retinal disorders. However, their structural and functional impact remain unclear. Here,
we report a 3-year longitudinal study on a patient with oligocone trichromacy (OT)
who presented with persistent, widespread dark cones within and near the macula.
Diminished electroretinogram (ERG) cone but normal ERG rod responses together
with normal color vision confirmed the OT diagnosis. In addition, the patient had
normal to near normal visual acuity and retinal sensitivity. Occasional dark gaps in the
photoreceptor layer were observed on optical coherence tomography, in agreement
with reflectance AO scanning light ophthalmoscopy, which revealed that over 50% of
the cones in the fovea were dark, increasing to 74% at 10◦ eccentricity. In addition, the
cone density was 78% lower than normal histologic value at the fovea, and 20–40%
lower at eccentricities of 5–15◦. Interestingly, color vision testing was near normal at
locations where cones were predominantly dark. These findings illustrate how a retina
with predominant dark cones that persist over at least 3 years can support near normal
central retinal function. Furthermore, this study adds to the growing evidence that cones
can continue to survive under non-ideal conditions.

Keywords: adaptive optics, scanning laser ophthalmoscopy, optical coherence tomography, dark cones, visual
function, color vision, oligocone trichromacy, pde6h

INTRODUCTION

Adaptive optics (AO) ophthalmoscopy has become increasingly used to assess cone photoreceptor
structure and function in human subjects. In the normal photoreceptor mosaic, the reflectivity
of individual cones is highly variable both spatially and temporally (Pallikaris et al., 2003). This
reflectance signal is thought to arise from natural variations in the way light interacts with cones,
including the capture, waveguiding, and backscattering of light (Roorda and Williams, 2002).
However, in disease, structural and functional changes can impact the reflectivity of cones, resulting
in what has been previously referred to as “dark cones.” Multimodal AO ophthalmoscopy can
show cones through different contrast mechanisms simultaneously. Recently, non-confocal split
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detection revealed that cones with diminished or seemingly
absent reflectivity in retinal disorders such as achromatopsia
(Georgiou et al., 2020) can have intact inner segments even
though they appear dark. However, the clinical implications and
functional consequence of having dark cones remain unclear for
numerous retinal diseases.

In 1973, van Lith described a patient with a phenotype
characterized by a normal fundus exam, reduced visual acuity
(VA), normal or near normal color vision, normal scotopic ERG
amplitudes but a much reduced photopic ERG (van Lith, 1973).
He proposed the term oligocone trichromacy (OT) based on
a theory of reduced cone numbers with trichromatism (van
Lith, 1973), which was later confirmed in the foveal region of
three OT patients using a flood illuminated AO ophthalmoscope
(Michaelides et al., 2011). Here, we expand upon this earlier
report by longitudinally characterizing persistent, widespread
dark cones observed within and near the macula using
multimodal AO scanning light ophthalmoscopy (AO-SLO) and
AO optical coherence tomography (AO-OCT), alongside detailed
analysis of retinal function in a patient with OT (Figure 1).

PATIENTS AND METHODS

Study Design
The subject was a 55-year-old female born in South India to
consanguineous parents, who reported a history of mildly
decreased VA since childhood, minimal photophobia, and
reduced contrast sensitivity. She had a history of anemia,
hypertension, and chronic renal disease secondary to congenital
renal hypoplasia for which she underwent successful kidney
transplant. The participant provided written, informed
consent. Although not a clinical trial, this research is
registered on clinicaltrials.gov (Identifiers: NCT02617966,
NCT01878032, and NCT02317328). National Institutes of
Health Institutional Review Board (IRB)/Ethics Committee
approval was obtained, and this study adhered to the tenets of
the Declaration of Helsinki.

A 3-year longitudinal study with comprehensive ophthalmic
examination was performed, including VA assessment,
anterior segment, and dilated fundus examinations, along
with AO imaging.

Genetic Testing
DNA was extracted from whole blood of the proband for genetic
testing. Initial quality control and quantification of DNA was
done at the Ophthalmic Genomics Laboratory, NEI, whereas
for whole exome sequencing, DNA was processed at the NIH
Intramural Sequencing Center (NISC). Library preparation was
done by using Roche’s NimbleGen SeqCap EZ Version 3.0+UTR
kit. Sequencing was carried out on Illumina HiSeq platform to
generate 100 bp paired-end reads. Raw data were processed by
using a standard in-house bioinformatics pipeline. Briefly, reads
were aligned to the hg19 reference genome by using the burrows
wheeler aligner and duplicates were marked with the Picard
tool. Small InDels and single nucleotide variants (SNVs) were
called using GATK and annotated by Variant Effect Predictor

(VEP 92). By using maximum allele frequency 0.01, coding and
splice variants were prioritized and then further analyzed for
pathogenicity and correlation with the patient’s phenotype.

Measurements of Retinal Function
Mesopic retinal sensitivity was measured following pupil dilation
using a fundus guided perimeter (MP1, Navis Software version
1.7.6, Nidek Technologies, Padua, Italy) as previously described
(Cukras et al., 2018). Briefly, retinal sensitivity was measured
across 68 foci covering a 20◦ field centered on the fovea
(Humphrey 10-2 pattern). At each locus, retinal sensitivity
was measured for a 0.43◦ white stimulus (Goldmann size III)
presented for 200 ms against a mesopic background (1.27 cd/m2).

Monocular color discrimination thresholds were measured
along 8 axes spaced 45◦ apart in CIE 1976 L∗u∗v∗ space
measured using a low vision version of the Cambridge Color
Test (LvCCT) (Simunovic et al., 1998) implemented on a
ViSaGe System (Cambridge Research Systems Ltd., Rochester,
United Kingdom) (Zein et al., 2014). Mean color discrimination
thresholds were calculated from five separate measurements
along each axis at each eccentricity. The range for normal
color discrimination thresholds were determined from 22 healthy
volunteers. Achromatic area (AA: units = 106 u∗v∗2), defined
by the area inside the polygon formed by the 8 chromatic
discrimination thresholds was measured for foveal fixation and
for two retinal eccentricities (5◦ and 10◦ along the vertical
meridian from the superior retina). Color vision was also assessed
with the updated Hardy-Rand-Rittler color plates (Bailey et al.,
2004) and Nagel anomaloscope.

Full field ERGs (ffERGs) were recorded in accordance with
the 2008 version of the International Society for Clinical
Electrophysiology of Vision (ISCEV) standard (Marmor et al.,
2009) as described in detail previously (Knickelbein et al.,
2020). Briefly, the patient was dark-adapted for 30 min prior
to the start of the ERG testing. ffERGs were then recorded
from bipolar Burian-Allen contact lens electrodes (Hansen
Ophthalmic Laboratories, Iowa City, IA) using a commercial
electrophysiology system (LKC, Gaithersburg, MD). An Ag/AgCl
electrode placed on the forehead served as ground.

Retinal Imaging
Eyes were dilated with 2.5% phenylephrine hydrochloride
and 1% tropicamide prior to retinal imaging, which included
color fundus photography (Topcon, Tokyo, Japan), fundus
autofluorescence (Topcon, Tokyo, Japan), optical coherence
tomography (OCT, Spectralis HRA + OCT; Heidelberg
Engineering, Heidelberg, Germany), and multimodal
AO ophthalmoscopy.

AO retinal imaging was performed using a previously
described custom instrument (Dubra and Sulai, 2011; Scoles
et al., 2014) that incorporated AO-SLO [confocal reflectance
(Dubra and Sulai, 2011) and non-confocal split detection (Scoles
et al., 2014)] and AO-OCT [based on spectral domain OCT
(Liu Z. et al., 2018)], allowing the capture of co-registered
images. The system used 790 nm light (Broadlighter S-790-
G-I-15-M, Superlum, Ireland) for the AO-SLO and 1080 nm
light (EXS210007-01, Exalos, Switzerland) for the AO-OCT.
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FIGURE 1 | Multimodal clinical and AO imaging of a patient with OT. Color fundus photo (A) and fundus autofluorescence (B) of the right eye at baseline visit
demonstrating mottled RPE with corresponding granular changes. (C) OCT of the macula (dashed line in A) showed irregularity of the IS/OS band. See Figure 5 for
additional detail. Spatially and temporally co-registered multimodal AO-SLO from year 2 at white rectangle marked in (A) revealed the presence of dark cones with
diminished cone reflectivity (D, confocal reflectance image) associated with intact cone photoreceptor inner segments (E, non-confocal split detection image). See
Supplementary Figure 2 for AO images from a healthy eye for comparison. Longitudinal confocal reflectance (F,H,J) along with co-registered non-confocal split
detection (G,I,K) images from the region enclosed by white boxes in (D,E) revealed that these dark cones persisted over a period of 3 years, and the same dark
cones (e.g., arrows) seen in year 1 (F,G) can be tracked through year 3 (J,K). AO confocal reflectance and split detection images from an age-matched healthy eye
at a similar retinal location (green box) show normal-appearing cones with reflective outer segments (L, e.g., arrows) and their corresponding inner segments (M,
e.g., arrows). Scale bars: (A,B) 2 mm, (C) 400 µm horizontal and vertical, (D–M) 50 µm.

Combined, the light levels of all sources measured at the
cornea were below the maximum permissible exposure limits
set by the American National Standards Institute standard
Z136.1-2014. During image acquisition, the subject was asked
to look at a fixation target and to blink naturally. Imaging was
performed at the macula and at additional locations extending
to approximately 15◦ in the temporal direction at the initial and
subsequent visits.

Cone Photoreceptor and Outer Retinal
Length Measurements
Eye motion in AO-SLO images acquired at overlapping areas
was corrected (Dubra and Harvey, 2010) after acquisition using

one of the simultaneously acquired channels. Motion-corrected
averaged AO images were assembled into a larger montage based
on retinal features in areas of overlap. Longitudinal imaging
datasets were manually overlaid and registered to non-AO retinal
images. Retinal locations from both eyes at the fovea and at
5◦, 10◦, and 15◦ eccentricities in the temporal direction across
the 3-year follow up period were compared, and analysis of
cone photoreceptors was performed at these locations unless
poor AO image quality did not permit the analysis to be done.
At each location, cone identification was performed on non-
confocal split detection images using custom-designed software
(Liu J. et al., 2017, 2018), and cone spacing was measured based
on the density recovery profile method (Ratnam et al., 2013).
Dark cones were manually identified based on the transfer of cone
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locations determined in the split detection images onto the co-
registered confocal reflectance images, and any detected cones
that lacked reflective cores based on the confocal reflectance
images were categorized as dark cones. At each eccentricity, cone
spacing measurements were compared to previously published
normative data, and the percentage of dark cones relative to all
cones within a region was calculated.

Outer retinal length, defined as the distance between the
inner segment (IS)/outer segment (OS) and retinal pigment
epithelium (RPE) bands in OCT images, was measured
using both commercial OCT and the custom AO-OCT at
the same retinal locations where cone measurements were
acquired. Commercial OCT was acquired with the B-scan
oriented in both the temporal-nasal and the superior-inferior
directions across the eye, and AO-OCT in the superior-
inferior direction. Measurements on both types of OCT
images in the superior-inferior direction were performed on
individual A-scans after smoothing with a moving average
filter in the lateral direction (kernel size: 6 pixels) and a
Gaussian filter in the axial direction (window size: 5 pixels).
Measurements were then averaged across all available A-scans
within each B-scan.

RESULTS

At the time of initial evaluation, the best corrected VA of
the participant was 20/32 in each eye with myopic correction.

The participant had no nystagmus and her anterior segment
examination was only positive for age-appropriate nuclear
sclerotic and cortical cataracts. On dilated fundoscopy, she
was noted to have mottled appearing RPE (Figure 1A), a few
small drusenoid deposits, a healthy optic nerve, and a normal
periphery. Fundus autofluorescence revealed granular hypo-
autofluorescence in the posterior pole and OCT of the macula
showed mild irregularity of the IS/OS junction (Figures 1B,C).
Close examination of the IS/OS band in OCT suggested
the presence of occasional dark gaps, which could not be
explained by directionality changes due to focal elevations of
the photoreceptor layer (Roorda and Williams, 2002). Over
the 3-year longitudinal follow up, there were no significant
clinical changes, although her cataract did progress without
visual significance.

Cone-mediated photopic ERGs were unrecordable, while rod
mediated scotopic dim flash (DA0.01) responses were within
the normal range (RE = 175 µV; LE = 170 µV; lower limit
of normal = 167 µV) (Figure 2A). The scotopic bright flash
(DA3) ERG responses which are mediated by both rods and cones
were reduced 20% below the lower limit of normal. DA3 ERGs
recorded to paired flashes with reduced interstimulus intervals
(<20 s) were not markedly reduced, ruling out bradyopsia.
Mesopic retinal sensitivity was within the normal range (≥16 dB)
for 61 of the 68 loci. The remaining loci were near normal (14 dB,
N = 6; 12 dB, N = 1) (Supplementary Figure 1). The participant
had good color vision, making no errors on the Hardy-Rand-
Rittler color plates and matching over a narrow range (32–38) on

FIGURE 2 | The patient demonstrated normal to near normal retinal function. (A) ffERG testing highlighted unrecordable photopic responses (LA, light adapted) with
normal scotopic rod-mediated responses to the dim (DA0.01) flash (DA, dark adapted). Gray waveforms: age-matched healthy control; black waveforms: each eye
of the patient. (B) Color discrimination thresholds (purple circles) were close to the white point (center of dashed rectangle) and indistinguishable from healthy
volunteers on this graph. Curved line shows CIE 1976 L*u*v* space. Triangle shows the maximum gamut that could be produced by the monitor. Vermillion, green,
and blue lines indicate protan, deutan, and tritan confusion lines, respectively. (C) A magnified view of the area inside the dashed rectangle from (B). Mean color
discrimination thresholds are plotted for foveal fixation (purple) and for two retinal eccentricities [5◦ (blue) and 10◦ (yellow) along the vertical meridian from the
superior retina]. For each eccentricity, achromatic area (AA) for the subject with OT was slightly above the upper limit of normal. Black polygon shows mean
achromatic area for healthy volunteers and black lines indicate 95% confidence intervals at each of the 8 axes.
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the Nagel anomaloscope. Achromatic area measured with LvCCT
was slightly above the upper limit of normal (70). Additionally,
achromatic area varied little with eccentricity, ranging from
109 for foveal fixation to 102 at 5◦ eccentricity and increasing
slightly to 130 at 10◦ eccentricity (Figures 2B,C). Together, the
fundus appearance and the functional measurements confirmed
the OT phenotype.

Whole exome sequence analysis prioritized 123 SNVs
and small InDels comprised of rare exonic or splice

site variants. One heterozygous truncating variant NM
006205.3:c.35C > G (p.Ser12Ter) was identified in PDE6H,
previously reported as disease-associated in homozygosity
(Kohl et al., 2012; Pedurupillay et al., 2016). However, a
second deleterious allele was not found. Visualization of
PDE6H sequence reads on Integrative Genomics Viewer (IGV)
did not indicate copy number of structural variations. No
other deleterious variants were detected in genes associated
with cone dystrophy.

FIGURE 3 | Longitudinal AO imaging of both eyes in eccentric locations (A: right eye, B: left eye) with measurements of cone spacing and dark cone distribution.
Cone spacing was measured based on the density recovery profile method. (A,B) Dark cones in both eyes with diminished reflectivity at 5o eccentricity across three
years (top row: confocal reflectance images, middle row: confocal reflectance images with identified cones overlaid: green: normally reflective cones, magenta: dark
cones), bottom row: non-confocal split detection images). A decrease in image quality was observed in year 3 mostly due to cataract progression. Examples of rods
surrounding the dark cones are identified by blue arrows in (A,B). Scale bars: (A,B) 25 µm. (C) Increased cone spacing was observed when compared to normative
data, with the largest increase observed at the fovea (blue lines), and a large population of dark cones was found at all eccentricities. R denotes right eye, L denotes
left eye.
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AO-SLO imaging revealed widespread dark cones intermixed
with normally reflective cones in all areas imaged during
the entire longitudinal study, and the high-resolution images
provided by AO-SLO allowed the same dark cones to be tracked
longitudinally (Figures 1D–K, 3A,B). These dark cones can
be readily identified by examining the co-registered confocal
reflectance and non-confocal split detection AO-SLO images,
which reveal the cone outer segment reflectivity and cone
inner segment structure, respectively (Scoles et al., 2014). In
a healthy eye, most of the cones are reflective (Figures 1L,M
and Supplementary Figure 2). In contrast, in the patient with
OT, there are numerous cones with diminished reflectivity
(Figures 1F,H,J) that still retain their inner segment structure
(Figures 1G,I,K), giving rise to the appearance of dark cones.
Dark cones were most prevalent at eccentric locations, ranging
from 51% at the fovea to 74% at an eccentricity of 10o (Figure 3).
Cone spacing measurement was performed based on identifiable
cones in non-confocal split detection images (Figures 3A,B,
third row; Ratnam et al., 2013). When compared to normative
histological data (Curcio et al., 1990), the greatest increases
in cone spacing were observed at the fovea, with either slight
or no progression (i.e., increase in cone spacing) observed
at eccentric locations over 3 years (Figure 3C). The large
population of foveal dark cones were difficult to appreciate
solely based on confocal reflectance images due to the lack of
surrounding rods (Figure 4A left, Figure 4C left), but were
readily visible in the matching non-confocal split detection
images (Figure 4A right, Figure 4C right). In comparison, a
much larger number of reflective foveal cones can be observed
in a healthy eye (Figures 4E,F). Besides the presence of dark
cones, lower than normal cone density was also observed across
the retina. The highest cone density was at the fovea: 43,359
cells/mm2, within the range of expected for OT (Michaelides
et al., 2011) and noticeably lower than previously reported

normal value [normal histologic value (Curcio et al., 1990):
199,200 cells/mm2, range: 98,200–324,100 cells/mm2]. Cone
densities at 5–15◦ eccentricities were 20–40% lower than the
normative values and decreased slightly over time. At the final
AO imaging visit, the cone density was measured to be around
12,498 cells/mm2 at 5◦ eccentricity [normal value (mean ± SD):
14,900 ± 800 cells/mm2 (Song et al., 2011)], 5,802 cells/mm2

at 10◦ eccentricity [normal value: 9,000 ± 900 cells/mm2

(Song et al., 2011)], and 3,661 cells/mm2 at 15◦ eccentricity
[normal value: 8,290 ± 2,600 cells/mm2 (Curcio et al., 1990;
Song et al., 2011)].

There were intermittent gaps in the IS/OS band that
were detectable using commercial OCT in the patient with
OT (Supplementary Figure 3). These gaps were distributed
throughout the macula and were more pronounced at eccentric
locations, regardless of the meridian. There were very few gaps
present in the healthy eye (Supplementary Figure 3C) with
normally reflective cones (Supplementary Figure 2). Although
the lack of sampling and optical resolution prevented the
visualization of individual cone photoreceptors in commercial
OCT images (Figure 5A), similar intermittent bands which
increased with eccentricity were observed using AO-OCT
(Figures 5B–D), corroborating our claim that the intermittent
gaps in the IS/OS band could be associated with the presence
of dark cones in the retina. These gaps are especially noticeable
when compared to AO-OCT of an age-matched healthy eye
at similar retinal locations (Figures 5E–G). Outer retinal
length derived from AO-OCT images was found to range
from 43.3 ± 7.0 µm at the fovea to 43.2 ± 6.7 µm at
10◦ in the right eye, and 42.9 ± 6.7 µm at the fovea
to 46.2 ± 8.7 µm at 10◦ in the left eye. These were in
agreement with co-registered commercial OCT images, which
measured 40.9 ± 5.2 µm at the fovea to 41.4 ± 4.4 µm at
10◦ in the right eye, and 41.4 ± 5.9 µm at the fovea to

FIGURE 4 | Large population of foveal dark cones observed in both eyes (A,B: right eye, C,D: left eye). Co-registered AO confocal reflectance (A–D: left) and
non-confocal split detection (A–D: right) images illustrating the presence of dark cones at the fovea, which possess intact inner segments (A,C right: arrows) but with
diminished reflectivity (A,C left: arrows). Multimodal AO imaging confirms that the dark areas seen in confocal reflectance (A,C left: arrows) are mostly due to the
presence of dark cones, which are more difficult to discern in the fovea using only a single modality (i.e., A,C left only) due to the lack of surrounding rods (i.e., the
rods in Figure 3A,B make it easier to recognize dark cones). Detected cones are identified in both confocal reflectance (B,D: left) and non-confocal split detection
(B,D: right) to show the differences between normally reflective cones (green crosses) and dark cones (magenta crosses). Example foveal images from an
age-matched healthy eye are shown in green box, in which normally reflective cones and higher cone density can be observed (E,F). Scale bar: 20 µm.
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FIGURE 5 | OCT of the patient right eye with outer retinal length (distance between IS/OS band and RPE) measurements and AO-OCT of a healthy right eye.
(A) Commercial OCT of the patient acquired with the B-scan oriented in the temporal-nasal direction across the eye. Dashed lines indicate areas at which AO-OCT
scans were acquired, with the B-scans oriented in the superior-inferior direction across the eye and co-registered using simultaneously acquired multimodal AO-SLO
data. AO-OCT of the patient (B–D) revealed dark gaps in the IS/OS band, which were more pronounced at eccentric locations (B,C). These dark gaps were much
less apparent in an age-matched healthy eye at similar retinal locations (green box E–G) Scale bars: (A–G) 100 µm horizontal and vertical. (H) Box plots showing the
lengths measured on AO-OCT (unfilled boxes) and commercial OCT (filled boxes) of the patient with OT. The measurements from AO-OCT were in general
agreement with those from commercial OCT.

43.2 ± 4.7 µm at 10◦ in the left eye (Figure 5H). These
values were similar to measurements from both a normal subject
(Liu Z. et al., 2016) and a previously reported patient with OT
(Michaelides et al., 2011).

DISCUSSION

In this study we have investigated the possible relationship
between partial loss of cone function and partial loss of cone
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structure in a patient with OT. The widespread presence of dark
cones in OT is reminiscent of achromatopsia (Georgiou et al.,
2020), especially in non-foveal regions in which dark cones can
be readily identified due to the presence of surrounding reflective
rods (Figures 1D, 3). Color vision testing confirmed near-normal
color vision at multiple eccentricities despite the large population
of dark cones (Figure 2B). The preservation of some function in
a retina with a majority of dark cones is consistent with reports
of both non-reflective and dysflective cones, a special case of dark
cones with normal function (Bruce et al., 2015; Tu et al., 2017).

PDE6H (MIM 601190) is associated with autosomal recessive
congenital cone dystrophy (MIM 610024) (Kohl et al., 2012;
Pedurupillay et al., 2016). While a second allele was not identified,
it is conceivable that this case of OT is caused by a non-coding
variant altering expression of PDE6H, or a variant in another
congenital cone dystrophy gene acting in a digenic manner, as
reported in patients with achromatopsia (Burkard et al., 2018).
More recently, the advent of whole genome sequencing along
with RNA-seq has been very helpful in identification of a second
pathogenic allele in genes causing achromatopsia, mostly deep
intronic variants causing aberrant splice events (Burkard et al.,
2018; Weisschuh et al., 2020). Alternative, a previously unknown
gene or transcript could harbor pathogenic variation underlying
this presentation.

In both eyes, there was a decrease in foveal cone density and
a 104% larger than normal cone spacing, which are consistent
with a VA of 20/32 (Ratnam et al., 2013). These findings
confirm an earlier report of foveal cone disruption in OT
using a flood illuminated AO ophthalmoscope (Michaelides
et al., 2011). With the additional information provided by
multimodal AO ophthalmoscopy (Dubra and Sulai, 2011; Scoles
et al., 2014; Liu Z. et al., 2018), we show that most of the
observed dark areas in the foveal cone mosaic are due to foveal
dark cones as indicated in Figure 4, which can be difficult to
recognize solely based on AO confocal reflectance images since
there are no surrounding reflective rods to provide context. In
addition, we show that dark cones were also present beyond
the foveal region with larger population in eccentric locations
(Figure 3). Spatially and temporally co-registered AO-SLO
imaging confirmed that the dark cones surrounded by reflective
rods (e.g., blue arrows in Figures 3A,B) seen in confocal
reflectance did indeed contain intact inner segments, with a small
population of cones that remained normally reflective. Further
comparison of co-registered retinal regions that had both AO
images and microperimetry measurements revealed that areas
with reduced retinal sensitivity also had increased cone spacing
(Supplementary Figures 4B,C), which was consistent with a
previous publication that showed the same inverse correlation
between increased cone spacing and decreased retinal sensitivity
as assessed by microperimetry (Foote et al., 2019). However,
there was one location with normal retinal sensitivity (20 dB)
and slightly decreased cone spacing (supernormal: 10% decrease),
that also had a particularly high percentage of dark cones (82%,
Supplementary Figure 4D). This example suggests that some of
the dark cones may still contribute to retinal sensitivity. Taken
together with the functional results, the data suggest that a retina
with widespread stable dark cones may not have a sufficient

number of functional cones to produce a global ERG photopic
response, but can still provide normal to near normal color vision
and retinal sensitivity from either the few remaining normally
reflective cones (fewer than 50%, Figures 3A,B, 4), or from the
population of dark cones, or both. Despite the large population
of dark cones, both commercial and AO-OCT imaging show that
although the IS/OS band appeared to be disrupted (especially
at eccentric locations; Supplementary Figure 3), outer retinal
length measurements were similar to those from a healthy
subject (Figure 5; Liu Z. et al., 2016). Additional measurements
including more targeted testing would be required to evaluate
the functional status of individual dark cones with regard to
both sensitivity and color perception and to determine if the
dark cones observed in OT are different than dark or dysflective
cones observed in other situations (Sincich et al., 2009; Godara
et al., 2012; Bruce et al., 2015; Cooper et al., 2017; Schmidt et al.,
2019).

We show that the high-resolution images from multimodal
AO ophthalmoscopy can identify the presence of dark cones
in different retinal locations, which alongside clinical functional
measurements help to shed light onto a situation in which cones
may lose some, but not all aspects of their structure and function.
In addition, the findings in this study further reveal the resiliency
of cones. The absent ERG photopic response from this patient
suggests that there was not sufficient numbers of cGMP gated ion
channels that were closed in response to a light flash. Despite this,
dark cones survived and persisted over a period of years and even
in the presence of a large population of dark cones, the patient
demonstrated normal visual acuity including normal color vision
throughout the years. Importantly, this study adds to the growing
evidence that cones can survive in harsh environment even
with altered structure and function due to the disease (Elsner
et al., 2020). We demonstrate the importance of including dark
cones in quantitative cone metrics at the fovea and elsewhere for
assessing variation in cell density in diseases to avoid potentially
undercounting remaining cones. The combination of approaches
to characterize the structure and function of cones may be useful
for evaluating dark cones in OT and other disorders in which they
have been described, illustrating the possibility that retinas with a
majority of dark cones can retain much of their overall function.
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The Relationship Between Perifoveal
L-Cone Isolating Visual Acuity and
Cone Photoreceptor Spacing—
Understanding the Transition
Between Healthy Aging and
Early AMD
Rigmor C. Baraas*†, Åshild Horjen, Stuart J. Gilson and Hilde R. Pedersen†

Faculty of Health and Social Sciences, National Centre for Optics, Vision and Eye Care, University of South-Eastern Norway,
Kongsberg, Norway

Background: Age-related macular degeneration (AMD) is a multifactorial degenerative
disorder that can lead to irreversible loss of visual function, with aging being the
prime risk factor. However, knowledge about the transition between healthy aging and
early AMD is limited. We aimed to examine the relationship between psychophysical
measures of perifoveal L-cone acuity and cone photoreceptor structure in healthy aging
and early AMD.

Methods and Results: Thirty-nine healthy participants, 10 with early AMD and 29
healthy controls were included in the study. Multimodal high-resolution retinal images
were obtained with adaptive-optics scanning-light ophthalmoscopy (AOSLO), optical-
coherence tomography (OCT), and color fundus photographs. At 5 degrees retinal
eccentricity, perifoveal L-cone isolating letter acuity was measured with psychophysics,
cone inner segment and outer segment lengths were measured using OCT, while cone
density, spacing, and mosaic regularity were measured using AOSLO. The Nyquist
sampling limit of cone mosaic (Nc) was calculated for each participant. Both L-cone
acuity and photoreceptor inner segment length declined with age, but there was
no association between cone density nor outer segment length and age. A multiple
regression showed that 56% of the variation in log L-cone acuity was accounted for by
Nc when age was taken into account. Six AMD participants with low risk of progression
were well within confidence limits, while two with medium-to-severe risk of progression
were outliers. The observable difference in cone structure between healthy aging and
early AMD was a significant shortening of cone outer segments.

Conclusion: The results underscore the resilience of cone structure with age, with
perifoveal functional changes preceding detectable changes in the cone photoreceptor
mosaic. L-cone acuity is a sensitive measure for assessing age-related decline in this
region. The transition between healthy aging of cone structures and changes in cone
structures secondary to early AMD relates to outer segment shortening.

Keywords: age-related macular degeneration, isolated L-cone acuity, cone density, aging, outer segment length,
inner segment length, cone spacing
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INTRODUCTION

Age-related macular degeneration (AMD) is a multifactorial,
chronic disease that progresses through early, intermediate,
and late stages (Wong et al., 2014; NICE guideline [NG82],
2018). AMD has a very long asymptomatic phase, typically
spanning more than a decade, before the disease produces
symptomatic visual loss. The earliest recognizable lesion in
humans in vivo is the deposition of drusen between the retinal
pigment epithelium (RPE) and Bruch’s membrane (Mullins
et al., 2000; Pedersen et al., 2018), but symptomatic visual loss
may not occur before photoreceptors start to degenerate. Rods
appear to be more vulnerable to aging than cones, and their
function and structure degenerates earlier in AMD (Schuman
et al., 2009). Cone inner segments (IS) and outer segments
(OS) shorten as AMD progresses (Johnson et al., 2003), with
cone IS shortening being associated with shrinking (Litts et al.,
2015a) and translocation of mitochondria (Litts et al., 2015b).
The neural economy hypothesis (Elsner et al., 2020) argues that
cones can survive for longer because of this shortening and/or
because of less photopigment allowing for a more economical
configuration.

The resilience of the cones (Curcio et al., 1993) is a factor that
limits our understanding of the transition between healthy retinal
cone function in aging and early AMD (Curcio et al., 2020).
This lack of understanding is compounded by most studies being
cross-sectional in design, where the small effect size expected
for a given individual is likely to be dwarfed by inter-individual
variability. For example, individual differences in cone density
are large, even in young, healthy eyes (Li and Roorda, 2007; Dees
et al., 2011; Song et al., 2011; Zhang et al., 2015; Elsner et al.,
2017; Pedersen et al., 2019). Refractive errors, such as myopia
affect cone distribution (Chui et al., 2008; Wang et al., 2019) and
are associated with myopic macular degeneration (Fricke et al.,
2018). Another problem is the frequency of comorbidities in the
elderly (e.g., Hoogendijk et al., 2016), which can affect retinal
health and function in both controls and AMD participants alike.
Cones, however, appear to be resilient in healthy retinal aging—
any possible senescent loss of cone photoreceptors is too small to
be distinguishable from the large inter-individual differences in
cone density (Curcio et al., 1993; Dees et al., 2011; Song et al.,
2011; Chui et al., 2012; Land et al., 2014). There is one report
of shortening of cone outer and inner segments in healthy aging
(Elsner et al., 2020), as well as a reported decline in mitochondrial
membrane potential and cellular energy in cone IS (Eells, 2019).
In parallel, it is well known that there is a senescent decline,
that begins in young adulthood, in spatio-chromatic contrast
sensitivity (Dees et al., 2015) and other measures of chromatic
sensitivity (Knoblauch et al., 2001; Shinomori et al., 2016).
Furthermore, L-cone isolating (spatio-chromatic) acuity has been
reported to correlate with cone density (Baraas et al., 2017).
As such, L-cone isolating acuity could reveal subtle functional
changes in aging, while any corresponding loss of cones would
remain difficult to quantify. Together, these findings indicate
that functional changes precede structural changes in cones in
healthy retinal aging, but both factors have never been assessed
in the same individual nor in both healthy aging and early AMD.

We hypothesized that measures of L-cone isolating acuity would
depend on an individual’s cone density and deteriorate with
increasing age but precede observable changes in cone density.
Furthermore, because of the reported shortening of cone OS/IS
in AMD (Johnson et al., 2003), the functional deterioration would
be more pronounced in early AMD.

We examined the association between spatio-chromatic
acuity, cone density, cone spacing, and age in the same
individuals, who had either healthy eyes and retinas, or retinas
with signs of early AMD. Healthy controls from young adulthood
to old age were included to show the baseline senescent functional
decline, and how early-AMD functional loss cannot be explained
by this decline alone. The retina was imaged with optical-
coherence tomography (OCT) and adaptive-optics scanning-
light ophthalmoscopy (AOSLO) to assess both cone outer and
inner segment length and cone density. We chose to isolate
L-cone function, as L cones are typically more abundant than M
cones in the retina of Caucasians (Hagen et al., 2019), and L-cone
acuity (but not M-cone acuity) has been reported to correlate
with cone density in healthy young adults (Baraas et al., 2017).
L cones also have the type of mitochondrial activity associated
with IS shortening observed in AMD (Litts et al., 2015a,b), and
are the cones that appear to survive the longest in advanced
AMD (Curcio et al., 1996). L-cone function is also less affected
by age-related changes in the crystalline lens (Dees et al., 2015).
Measurements were obtained at 5 degrees eccentricity, where
inter-individual variability is less of an issue (Dees et al., 2011;
Song et al., 2011; Zhang et al., 2015). This would also circumvent
factors that may make the fovea less sensitive to functional
changes, such as the redundancy of cones in the foveal center
(Dees et al., 2011; Bensinger et al., 2019), and that the central
foveal cones are somewhat protected by Müller glia cells and
macular pigment (Curcio et al., 2020).

MATERIALS AND METHODS

Participants and Baseline Measurements
In total, 39 males and females, all Caucasian background, were
included in this cross-sectional study. Ten individuals (aged
61–78 years), exhibiting signs of early AMD as classified by
NICE NG82 (2018), were included in the early AMD group.
Twenty-nine were included in the healthy control group (aged
15–70 years). The broad age range in the control group was
necessary to measure the expected baseline senescent decline in
spatio-chromatic acuity (Dees et al., 2015); to observe that spatio-
chromatic acuity correlates with cone density (Baraas et al.,
2017) across the large inter-individual variation in cone density
(Dees et al., 2011; Song et al., 2011; Zhang et al., 2015; Elsner
et al., 2017); and that cone density was expected to be minimally
affected by age (Curcio et al., 1993; Dees et al., 2011; Song et al.,
2011; Chui et al., 2012; Land et al., 2014).

All participants were healthy with no known ocular pathology
(other than AMD for those in the AMD group), and no former
intraocular or refractive surgery and/or systemic diseases. All
had corrected-to-normal logMAR visual acuity (early AMD
group: −0.14 to 0.3; control group: −0.20 to 0.0, TestChart
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2000, Thomson Software Solutions, London, United Kingdom).
Ocular pathology was assessed with slit-lamp biomicroscopy,
fovea-centered digital 45-degrees color fundus photographs
(Topcon TRC-NW6S non-mydriatic fundus camera, Topcon
Corp., Tokyo, Japan) and high-resolution OCT (Heidelberg
Spectralis OCT2, Heidelberg Engineering GmbH, Germany).
Grading of small hard drusen was performed as described
previously (Pedersen et al., 2018). Axial length, corneal curvature,
anterior chamber depth, and central corneal thickness were
measured with the IOLMaster 700 (Carl Zeiss Meditec AG, Jena,
Germany). All had normal color vision except one (5503) who
had a known deutan deficiency, as screened with the Ishihara
(24 pl. ed., Kanehara Trading INC, Tokyo, Japan, printed 2005)
and the Hardy-Rand-Rittler 4th edition (Richmond Products,
Albuquerque, NM) tests. All tests were performed following
standard procedures. The initial assessment took about one hour
for each participant.

Ethics Statement
The study was approved by the Regional Committee for
Medical Research Ethics for the Southern Norway Regional
Health Authority and was carried out in accordance with the
principles in the Declaration of Helsinki. Informed consent was
obtained from all the participants included in the study after full
explanation of the study procedures.

OCT Imaging
High-resolution OCT images were acquired with the Heidelberg
Spectralis OCT2 (30 × 5 degrees volume; 49 horizontal B-scans;
1536 A-scans per B-scan; 20 frames averaged). The registered
and averaged OCT images were scaled for each participant’s
individual retinal magnification ratio using the Gullstrand four-
surface schematic eye model (Wang et al., 2019). The retinal
layers were segmented using a semi-automatic active contour
method, as described previously (Pedersen et al., 2020). After
segmenting the inner boundary of the inner limiting membrane
(ILM), successive layers were then segmented at the center of
the external limiting membrane (ELM), ellipsoid zone (EZ), and
interdigitation zone (IZ), and the posterior boundary of the
RPE-Bruch’s Membrane (RPE-BrM) band. The foveal center was
defined as the section with maximum outer segment length (EZ
to IZ) and minimum foveal thickness (ILM to RPE-BrM) within
the foveal pit. The B-scan that passed through the defined foveal
center was used for analysis. Retinal thickness, outer segment
(OS) and inner segment (IS) length measures were extracted over
a 0.5 degree region centered on 5 degrees eccentricity (for details
see Figures 1B,C).

Adaptive Optics Scanning Light
Ophthalmoscope Imaging
High-resolution confocal images were acquired with the
Kongsberg AOSLO instrument using the 790-nm light channel
(Pedersen et al., 2018). The participant’s pupil was dilated, and
accommodation suspended by instillation of cyclopentolate 1%
(those aged < 30 years) or Tropicamide 0.5% eye drops prior
to imaging. A dental impression on a bite bar stabilized the

head and provided stable pupil positioning during imaging. The
macular region was imaged from 0–6 degrees eccentricity along
the horizontal meridian. Images were acquired simultaneously
using 1 × 1 degree fields of view and were processed according
to previously published methods (Li and Roorda, 2007; Dubra
and Harvey, 2010; Cooper et al., 2016). The registered and
averaged AOSLO images were scaled for each participant’s
retinal magnification ratio in the same way as the OCT images.
The processed images were stitched together into a mosaic
aligned to the corresponding infrared en-face image acquired
simultaneously with the OCT B-scans (Pedersen et al., 2019).
The foveal center was identified anatomically on images as
described previously (Pedersen et al., 2019). Individual cones
were identified via a semi-automatic algorithm (Li and Roorda,
2007; Garrioch et al., 2012). Manual cone selections were made
when some were too dim to be detected automatically, based
on the assumption that foveal cones are packed into a nearly
hexagonal mosaic, using the non-confocal (split detector) images
to disambiguate cones from rods. After manual editing, inter- and
intra-cell statistics were obtained from the Voronoi tessellation
of these cells including, notably, the mean number of neighbors
and the mean inter-cell distance (ICD). ICD was used to calculate
the Nyquist sampling limit of the cone photoreceptor mosaic
(Nc), where Nc =

√
3

2 × ICD. Cone density was estimated over
six 50 × 50 µm sampling windows at 5 degrees temporal
eccentricity. The percentage of 5-, 6-, or 7-sided Voronoi cell
neighbors was calculated to characterize the regularity of the
photoreceptor mosaic.

Perifoveal L-Cone Isolating Single Letter
Visual Acuity
Eight in the AMD group (aged 61–78) and fourteen of the healthy
controls (aged 24–70 years) also performed the psychophysical
tests (L-cone acuity). L-cone isolated spatial acuity was measured
with a tumbling Sloan E letter of 23% increment cone contrast as
described elsewhere (Baraas et al., 2017). Briefly, the background
was always 10 cd/m2 with chromaticity metameric to CIE
illuminant D65 and the CIE (x, y, Y)-coordinate of the
L-cone isolating Sloan E stimulus at 23% was (0.385, 0.316,
11.5). The stimuli were displayed on a calibrated 22-inch CRT
monitor (ViewSonic P227f, ViewSonic Corporation, Walnut, CA,
United States). The participants were placed comfortably in a
chin- and forehead-rest and viewed the display monocularly,
with their preferred eye, using appropriate refractive correction
for the given viewing distance of 229.2 cm. The experiment
was carried out in an otherwise darkened room. Prior to each
experiment, the participants were dark adapted for 3 min, then
light adapted for 1 min by viewing a neutral gray screen with
the same color and luminance as the background of the stimuli.
A four-alternative forced-choice procedure was implemented,
and the size of the Sloan E was altered using an adaptive
procedure (Kontsevich and Tyler, 1999; Prins and Kingdom,
2018), and analyzed as described previously (Baraas et al., 2017).
The participant’s task was to maintain fixation on a black cross
that appeared at the side of the display, while the Sloan E was
presented at 5 degrees temporal eccentricity for 250 ms. The
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FIGURE 1 | Multimodal images of one participant with early AMD and high-risk of progression (5501, top row), followed by one with medium risk (5507) and two
with low-risk (5504, 5508); as well as three normal controls [5160 (68 years), 5510 (65 years), 2538 (35 years)]. (A) Color fundus photos of the central 14 degree of
the macula. Black arrows indicate 5 degree temporal eccentricity. (B) Horizontal SD-OCT scan through the foveal center of the central ±7 degree including an
illustration of the segmented inner limiting membrane (ILM, yellow line), the external limiting membrane (ELM, green line), the inner/outer segment junction also
referred to as the inner segment ellipsoid zone (EZ, blue line), the cone outer segment tips also referred to as the interdigitation zone (IZ, red line) and the retinal
pigment epithelium—Bruch’s membrane layer (RPE-BrM, orange line). The inner segment (distance from ELM to EZ) and outer segment (distance from EZ to IZ)
lengths were extracted and used for analyses. White arrows indicate 5 degree temporal eccentricity. Scale bars = 200 µm. (C) A magnification of a one-degree area
centered at 5 degree eccentricity, delineated by white boxes in B. Images from 5501 had visible drusen in this area and showed marked thickening in the RPE layer.
None of the other participants with early AMD showed any apparent retinal changes within this area. (D) Raw confocal and (E) split-detection images showing
reflection from cone outer segments and multiple-scatter image of cone inner segments at 5 degree eccentricity (temporal). Images are 150 × 150 µm or
approximately 0.52 × 0.52 degree, scale bar = 20 µm.

participant indicated whether the Sloan E was oriented up, down,
left, or right by pushing the corresponding response button.
Failure to maintain fixation was automatically detected by the

software and the trial re-tested with a different orientation of
the Sloan E. Fixation was verified with an eye tracker, which
monitored direction of gaze 120 times per second (ASL Eye
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Tracking System Model 5000, Applied Science Laboratories,
Bedford, MA, United States).

Data Analysis
All data analyses were performed with the statistical software
R, version 4.0.5 (R Core Team, 2021). Mean, standard
deviation, median, range, and Z-scores were calculated for
descriptive analysis.

Welch’s 2-sample t-test (adjusts degrees of freedom to
account for variance differences between the samples) were
used for comparisons between participants with early AMD and
healthy controls, as the data approached a normal distribution
(as assessed by QQ-plots, Shapiro-Wilk test, and histograms).
The homogeneity of the variances across groups was assessed
using the F-test. Correlations were assessed using Pearson (r)
coefficients. Multiple linear regressions were performed to assess
the relationship between log Nc and L-cone logMAR at 5 degrees
eccentricity with age as a covariate. Significance level was set
at 0.05. For retinas exhibiting signs of early AMD, cones at
5 degrees eccentricity were semi-automatically identified twice,
6 weeks apart, by one experienced grader (author HRP). The
intraclass correlation coefficient (ICC) were calculated for 50
pairs of perifoveal cone density measurements using the irr
package (version 0.84.1) in R.

RESULTS

Clinical Characteristics
Tables 1, 2 show the clinical characteristics of all AMD
participants and healthy controls, respectively. Presence of
drusen and their size and texture were assessed within 2
disk diameters of fovea. Of those with AMD, three had
metamorphopsia (5500, 5501, and 5503) when assessed with
Amsler chart. None had lens nuclear opacity more than NO 2

according to LOCS III (Chylack et al., 1993). None had cortical
or posterior subcapsular opacities. All the AMD participants had
early AMD, 6 with low risk and 4 with medium-to-high risk of
progression according to NICE NG82. The grading encompasses
the observed changes in the fovea in these participants (see
Supplementary Material for OCT B-scans with a more detailed
description than that provided in Table 1). A qualitative
assessment of the fundus and OCT images showed no apparent
retinal changes around 5 degrees eccentricity in any of the
AMD participants, except participant 5501 who had small and
medium drusen in this area (see Figure 1, top row). Five of the
AMD participants had a disrupted inner segment ellipsoid zone
(EZ) (also called inner/outer segmented junction) over one or
more drusen at other macular locations. Those with AMD were
61 years or older, whereas eight healthy controls were 50 years
or older. None of the controls had metamorphopsia when tested
with Amsler chart, nor any gradable lens opacities. None of the
healthy controls had any sign of retinal diseases, although eight
had 1–3 small hard drusen which are normal age-related changes.
One participant with a known color deficiency (5503) failed both
pseudoisochromatic plate tests, while the others—in both the
AMD and the control group—made 2 or fewer errors, as would
be expected of normal trichromats. All participants demonstrated
stable central fixation on both OCT and AOSLO.

IS/OS Thickness Measures From OCT
Imaging
Figures 1A,B shows fundus images and horizontal SD-OCT
scan through the foveal center of the central ±7 degrees for
four representative participants with early AMD and three age-
matched healthy controls. OCT images with sufficient quality
for analysis were obtained from 10 with AMD and 29 healthy
controls. There was a significant correlation between age and
photoreceptor inner segment length, but not between age and

TABLE 1 | Clinical characteristics of the 10 participants with early AMD presenting age, sex, eye tested, spherical equivalent refractive error (SER), ocular axial length
(AL), logMAR visual acuity, frequency of drusen, drusen size and type, the presence of disrupted ellipsoid zone (EZ), pigmentary changes, and clinical classification of
AMD according to NICE NG 82 (NICE guideline [NG82], 2018).

ID Age Sex Eye
tested

SER AL VA # of
drusen

Size* Type Disrupted
EZ

Pigment
changes

OS
length

IS length Classification

5508 61 M OD −1.25 26.33 −0.14 15–20 S–M Hard Yes No 21.11 29.01 Early: low risk

5506 72 M OS +1.00 23.34 −0.10 20–25 S–M Both Yes No 24.46 27.07 Early: low risk

5503§ 77 M OD +0.10 23.64 0.10 10–15 S–M Hard No No 24.35 24.09 Early: low risk

5502 78 F OD +1.41 23.52 0.16 5–10 S–M Both No No 24.98 24.81 Early: low risk

5204 71 F OS −0.13 24.24 −0.10 5–10 M Soft No No 22.73 19.35 Early: low risk

5504 61 M OS −1.53 24.41 −0.10 15–20 M Both No No 20.85 28.12 Early: low risk

5505 67 F OS −4.50 26.05 0.10 25–30 S–L Both Yes No 22.25 23.70 Early: medium risk

5500§ 66 M OS −1.13 24.49 0.10 5–10 S–M Soft Yes Yes 19.75 25.91 Early: medium risk

5507 68 F OS +3.00 21.29 0.02 5–10 M Soft No Yes 22.29 27.29 Early: medium risk

5501§ 77 M OD +3.32 23.13 0.30 55–60 M–L Both Yes Yes 21.41 23.51 Early: high risk

Mean (SD) 70 (6) 0.03
(2.32)

24.04
(1.45)

0.03
(0.14)

22.42
(1.73)

25.29
(2.83)

Participants are sorted according to AMD severity (rightmost column).
*S, Small drusen ≤63 µm; M, medium drusen >63 µm and ≤125 µm; L, large drusen >125 µm.
§Metamorphopsia when tested with Amsler chart. Mean (SD) are in bold.

Frontiers in Aging Neuroscience | www.frontiersin.org 5 September 2021 | Volume 13 | Article 73228733

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-13-732287 September 2, 2021 Time: 12:45 # 6

Baraas et al. Transition Between Ageing and AMD

TABLE 2 | As Table 1 but for the 29 normal controls.

ID Age Sex Eye
tested

SER AL VA # of
drusen

Size* Type OS length IS length Classification

5181 15 F OS +1.67 22.44 −0.10 0 22.09 28.61 No changes

5188 15 F OD +0.83 23.98 −0.10 0 22.27 30.97 No changes

5159 16 F OS +5.18 20.63 0.02 0 17.47 29.23 No changes

5170 20 M OD +0.38 24.07 −0.16 0 23.76 27.78 No changes

5171 20 M OD −2.70 24.98 −0.20 0 24.06 27.69 No changes

5007 21 F OS −2.50 25.10 0.00 2 S Hard 24.23 26.27 Normal changes

5166 21 F OD −2.05 24.76 −0.14 0 21.79 28.30 No changes

5169 21 F OD +0.19 23.53 −0.14 0 21.04 30.62 No changes

5176 21 F OD +0.12 22.67 −0.22 0 25.55 31.55 No changes

8323 22 F OD −2.70 24.95 −0.10 0 23.46 26.37 No changes

8340 24 F OD +0.17 22.86 −0.06 0 30.89 29.08 No changes

4017 28 M OS +0.88 24.01 −0.10 1 23.22 25.16 No changes

5194 33 F OS +1.21 22.90 −0.10 0 25.25 27.98 No changes

5197 34 F OD +0.45 24.03 −0.10 1 S Hard 23.48 27.15 Normal changes

2538 35 M OD −4.25 24.20 −0.18 0 23.95 26.35 No changes

5165 35 F OD +0.12 21.63 0.00 0 24.56 26.89 No changes

4078 37 F OD −3.50 23.36 −0.18 0 23.88 30.31 No changes

4064 45 M OD +0.75 23.70 −0.10 1 S Hard 22.46 30.33 Normal changes

4571 47 F OS +1.38 22.14 −0.20 0 26.64 26.69 No changes

5196 48 F OD −0.08 23.32 −0.10 3 S Hard 27.87 22.75 Normal aging changes

4027 49 F OD +0.10 24.13 −0.10 1 S Hard 23.21 24.84 Normal aging changes

5205 50 M OD −1.68 24.55 −0.08 0 27.08 27.97 No changes

5156 53 F OD +1.21 22.20 0.00 2 S Hard 22.27 25.14 Normal changes

5163 56 M OD +0.13 23.45 −0.08 0 28.66 26.04 No changes

4049 60 M OD −0.63 24.26 −0.08 0 23.39 25.23 No changes

5510 65 F OD 0.50 22.59 −0.10 2 S Hard 26.67 25.51 Normal changes

5160 68 M OD −0.50 23.98 −0.08 1 S Hard 21.69 24.60 Normal changes

5509 69 F OS 2.25 22.89 −0.20 0 27.02 26.36 No changes

5185 70 M OD 0.75 23.80 −0.10 0 24.89 28.70 No changes

Mean (SD) 38 (18) −0.08
(1.90)

23.49
(1.06)

−0.11
(0.06)

24.23
(2.65)

27.40
(2.15)

None of the normal controls had disrupted ellipsoide zone (EZ) or any pigmentary changes related to clinical classification of AMD according to NICE NG 82.
Participants are sorted according to age. Mean (SD) are in bold.

photoreceptor outer segment length at 5 degrees eccentricity
[for healthy controls only r = −0.51 (95% CI: −0.74 to −0.18),
p = 0.005 and r = 0.34 (−0.03 to 0.63), p = 0.071, respectively,
n = 29; for all r = −0.57 (−0.75 to −0.31), p = 0.0002 and
r = 0.043 (−0.50 to 0.12), p = 0.79, respectively, n = 39). There
was a significant difference in OS length at 5 degrees eccentricity
between early AMD and healthy controls aged 50 years and older
[−2.8 (−5.08 to −0.49) µm, t(11.9) = −2.65, p = 0.0213]. There
was no significant difference in IS length between early AMD
and healthy controls aged 50 years and older [−0.90 (−3.12 to
1.30) µm, t(13.9) =−0.88, p= 0.39].

Cone Density and Spacing From AOSLO
Cone Photoreceptor Imaging
Figures 1D,E shows multimodal AOSLO images of cones
at 5 degrees temporal eccentricity for four representative
participants with early AMD and three healthy controls (two
of whom were age-matched with the AMD group). AOSLO

images with sufficient quality for analysis were obtained from
9 with AMD and 28 healthy controls. The mean ± SD (full
range) difference in perifoveal cone counts for the AMD
data set was 130 ± 719 (−1,278 to 1,797) cones/mm2, and
excellent intra-grader repeatability was observed, ICC (95% CI)
0.967 (0.942–0.981). Table 3, right part, shows the participants’
cone density and inter-cone distance (ICD) measurements at
5 degrees temporal eccentricity. Cone spacing is also presented
as Nyquist sampling limit (Nc) based on ICD. There was no
correlation between age and cone density [for healthy controls
only r = −0.16 (95% CI. −0.50 to 0.23), p = 0.43, n = 28;
for all r = −0.21 (−0.50 to 0.12), p = 0.21, n = 37].
There was no difference in cone density between the groups
[−1,312 (−3,289 to 656) cones/mm2, t(13.1) = −1.43, p = 0.17],
with all participants with AMD (12,829–20,473 cones/mm2)
having cone density within the normal range (12,248–22,163
cones/mm2) at 5 degrees eccentricity. In terms of cone mosaic
regularity, the mean ± SD percentage of cells with six neighbors
was 48.6 ± 4.6% and 53.1 ± 5.8%, for the AMD group
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TABLE 3 | Results from perifoveal L-cone isolated Sloan-E letter acuity measured,
cone photoreceptor imaging, inter-cone distance (ICD), and Nyquist sampling limit
(Nc) at 5 degree eccentricity.

ID Age L-cone
Sloan-E

(logMAR)

Linear cone
density

(cones/mm2)

ICD (µm) Nc

(arcmin)

5508 61 0.67 15,142 9.02 1.45

5506 72 0.72 18,066 8.23 1.51

5503 77 0.71 20,473 7.77 1.43

5502 78 0.84 NA NA NA

5204 71 0.75 14,828 9.03 1.62

5504 61 0.66 15,180 8.98 1.56

5505 67 0.87 14,215 9.24 1.48

5500 66 NA 12,829 9.73 1.67

5507 68 NA 18,293 8.18 1.70

5501 77 0.90 17,243 8.41 1.58

Mean (SD) 69.8 (6.3) 0.77 (0.09) 16,252 (2,412) 8.73 (0.62) 1.56 (0.10)

8340 24 0.62 17,387 8.35 1.60

4017 28 0.59 18,498 8.11 1.46

5194 33 0.67 16,138 8.69 1.66

2538 35 0.69 16,056 8.70 1.51

5165 35 0.71 18,718 8.06 1.63

4078 37 0.51 20,228 7.79 1.41

4064 45 0.54 20,179 7.78 1.40

4571 47 0.65 16,489 8.58 1.70

4027 49 0.67 14,484 9.18 1.64

5163 56 0.70 20,239 7.72 1.42

4049 60 0.72 16,505 8.60 1.52

5510 65 0.76 19,711 7.86 1.55

5160 68 0.65 18,613 8.08 1.44

5509 69 NA 16,841 8.54 1.51

5185 70 0.74 16,326 8.64 1.56

Mean (SD) 48.1 (15.8) 0.66 (0.07) 17,761 (1,824) 8.31 (0.43) 1.53 (0.10)

AMD participants (top 10 rows) are sorted according to AMD severity (see Table 1),
whereas healthy controls (bottom 15 rows) are sorted according to age.

and control group, respectively, while the mean percentage
of cells with five-, six-, or seven-neighbors was 94.9 ± 2.0%
and 96.9 ± 1.9%. The AMD group had significantly lower
percentage of cones with 6 neighbors and 5–7 neighbors than the
healthy controls at 5 degrees eccentricity [−6.5 (−8.4 to −0.5)%,
t(17) =−2.39, p= 0.029 and−2.0 (−3.6 to 0.4)%, t(12.9) =−2.72,
p= 0.0176, respectively].

Perifoveal L-Cone Isolating Single Letter
Acuity From Psychophysics
Figure 2A shows an illustration of the Sloan-E stimulus used
for measuring L-cone isolating acuity at 5 degrees eccentricity.
Table 3, middle part, shows the results from measures of
perifoveal L-cone isolating Sloan-E acuity for those who
performed the test, 8 with early AMD and 14 healthy controls.
One elderly healthy control and two with AMD did not complete
the experiment because of problems with handling the response
box. The participant with a deutan color deficiency (5503) was
included, because their deficiency mainly affects the M-cone
photopigment, not L-cone. Figure 2B shows L-cone acuity as

a function of age for these 22 participants. L-cone acuity was
poorer with increasing age [r = 0.679 (95% CI: 0.36–0.86),
p = 0.0005, n = 22]. There was a significant difference between
healthy controls aged under- and over-50 years [t(11.6) = 2.93,
p = 0.013], with the older age group having poorer L-cone
acuity (mean ± SD 0.716 ± 0.04) than the younger age group
(0.628 ± 0.07). Perifoveal L-cone acuity did not correlate with
axial length or spherical refractive error, neither for AMD nor
for healthy controls. The difference in perifoveal L-cone acuity
between all eight participants with AMD and healthy controls
aged 50 years and older was not significant [0.05 (−0.03 to
0.13), t(10.6) = 1.33, p = 0.21]. Nevertheless, the two participants
who had the most severe form of early AMD (5501, 5505) had
poorer L-cone acuity than that expected from age alone, with
values outside the 95% confidence interval of the regression
line (Figure 2B).

Relationship Between L-Cone logMAR,
log Nc, and Age
Figure 3A show a linear relationship between perifoveal log
L-cone visual acuity and log cone Nyquist sampling limit (Nc).
The data for the healthy controls are best explained by fitting two
regression lines, one each for those aged younger or older than
50 years, respectively [R2

= 0.72, F(2,11) = 17.33, p = 0.0004].
The acuities of those with early AMD and low risk of progression
overlap with the healthy controls. However, the two with early
AMD and medium-to-high risk of progression (5501, 5505)
had considerably poorer L-cone acuity than that expected based
on their Nc. Because L-cone logMAR is associated with Nc
as well as with age, a multiple regression was performed to
assess if perifoveal log L-cone acuity could be predicted from
log Nc with age as a covariate, both for the healthy controls
alone and for controls together with early AMD participants.
A significant regression was found with log Nc predicting L-cone
acuity both for the healthy controls [R2

= 0.57, F(2,11) = 7.171,
p = 0.01, n = 14] and for controls and early AMD [R2

= 0.56,
F(2,18) = 11.48, p = 0.0006, n = 22] when taking age into
account. A linear model in which group (control vs. AMD) was
included as a separate factor did not fit the data better than
one in which no group variable was included [Likelihood Ratio
Test: F(1,17) = 0.514, p = 0.48]. The two participants (5501,
5505) who had poorer L-cone acuity than expected from their
Nyquist sampling limit and age, when considered separately,
appeared as outliers in the diagnostic plots. Fitting the data with
these two participants excluded had no effect on the significance
tests nor on the interpretation of the results. The predicted
regression models based on healthy controls are visualized in
Figure 3B, which show a parallel shift in Nc-dependent L-cone
acuity with healthy aging.

DISCUSSION

We have shown that there is an age-related decline in perifoveal
L-cone function, a decline that begins in young adulthood
without any observable changes in cone density and spacing,
supporting the main hypothesis. The decline in L-cone function

Frontiers in Aging Neuroscience | www.frontiersin.org 7 September 2021 | Volume 13 | Article 73228735

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-13-732287 September 2, 2021 Time: 12:45 # 8

Baraas et al. Transition Between Ageing and AMD

FIGURE 2 | (A) The L-cone isolating Sloan E presented at 5 degree temporal eccentricity. SD-OCT, confocal and spit-detection AOSLO images were analyzed at the
corresponding retinal location. (B) L-cone logMAR as a function of age: 14 healthy controls (gray filled circles) and 8 participants with early AMD: 6 with low risk of
progression (black filled squares) and 2 with medium or high risk of progression (orange filled squares). The dashed line shows the best-fit linear regression to the
data. The gray shaded area indicates the 95% confidence intervals for the fitted regression line.

was greater in those with early AMD and preceded any changes
in cone density or spacing. This functional decline parallels inner
segment shortening in healthy eyes, whilst it parallels inner and
outer segment shortening in early AMD. This was the case in
those with low or medium risk of progression even in areas
without visible changes in RPE/Bruch’s membrane. There was
no age-related change in photoreceptor OS length in healthy
controls, as previously reported (Elsner et al., 2020). In addition,
photopigment optical density in OS of perifoveal L and M cones
has been reported to increase, not decrease, with age (Renner
et al., 2004). As the loss of function in healthy controls cannot
be explained by loss of cones or changes of OS length, the most
parsimonious explanation is that it is related to IS shortening.
Thus, it may be that the combined effect of normal age-related
IS shortening and the OS shortening associated with early
AMD together explain the significant loss of L-cone function
observed in those with early AMD and medium-to-high risk of
progression. This indicates that the transition between healthy
aging and early AMD appears to be mainly related to structural
changes in outer segment length at 5 degrees eccentricity.

There was no age-related change and no difference between
early AMD and healthy controls in cone density and spacing
at 5 degrees eccentricity. This is consistent with that reported
from histology (Curcio et al., 1993, 1996) and in vivo imaging

(Song et al., 2011; Chui et al., 2012; Land et al., 2014). There
are reports of changes in cone density and spacing over small
hard drusen in healthy adults (Pedersen et al., 2018), and in
more severe forms of early AMD (Land et al., 2014). Here, only
mosaic regularity differences indicated structural changes related
to cone photoreceptors in early AMD, possibly because the areas
assessed had no visible changes in RPE/Bruch’s membrane. The
observed regularity disruptions in those with early AMD are
likely related to rod degeneration as this is known to precede any
cone degeneration in AMD (Curcio et al., 1996). When rods die
off during healthy aging, the space is filled in by larger rod inner
segments leaving the mosaic intact (Curcio et al., 1993).

In a normal human trichromat, L cones are typically twice
as numerous as M cones (with S cones making up less than
10% of the total number) and so cone spacing alone would not
be expected to fully explain L-cone acuity. Both cone spacing
(expressed as Nyquist sampling limit) and age, were significant
predictors of log L-cone acuity measured at 5 degrees eccentricity,
but cone spacing alone did not correlate with L-cone acuity in
early AMD. Note that 5505, who also has an abnormally long
axial length and is myopic, has a Nyquist sampling limit that lies
roughly in the middle of the distribution (Figure 3A, left most
orange filled square) but has an L-cone acuity that is still poorer
than that expected from her age alone. Healthy controls older
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FIGURE 3 | (A) Perifoveal L-cone visual acuity as a function of cone Nyquist sampling limit (Nc) for 14 healthy controls (gray filled circles) and 7 participants with early
AMD: 6 with low risk of progression (black filled squares) and 2 with medium or high risk of progression (orange filled squares). Note that data from 5502 is not
included in this figure, as we did not obtain AOSLO images of sufficient quality for analysis. Regression lines for log Nc and L-cone acuity for the healthy controls
aged 50 years and older (dashed line) and younger than 50 years (dotted line), respectively. (B) Predicted regression models for perifoveal L-cone visual acuity as a
function of Nc at 20, 40, 60, and 80 years of age for healthy controls (filled circles), color coded from dark blue (youngest) to light blue (oldest). Data for the
participants with early AMD are also shown (filled squares).

than 50 have poorer L-cone acuity but retain a Nyquist sampling
limit within the same range as those younger than 50. Similarly,
the regression models imply (Figure 3B) that function, even in
healthy aging, deteriorates with age while cone spacing appears
to remain stable. Both the observed photoreceptor IS shortening
with healthy aging, and OS shortening in AMD without any
evidence of age-related changes in number of cones, are in line
with the neural economy hypothesis—that cones adapt to survive
in “harsh conditions” (Elsner et al., 2020). The photoreceptor
IS shortening at 5 degrees eccentricity reported here relates to
shortening of both rod and cone inner segments and appears

to be a normal aging process, perhaps to uphold some degree
of functionality.

Photoreceptor inner segments are rich in mitochondria
(Hoang et al., 2002), and mitochondrial function, in general,
declines with aging as well as contributing to an increase in
the generation of reactive oxygen species (Lopez-Otin et al.,
2013). Alterations to the IZ band and IS shortening within
3–4 degrees of eccentricity have previously been reported to
be associated with decreased cone function in patients with
early AMD (Wu et al., 2013) and with mitochondrial dysfunction
(Fritsche et al., 2008). It is reasonable to attribute loss of
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L-cone function with decline in mitochondrial function, as
mitochondria contribute to IS optical properties (Hoang et al.,
2002). However, it cannot be ascertained whether the observed
decline in photoreceptor IS length in early AMD can be attributed
to normal age-related mitochondrial changes only, before cone
OS degenerates in later stages of AMD (Mitamura et al., 2013).
Degeneration of cone OS in AMD has been reported to contribute
to further shrinking and translocation of mitochondria (Litts
et al., 2015a,b). Previous studies have also shown that OS are
the first to be affected in both degenerating rods and cones in
areas over drusen (Zhang et al., 2014). The results here show
that there are observable OS changes in early AMD even in areas
where there are no visible changes in the RPE/Bruch’s membrane
(Figure 1). This adds to the body of evidence that AMD is a
global retinal phenomenon, not a local one. From OCT images,
however, we cannot disentangle the differences between rods
and cones, except that the ratio of rods to cones within the
perifovea is reported to be 9:1 in younger vs. 6:1 in older adults
(Curcio and Allen, 1990).

Strengths and Limitations
A major strength of this study was that it was the first to
examine both isolated L-cone functional and photoreceptor
structural measures in the same individuals, both in healthy
aging and early AMD. Such cross-sectional measures of structure
and function may be considered a limitation because they do
not have single cell resolution (Duncan and Roorda, 2019),
but the robustness of the results indicates that they may have
larger clinical utility. Perifoveal L-cone acuity is, potentially, an
easy-to-use clinical measure. Our data provides new motivation
for investigating sensitive functional measures combined with
multimodal imaging to advance the understanding of the
transition between healthy aging and early AMD. As seen
from OCT images, the differences in OS length and associated
vision loss between healthy aging and early AMD in structurally
intact parts of the retina may be a very sensitive indicator
for risk of progression and potentially a way to monitor
treatment success. Measures of isolated L-cone acuity may be
particularly useful for measuring cone function, as it is mainly
red and green cones that survive without OS in advanced AMD
(Curcio et al., 1996).

A limitation of this study was the small number of participants
with early AMD and few age-matched controls. The study only
included Caucasians, and from an age range that did not include
anyone older than 70 (healthy controls) and 78 (early AMD) years
old, potentially limiting the generalizability of our results. Despite
this limitation, the observed continuous age-related decline in
L-cone acuity from young adulthood is the same as that observed
for other measures of chromatic sensitivity (Knoblauch et al.,
2001; Dees et al., 2015; Shinomori et al., 2016). Furthermore, the
inclusion of the more elderly low-risk AMD participants helps
to emphasize the differences from those with the more severe
form of early AMD.

For the L-cone acuity measures, a technical limitation arose
that the response-box buttons were too small for three of the
elderly participants, preventing them from reliably providing
the correct response within the time limit. For the AOSLO

instrument, the eldest participant was unable to maintain a stable
tear film, which prevented us from acquiring usable images.
A limitation of the OCT imaging was the inability to distinguish
rods from cones, in terms of OS and IS lengths, at 5 degrees
eccentricity. Additionally, the IZ sometimes appeared diminished
and indistinguishable from the reflection from the RPE (see
for example 5508 in Figure 1B). In these cases, the IZ was
segmented at the inner boundary of the RPE reflection, which
could overestimate the OS length measurement slightly. Even
with this possible over-estimation, OS length in early AMD
participants remained shorter than those in controls.

CONCLUSION

We demonstrate that perifoveal L-cone acuity is a sensitive
measure for assessing age-related decline in cone function and
is more readily detectable than cone photoreceptor mosaic
changes. This lends strong support to the neural economy
hypothesis (Elsner et al., 2020). The results indicate that the
transition between healthy aging of cone structures and changes
due to early AMD relates to OS shortening, but more data is
needed to understand to what degree OS and IS shortening
contribute to the observed decline in L-cone function in early
AMD. Vulnerability to loss of cone function secondary to
early AMD may very well depend on the cone-richness of
the individual’s macula. In addition, a healthy lifestyle may
delay normal age-related mitochondrial changes in rods and
cones (Kaarniranta et al., 2020), delaying the normal age-
related shrinking of cone inner segments, preserving cone
function for longer.
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Color vision is considered a marker of cone function and its assessment in patients with
retinal pathology is complementary to the assessments of spatial vision [best-corrected
visual acuity (BCVA)] and contrast detection (perimetry). Rod-cone and chorioretinal
dystrophies—such as choroideremia—typically cause alterations to color vision, making
its assessment a potential outcome measure in clinical trials. However, clinical evaluation
of color vision may be compromised by pathological changes to spatial vision and the
visual field. The low vision Cambridge Color Test (lvCCT) was developed specifically
to address these latter issues. We used the trivector version of the lvCCT to quantify
color discrimination in a cohort of 53 patients with choroideremia. This test enables
rapid and precise characterization of color discrimination along protan, deutan, and
tritan axes more reliably than the historically preferred test for clinical trials, namely the
Farnsworth Munsell 100 Hue test. The lvCCT demonstrates that color vision defects—
particularly along the tritan axis—are seen early in choroideremia, and that this occurs
independent of changes in visual acuity, pattern electroretinography and ellipsoid zone
area on optical coherence tomography (OCT). We argue that the selective loss of tritan
color discrimination can be explained by our current understanding of the machinery of
color vision and the pathophysiology of choroideremia.

Keywords: color vision, choroideremia, cones, retinal degeneration, ellipsoid zone, pattern electroretinogram,
Cambridge color test

INTRODUCTION

The primary retinal neurons for conscious vision are duplex, consisting of two broad types: the
rods and the cones (intrinsically photosensitive retinal ganglion cells—ipRGCs—which primarily
drive circadian function and the pupillary light reflex are not considered further in this paper). In
the healthy retina, rods confer scotopic (nocturnal) function; whilst cones are primarily used for
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photopic (daylight level) function. Although the cones are
present throughout the retina, their high density in the fovea is
responsible for high spatial resolution in normal subjects, which
is measured clinically by best-corrected visual acuity (BCVA),
which in turn provides a functional metric for foveal cones.
Spectral discrimination (color vision) is another key function of
cone-based vision, and it can be used to monitor cone function in
retinal pathology.

The physiological basis of trichromatic color vision is the
cone photoreceptor, which has three sub-types: the long- (L-),
medium- (M-), and short- (S-)wavelength sensitive cones. These
have spectral sensitivities with peaks at around 558 (L-cones),
531 (M-cones), and 419 nm (S-cones) (Dartnall et al., 1983). The
signal from any individual cone varies in only one dimension
and therefore cannot alone convey information regarding color
(univariance). The visual system extracts information about the
spectral quality of light by comparing the activity of the three
classes of cone, a process that commences in the second-order
retinal neurons, the bipolar cells (Solomon and Lennie, 2007;
Simunovic, 2016). Early post-receptoral processing is proposed to
occur in two molecularly, anatomically and functionally distinct
subsystems of color vision (Solomon and Lennie, 2007). The first,
phylogenetically ancient subsystem, compares quantal catches
from the S-cones to those of the M + L-cones (tritan color
discrimination). The S-cone system has poor spatial and temporal
resolution, and does not normally contribute significantly to
clinical measures of visual acuity (Solomon and Lennie, 2007).
The second, more recent sub-system, compares quantal catches
from the M- vs. L-cones (red-green color discrimination). Of
note, the latter is proposed to have evolved from a mechanism
specialized for extracting spatial detail from the visual scene
(Mollon, 1999). Thus reductions in visual acuity caused by retinal
pathology are often accompanied by acquired red-green color
deficiency, whilst acquired tritan deficiency may occur in the
presence of normal visual acuity (Simunovic, 2016).

Choroideremia is an X-linked chorioretinal dystrophy with
a prevalence of 1 in 50,000 which is caused by mutations in
the gene encoding Rab Escort Protein 1 (REP1). Patients with
choroideremia have progressive centripetal loss of retinal and
choroidal structure and typically have normal visual acuity until
their fourth of fifth decade. REP1 is expressed in all retinal cell
types, including in cones; however, choroideremia preferentially
affects the rods. The differential effects of choroideremia on the
rods is believed to reflect their greater dependence (compared
to the cones) on normal RPE function, which is compromised
early in the disease process (MacDonald et al., 2005, 2009). The
rods, in turn, appear to have a role in cone survival through
the secretion of trophic factors that have a protective effect
on cones. The absence of these factors is thought to be the
cause of secondary cone degeneration in rod-cone dystrophies,
and this is exemplified by experiments demonstrating that
transplantation of normal rods improves cone survival in models
of inherited retinal degeneration (Mohand-Said et al., 2000). One
key trophic factor has been termed “rod-derived cone viability
factor” (RdCVF) (Sahel and Léveillard, 2018), a thioredoxin-
like protein which is not produced by defective rods (Narayan
et al., 2016). Although other mechanisms have been proposed for

bystander cone degeneration, RdCVF appears to be a key player,
and has been used in preclinical gene therapy studies to delay
secondary cone loss (Byrne et al., 2015).

Anecdotally, choroideremia patients in the Phase I/II trials
of sub-retinal gene therapy reported improvements in color
saturation following treatment, suggesting that color vision may
be a possible biomarker for functional rescue. Although color
vision deficiency has not historically been recognized as a feature
of choroideremia, it has more recently been demonstrated to
result in color vision defects early in the disease course. However,
this dyschromatopsia may be difficult to characterize with
standard clinical tests (Jolly et al., 2015; Heon et al., 2016), both
because of the demands they place on subjects, and because their
results cannot be directly related to changes in the machinery
of color vision.

Color vision can be examined using a number of different
tests: the choice of which depends upon the characteristics
of the subject, and the likely mechanism of color vision loss
(Dain, 2004). The preferred test of the US Food and Drug
Administration (FDA) for the investigation of acquired color
vision deficiency in clinical trials is the Farnsworth-Munsell 100
Hue (Figure 1A; Farnsworth, 1943), in part as a result of its
longstanding use (Seitz et al., 2018). It consists of 85 colored
caps divided across four boxes that must be arranged in order
by the subject. The colored aperture of each cap subtends about
2 degrees at the recommended viewing distance, and their hues
are arranged by the subject so that they appear to form a gradual
progression in color. Each subject’s performance is quantified
using a scoring system, which is based upon the arrangement of
the caps. One drawback of the test is the large number of artefacts
introduced by the unequal perceptual steps between different
caps (Simunovic, 2016). Additionally, there is a high degree of
inherent test variability, making reliable quantitative analysis
difficult. As a consequence, large alterations are needed between
visits to establish genuine change (Kinnear and Sahraie, 2002).
The FM 100 Hue is particularly difficult for patients with visual
field loss to perform, as the task requires a significant portion
of visual search. Although many other color vision tests have
been developed, not all are suitable for patients with acquired
color vision deficiency (Simunovic, 2016). Fewer still are suited
to patients with severely impaired visual acuity or visual field.
The low vision Cambridge Color Test (lvCCT) was developed
especially to assess patients with acquired color vision deficiency
in whom spatial vision, or the visual field, is impaired. Loss of
color discrimination in the central visual field is not directly
influenced by peripheral visual field loss per se, though the latter
presents difficulties in the conduct of many tests of color vision—
as noted above, and demonstrated in Figure 1B (Swanson et al.,
1993; Jolly et al., 2015).

The lvCCT is a development of the standard version of the
CCT (Regan et al., 1994) (Figures 1C,D), which uses a Stilling-
type array, that in turn places high(er) demands on spatial
vision. The standard CCT has been used to investigate color
discrimination ellipses in choroideremia, and has demonstrated
evidence of preferential involvement of the tritan system of color
vision (Seitz et al., 2018). The standard CCT is demanding and
may not be suitable for all clinical trials participants with low
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vision or visual field loss (Seitz et al., 2018). Additionally, many
axes (i.e., ≥8) of color space are typically probed to derive
discrimination ellipses (Figure 1E), making this approach time-
consuming. As an alternative, testing time may be reduced by
simply assessing color discrimination along the so-called cardinal
axes of color space: the tritan, deutan and protan axes (the so-
called “trivector” test approach). The lvCCT (Figure 1D) has
been used in clinical trials aiming to restore cone function in
achromatopsia (Zein et al., 2014; Fischer et al., 2020). It can be
used in patients with poor visual acuity and reduced visual fields,
making it very useful for patients with retinal and visual pathway
pathology (Simunovic et al., 1998; Figure 1F).

We aimed to use the lvCCT trivector test to characterize
color vision loss in choroideremia, and to test its suitability as
a potential outcome measure in clinical trials. Patients with,
and without, significant loss of BCVA were tested: in particular,
we hypothesized that patients with well-preserved visual acuity
may still demonstrate tritan losses in color discrimination and
that loss of red-green color discrimination may ensue once
visual acuity was sub-normal (see above). Furthermore, we aimed
to compare the lvCCT findings with those obtained with the
currently preferred test of the US FDA, the FM 100-hue test.
Finally, we also aimed to compare color discrimination to other
estimates of macular function (electrodiagnostic assessment) and
structure [optical coherence tomography (OCT)].

MATERIALS AND METHODS

Patients were examined as part of the screening process to
assess eligibility for an ongoing retinal gene therapy trial for
choroideremia (NCT02407678). Control participants were
recruited from accompanying persons and staff members.
Informed consent was obtained and the work adhered to
the Declaration of Helsinki. All participants underwent
BCVA testing with a Bailey-Lovie style visual acuity chart
(Bailey and Lovie, 1976) and color vision testing with the
Metropsis System (Cambridge Research Systems, Cambridge,
United Kingdom). Individuals with visible media opacities, or
likely congenital color vision deficiency (failure at the Ishihara
test; N = 1) were excluded.

The control group was age-matched to the patients. Patients
were divided into two groups for analysis: preserved BCVA
(≥80 ETDRS letters) based on population studies defining the
upper limit of normal (Brown and Yap, 1995) and reduced
BCVA (<80 ETDRS letters) to explore the relationship between
BCVA and acquired color vision deficiency in choroideremia
(Simunovic, 2016). Examining patients with preserved BCVA
permitted investigation of the earliest defects in color vision.
Results for protan, deutan, and tritan axes were compared
between-groups using one-way ANOVA, following log
transformation. Additionally Spearman correlation of color
defect and BCVA was conducted.

The full cohort consisted of 21 control participants (mean
age 31 years; range 20–46 years), 35 choroideremia patients with
BCVA≥80 letters (equivalent to 0.10 logMAR, mean age 31 years;
range 14–55 years), and 18 choroideremia patients with reduced

BCVA (mean age 34 years; range 17–71 years). The subset of
30 patients that underwent additional testing had a mean age of
32 years (range 17–55 years), and all had a BCVA of ≥ 80 letters.
Summary statistics are shown in Table 1.

The trivector lvCCT was used to explore protan, deutan, and
tritan color discrimination with the white point of the test set to
the chromaticity co-ordinates of CIE D65 (u' = 0.209, v' = 0.488;
CIE (1976) u' v' co-ordinates) and the confusion point set to
protan (u' = 0.678, v' = 0.501), deutan (u' = -1.217, v' = 0.782)
and tritan (u' = 0.257, v' = 0.0). In this test, 4 discs subtending
4 degrees at a viewing distance of 1.5 m are presented to the
subject (see Figure 1D). The center of each disc is 4.3 degrees
from the center of the screen. Stimuli were presented for a
maximum of 20 s to allow participants adequate time to search
the display, even in the presence of severe visual field loss. An
auditory signal accompanied presentation of the stimulus to alert
patients and to draw attention to the screen. In order to negate
the possibility of subjects using perceived brightness differences
to detect differences in color, the lvCCT employs luminance
randomization: i.e., the four discs vary randomly in brightness.
One disc—the “test disc”—was varied systematically from the
remaining 3 (“background discs”) in chromaticity. The subject’s
task was to determine and then indicate which disc differed
from the remaining three in color via an attached button box.
Thresholds for protan, deutan and tritan axes were established
using an interleaved adaptive staircase procedure. Each staircase
involved a decrease rate of 50% in hue saturation before the first
reversal and a 12.5% decrease after the second reversal (fixed
increase rate of 25%). Threshold was calculated as the mean of the
final six, of a total of seven, reversals. If the subject was unable to
correctly determine the position of the most saturated test disc on
five consecutive occasions, testing along that axis was terminated
and the threshold set at the maximum saturation. Participants
undertook a training run before performing the actual test to
familiarize themselves with the task.

A subset of patients underwent both the FM 100 Hue and
lvCCT. The FM 100 Hue (DG Color, Wiltshire, United Kingdom)
was set at a viewing distance of 50 cm and took place within
a lighting cabinet approximating CIE standard illuminant D.
Caps were randomized by the examiner prior to testing, and
placed back in the tray. The participant was instructed to
arrange the caps in a gradual progression in color between the
fixed end caps. The order of the caps was recorded using the
accompanying custom software to calculate the total error score.
The tests were subsequently classified as normal or abnormal
based on published values (Kinnear and Sahraie, 2002), and
calculated values for the upper 95% confidence limit of normal
from the normative data collected above. Normative data for
the lvCCT test has been reported by Paramei and Oakley
(2014). Additionally, the reported variation across the age ranges
represented by our cohort is small. A kappa agreement between
tests was calculated.

The same patient subset also underwent ISCEV (International
Society for the Clinical Electrophysiology of Vision) pattern
electroretinogram (PERG) testing (Bach et al., 2013) with
both standard (15 degrees × 12 degrees) and large field (30
degrees× 24 degrees) checkerboard stimuli (Lenassi et al., 2012),
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FIGURE 1 | (A) Farnsworth-Munsell 100 Hue color vision test. (B) Simulation of visual field loss restricting the view of the test resulting in slow test times.
(C) Cambridge color test (CCT) target. (D) Low vision version of the CCT showing four circles across the screen, providing an easier target for patients with low
vision and reduced visual field. (E) Example output from full CCT version, producing an ellipse in color vision function in color space. (F) Example output from
trivector test showing outputs for the protan, deutan, and tritan axes.

TABLE 1 | Summary characteristics of patient groups.

Group N (eyes) Age (year) BCVA (letters) Protan threshold
(×1000 CIE1976

Luv units)

Deutan threshold
(× 1000 CIE1976

Luv units)

Tritan threshold
(× 1000 CIE1976

Luv units)

Control 21 31 ± 6 91 ± 4.8 3.982 ± 2.353 4.559 ± 3.151 6.725 ± 2.467

Preserved BCVA 35 31 ± 9 86 ± 3.8 13.814 ± 20.334 9.872 ± 10.447 20.813 ± 27.983

Reduced BCVA 18 34 ± 15 72 ± 9.6 17.519 ± 19.946 14.401 ± 18.283 27.602 ± 25.803

Patient subset 30 32 ± 9 83 ± 5.4 3.453 ± 7.455 3.246 ± 6.114 6.673 ± 10.808

All data is presented as mean ± standard deviation.

using the P50 component as an objective measure of
suprathreshold cone-driven macular function and N95 as a
measure of retinal ganglion cell function. Recordings were
obtained using gold foil recording electrodes using a constant
check size of 0.8 degrees. Testing was performed using the
Espion system (Diagnosys LLC, Lowell, MA). The key features
of the PERG are P50 peak time and amplitude as markers of
macular dysfunction. Additionally, N95 is indicative of ganglion
cell dysfunction.

The color vision results for each axis were treated as Cartesian
co-ordinates in CIE (1976) u', v', and a combined vector
calculated with | | CV| | =

√
(((protan2 + deutan2)/2) + tritan2),

where | | CV| | is the absolute color vision vector length.
Protan and deutan results were averaged to reduce the impact
of weighting toward L/M defects. A Spearman regression model
examined the relationship between the PERG and the color vision
vector combining all axes.

In order to investigate possible structural correlations to
color discrimination, a custom program was written in the
R programming language (v3.6.3) (R.C. Team, 2017). Spectral
domain optical coherence tomography (SD-OCT) images were
acquired during screening using the Spectralis OCT volume
(Heidelberg Engineering, Heidelberg, Germany). Data were
exported as XML files and each OCT b-scan per patient
(Figure 2A) manually inspected to identify coordinates of the
limiting edges of the intact ellipsoid zone (EZ). These coordinates
were input into the custom program, resulting in a polygon
overlaid on the en-face image (Figure 2B) representing the area
of the ellipsoid zone across all B-scans in a volume. In difficult
cases where the ellipsoid zone termination was unclear, the
profile method detailed by Smith et al. (2019) was employed.
The relationship between EZ and color vision was examined
using Spearman’s rank-order correlation coefficients. EZ area
was utilized to order avoid the confounding effects of retinal
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FIGURE 2 | (A) Images on the left show the individual b-scan slices from an optical coherence tomography (OCT) volume with the central slice expanded. The green
arrows denote the edges of the ellipsoid zone. These co-ordinates from each of the slices are plotted on the infra-red image on the right (B) and connected to create
an ellipsoid area across the OCT volume.

remodeling on thickness measurements (Jolly et al., 2020). EZ is
a measure of remaining retina.

Groups were compared using a two way ANOVA. Due to
unequal variances, post hoc analysis was conducted with Games-
Howell comparisons. All results are reported for the right eye
only. All statistical analyses were conducted in SPSS (version 25.0,
IBM Software, New York, NY, United States) or GraphPad Prism
9 (GraphPad Software, San Diego, CA, United States) unless
stated otherwise.

RESULTS

Comparison Between Groups Shows
Early Tritan Loss
Figure 3 shows the spread of the raw lvCCT color discrimination
data, with the highest threshold along the tritan axis in all cohorts
as shown by the longest vector lines aligned with the vertical axis.
There was greater variation in color discrimination thresholds
in the choroideremia patients than the normal controls. Group
averages are shown in Figure 3B. There was a statistically
significant difference between groups, as determined by two-way
ANOVA for protan [F(2, 53) = 9.09, P < 0.01], deutan [F(2,
53) = 6.44, P < 0.01], and tritan [F(2, 53) = 19.54, P < 0.01]
thresholds. A Games-Howell post hoc test revealed that the color
discrimination was significantly worse in both the “preserved”
and reduced BCVA cohorts compared to the control group for
all three color confusion axes (P ≤ 0.05). However, the two
choroideremia cohorts were not significantly different for any of

the axes (P > 0.05). Figure 4A demonstrates the classification of
the color defect for each eye with choroideremia and shows that
a higher proportion had a tritan defect compared to classification
of a red-green defect.

The Spearman correlation co-efficient for BCVA and
combined red-green vector length and tritan vector length
was -0.59 (-1.1 to -0.12 95% confidence interval) and -0.46
(-0.92 to 0.001 95% confidence interval), respectively. This was
significantly for red-green (P = 0.02) but not for tritan (P = 0.05),
consistent with the change in a color defect independent to
BCVA (Figure 4B).

Comparison With 100 Hue Reveals the
Cambridge Color Test Is More Sensitive
The majority of patients demonstrated abnormal results on both
tests (Table 2). A clear axis of defect on the FM 100 Hue was not
evident in any of the eyes (representative test result for the 100
Hue and lvCCT for the same eye shown in Figure 5). Out of the
19 eyes classified as abnormal by the lvCCT, 26% were classified
as having a clear tritan defect, 11% as having a protan defect, 16%
as having a deutan defect and 47% as having a defect along two or
more axes. In all instances of the latter, tritan discrimination was
affected. The kappa agreement coefficient, k = 0.3878 (P = 0.03)
indicated only fair agreement between the FM 100 Hue and CCT.

No Correlation Between Color Vision and
Pattern Electroretinogram
In order to examine suprathreshold macular function objectively,
PERG was conducted on the subset that went additional testing
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FIGURE 3 | Summary of color discrimination results. Spread of individual data points plotted against protan, deutan, and tritan scores on the X, Y, and Z axes,
respectively (black dots). The circles on the axes walls show the corresponding shadows of the results on each axes separately. (A) Choroideremia eyes with
preserved BCVA. (B) Choroideremia eyes with reduced BCVA. (C) Control eyes. The higher the number, the greater the degree of the color defect against the
corresponding axis. (D) Pirate plot of group differences. The outer envelope shows the spread of the raw data with the widest point showing the mean and the black
line representing the median. The gray lines represent the interquartile range. Additionally, dots represent each raw data measurement point.

FIGURE 4 | (A) Classification of color vision defects (CVD) measured with the low vision Cambridge Color Test (lvCCT) with the regions of normal color vision, tritan
loss, red-green loss, and combined loss labeled. (B) Correlation of best-corrected visual acuity (BCVA) with red-green and tritan color defects. The vertical dotted
line shows 20/20 visual acuity. The blue and red lines show the upper 95% cutoff of normal for the tritan and red-green loss, respectively.
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TABLE 2 | Classification of eyes as normal or abnormal when tested with the 100
Hue and Cambridge Color Test (CCT).

lvCCT abnormal lvCCT normal

100 Hue abnormal 17 6

100 Hue normal 2 5

and had preserved BCVA eyes. In response to the standard
field PERG stimulus, the P50 and N95 were measurable in
26 out of 30 eyes, with the remaining 4 showing a flatline
response. Mean P50 peak time for the cohort was 56.4± 12.7 ms
with a mean P50 amplitude of 0.77 ± 0.49 µV. The mean
amplitudes were subnormal based on local reference ranges (x-x
ms and y-y µV, respectively) and the Espion normative database
(Lenassi et al., 2012). The N95 amplitude for the cohort was
1.89± 1.17 µm, suggesting a preserved N95:P50 ratio, indicating
preserved retinal ganglion cell function. The multiple regression
model demonstrated no significant relationship between any
of the PERG parameters with | | CV| | (R = 0.16, P = 0.90).
Coefficients were -0.14 [-7.4 to 7.1], P = 0.96 for P50 peak time,
43.0 [-284.4 to 198.4], P = 0.72 for P50 amplitude, and 32.0 [-65.8
to 129.8], P = 0.50 for N95 amplitude.

Optical Coherence Tomography Ellipsoid
Zone Area Does Not Correlate to Color
Discrimination
Thirty patients with choroideremia had OCT images from the
same day as color vision testing with sufficient quality to enable
qualitative delineation of the retinal layers. Measurement of the

ellipsoid area was performed using the process described in the
methods section. Images on which the ellipsoid zone could not
be reliably commented on were excluded from imaging analysis.
The color vector was plotted against the ellipsoid area (Figure 6)
and showed a negative trend. The slope of the regression line
indicated a reduction in color vector of -1.15 for each unit
reduction in ellipsoid area (95% confidence interval -2.59 to
0.29); the relationship was not statistically significant (P = 0.11).
The findings remained non-significant when each color axis was
measured separately.

DISCUSSION

This study uses color discrimination, as assessed by the lvCCT, to
characterize dyschromatopsia in 53 choroideremia patients, with
and without, significant loss of visual acuity. The results were
compared to those obtained using more established methods,
including the Farnsworth Munsell 100-Hue test and the ISCEV-
standard pattern ERG measure of macular function. The lvCCT
results were also compared with a spectral-domain OCT measure
of macular preservation, with an overall view to assess the
potential suitability of color discrimination as an outcome
measure in clinical trials.

The lvCCT rapidly characterized color discrimination (mean
testing time 5 min) along the cardinal axes of color space. By
contrast, the FM 100 Hue took longer to perform (over 30 min)
and provided results that could not directly be related to losses of
discrimination in either of the two subsystems of color vision (M
vs. L-cones, measured via protan and deutan axes, and S-cone vs.

FIGURE 5 | Representative sample of a test result for the same eye from the FM 100 Hue (A) and low vision Cambridge Color Test (lvCCT) (B). The FM 100 Hue
does not have a clearly definable axis of color loss, whereas the lvCCT results indicate a reduced tritan score (longer vector) but normal protan and deutan scores as
shown by the short vectors.
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FIGURE 6 | Regression relationship between color vector and ellipsoid area in
choroideremia. The color vector represents the degree of color vision loss
across the three axes with a higher number representing a greater degree of
color loss. The solid line is the regression line and 95% confidence intervals
are shown with the dotted lines.

M + L-cone, assessed via the tritan axis). Furthermore, the two
tests only demonstrated fair agreement.

The majority patients had tritan color defects, which is in
keeping with previous reports in rod-cone dystrophies (Swanson
et al., 1993; Seitz et al., 2018). The vectors in the S cone direction
could be compared to the L and M cone directions due to the
use of a normal control group, which allows the use of the
color vector | | CV| | to be used as a valid approach. All color
spaces include the assumption that just noticeable differences are
additive. There are several possibilities that should be considered
to account for this finding. Although cataract is a feature of some
retinal dystrophies, none of the included patients had significant
media opacity: hence absorption by lens pigment cannot account
for our observation. It has been previously noted that the S-cones
appear to be especially vulnerable to retinal pathology, and there
are several hypotheses which have attempted to account for
this observation (Mollon, 1982; Simunovic, 2016). Part of the
apparent vulnerability of S-cone mediated visual function to
pathology appears to arise from adaptational differences between
the S-cone mechanism and the M-/L-cone mechanism and
biases introduced by testing approaches. Mollon hypothesized
that certain tests (e.g., those employing yellow backgrounds)
may place the S-cone mechanism at disadvantage through
adaptation of post-receptoral mechanisms to one extreme of
their operational range. Such a hypothesis cannot be invoked to
explain our data, however, as neutral adaptation conditions were
used. However, adaptation asymmetries have also been identified
for neutral/white backgrounds (Kalloniatis and Harwerth, 1989;
Simunovic, 2016; Simunovic et al., 2021). In particular, the S-cone
mechanism is more likely to be probed under conditions where
it does not display Weber-like adaptation. This may lead to
apparent selective pathology through adaptational asymmetry
(Kalloniatis and Harwerth, 1989; Simunovic, 2016; Simunovic
et al., 2021); this asymmetry may account for at least part of

the apparent vulnerability of the S-cones. Another hypothesis—
the so-called “vulnerable photoreceptor” hypothesis—supposes
that the S-cones are inherently more susceptible to pathological
processes. For example, S-cones have been reported to be
more susceptible to metabolic damage (Hood and Greenstein,
1988). Furthermore, it has been suggested that S-cones may be
preferentially affected by rod-selective pathology. Part of this
shared “vulnerability” may be driven by physiological similarities
between the rods and the S-cones; for example, S-cones and
rods share similarities in distribution which may render them
similarly vulnerable to topographically variable pathological
processes (Curcio et al., 1991; Hofer et al., 2005). Furthermore,
S-cones and rods share similarities in the expression of certain
proteins, e.g., carbonic anhydrase (Nork et al., 1990), which may
place them under similar pathophysiological stress under certain
conditions. Furthermore, both S-cones and rods derive from a
common precursor cell, as evidenced by patients with Nr2E3
mutations, who have an increased S-cone complement, but a
grossly abnormal rod complement (Sohn et al., 2010). There is an
increase in the inflammatory response following rod death which
has a greater effect on S-cones compared to L- and M-cones (Di
Pierdomenico et al., 2020). Cone cells have access to an alternative
Mũller cell-mediated visual cycle, which reduces their reliance on
the RPE for chromophore recycling. Mũller cells have a lower
association with S-cones compared to other cone types, which
may make them more vulnerable RPE degeneration (Lindenau
et al., 2019) in choroideremia. In view of the differences between
S-cones and other cone types, and simultaneous similarities with
rods, it is possible that S-cones may be preferentially affected by
primary rod disease, either via inflammatory processes or other
degenerative processes.

Dyschromatopsia was evident prior to reductions in BCVA in
many choroideremia subjects; for this reason, it may prove to
be a suitable functional biomarker for very early abnormalities
in macular function. In choroideremia, foveal architecture is
observed to be disrupted before BCVA loss occurs (typically
retinal thickening with blunting of the foveal depression). This
in turn suggests that other aspects of visual function may
better reflect early macular pathology in choroideremia and
therefore highlights the importance of this work (Jacobson
et al., 2006). In particular, it has previously been noted that
tritan color vision deficiency typically occurs in patients with
well-preserved BCVA. It has been argued that this reflects
in part the underlying physiology of color processing. In
particular, the S-cones comprise only a small proportion of
the cone complement (about 4%) and their loss will not
affect spatial resolution (BCVA) in the majority of patients.
However, the M-/L-cone mechanism has been proposed to be
parasitic upon a pathway which initially evolved to extract
spatial detail (Mollon, 1999). For this reason, loss of M-/L-
cone mediated color discrimination is often seen in patients
who have concurrent loss of BCVA (Marré and Pinckers, 1985;
Simunovic, 2016).

All patients with choroideremia had an abnormal pattern
ERG P50 component, consistent with macular dysfunction,
including those with preserved BCVA. However, the severity
of the PERG reduction does not correlate with color
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discrimination at the lvCCT; this is in keeping with previous
findings (Falcao-Reis et al., 1991). PERG and psychophysical
measures of macular function have been reported to be
discordant, and this may reflect the different areas assessed
by the two modes of testing (Ciavarella et al., 1997). We
have previously demonstrated a relationship between color
vision defect with central microperimetry threshold (Jolly
et al., 2015). Microperimetry is likely reflective of cone
function in the area tested so is probably exploring a more
comparable cone population (Simunovic et al., 2016; Han
et al., 2018). Different functional measures test different aspects
of vision over different regions of the visual field so will not
necessarily show good correlation. Additionally, previous
work has shown autofluorescence area of preservation and
location in relation to the fovea appeared to play a role in
explaining color vision losses in choroideremia. This may
reflect the fact that more advanced FAF changes correlate
to decreased photoreceptor function/visual pigment cycling
(Jolly et al., 2015).

The OCT ellipsoid area was utilized as an indirect marker of
cone presence, and the direction and extent of association was
examined in relation to color discrimination. Although a negative
correlation was shown, this was not statistically significant.
Ellipsoid area in part reflects the disease stage, it may correlate
poorly to color discrimination for two reasons. First, if such
changes occur outside of the retinal areas probed by the lvCCT,
no correlation would be anticipated. Second, early functional
alterations in the cones may be indicated by changes other
than complete obliteration of the ellipsoid layer (e.g., fundus
autofluorescence).

In summary, tritan defects are seen early in choroideremia,
prior to BCVA loss. This finding is generally in keeping with
our current understanding of the machinery of color vision,
the known adaptational asymmetries in the S- and M-/L-cone
subsystems of color vision and the dependence of cones on
the rods for survival. We note that several patients who have
undergone sub-retinal AAV2.REP1 gene “replacement” therapy
have reported subjective improvements in color saturation
following surgery, which has prompted us to explore color
discrimination as part of an ongoing Phase 2 trial. Color vision
appears to be an early biomarker of macular dysfunction in
choroideremia and may be more sensitive than BCVA when
used for monitoring gene therapy outcomes. We note that other
approaches could be used to explore these subjective reports
in color vision. For example, patients with symmetrical vision
loss could undergo testing to assess inter-ocular differences
in perceived saturation following first-eye surgery. Where this
is not possible, exploration of white-points/long term color
constancy could be explored. Furthermore, changes in receptoral
function could be determined by assessing threshold-vs. intensity
functions pre-, and post-surgery, to elucidate changes in the S-,
M-, and L-cones as well as the rods. Such testing may also help to
identify the site of losses of sensitivity (i.e., d1/2, or receptoral vs.
d3, or post-receptoral), as previously outlined (Seiple et al., 1993;
Simunovic et al., 2021).

In summary, this study quantifies color vision deficits in
patients with choroideremia with both preserved and reduced

visual acuity, and reveals a high incidence of S-cone/tritan
pathway dysfunction. The lvCCT trivector test provides a rapid
means of quantifying color discrimination along the cardinal axes
of color space in this patient group. Furthermore, it identifies
losses in central macular function in patients prior to the loss
of visual acuity or evidence of structural change on OCT. This
highlights the potential use of color discrimination as an outcome
measure in future clinical trials which target sub-retinal gene
therapy to the macula.
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Age-related decline in visual perception is usually attributed to optical factors of the eye
and neural factors. However, the detection of light by cones converting light into neural
signals is a crucial intermediate processing step of vision. Interestingly, a novel functional
approach can evaluate many aspects of the visual system including the detection of
photons by cones. This approach was used to investigate the underlying cause of
age-related visual decline and found that the detection rate of cones was considerably
affected with healthy aging. This functional test enabling to evaluate the detection of
photons by cones could be particularly useful to screen for retinal pathologies affecting
cones such as age-related macular degeneration. However, the paradigm used to
functionally measure the detection of photons was complex as it was evaluating many
other properties of the visual system. The aim of the current mini review is to clarify
the underlying rationale of functionally evaluating the detection of photons by cones,
describe a simpler approach to evaluate it, and review the impact of aging on the
detection rate of cones.

Keywords: photoreceptors, cones, photon noise, contrast sensitivity, motion, noise, equivalent input noise,
detection of photons

INTRODUCTION

Age-related macular degeneration (AMD) is a widespread age-related retinal pathology that can
severely impair vision by progressively damaging the macula of the retina responsible for central
vision. A study on AMD patients found a decline in the ability of retinal photoreceptors to detect
light years before the atrophic changes occur (Elsner et al., 2002), which suggests that functional
consequences of AMD may be detectable before structural changes (Elsner et al., 2002; Owsley,
2016). Thus, a decline in visual functions could be a useful predictor of vision loss. A functional test
sensitive to a decline in the number of photons detected by cones could have a potential prognostic
value to aid earlier diagnosis and intervention to slow down the progression of the vision loss.
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We recently developed a psychophysical paradigm to evaluate
many components of the visual system (Silvestre et al., 2018)
including the modulation transfer function of the eye (MTF), the
number of photons detected by cones, and different sources of
neural noise. This paradigm was used to investigate the impact
of healthy aging on various components of the visual system
(Silvestre et al., 2019; Braham chaouche et al., 2020), and the
results suggest that healthy aging has a considerable impact
on the number of photons detected by cones despite standard
visual functions like visual acuity and contrast sensitivity being
little affected. These results suggest that the number of photons
detected by cones could be affected at early stages of some retinal
pathologies despite visual acuity and contrast sensitivity being
little affected. Thus, this new psychophysical paradigm enabling
to assess the number of photons detected by cones could be useful
to screen for retinal pathologies.

However, the quantification of the number of photons
detected by cones was embedded into a complex psychophysical
paradigm developed to evaluate many components of the visual
system, which makes the evaluation of only the number of
photons detected by cones unnecessarily complex. The first
purpose of this mini review is to summarize and clarify how
the number of photons detected by cones can be assessed based
on two functional measures of contrast sensitivity. The second
section reviews the impact of healthy aging on the number
of photons detected by cones that was observed using this
functional approach.

FUNCTIONALLY MEASURING THE
NUMBER OF PHOTONS DETECTED BY
CONES

The current section shows how the number of photons
detected by cones can be evaluated by measuring contrast
sensitivity under two specific visual conditions. The
basic rationale is that the number of photons detected
by cones varies in time and this variability [referred
to as photon noise (Pelli, 1990; Silvestre et al., 2018)]
directly depends on the mean number of photons
detected. Under some conditions, this variability is limiting
contrast sensitivity and its impact can be quantified using
a noise paradigm.

Relation Between the Expected Number
of Photons Detected and Its Variability
There is a direct relation between the expected number of
photons detected by cones and the variability in the number
of photons detected. Given that each photon entering the eye
has a probability of being detected by a cone, the number of
photons detected is stochastic: even when the luminance intensity
is constant, the number of photons detected varies with time.
This variability is a source of internal noise, named photon noise
(Pelli, 1990), that could affect some visual functions like contrast
sensitivity. The probability distribution of the number of events
follows a Poisson distribution (Hecht et al., 1942; Mueller, 1951),

so the variance in the number of photons detected (V) is equal to
the expected number of photons detected (N):

V = N. (1)

Thus, knowing the variability in the number of photons detected
by cones indicates the number of photons detected on average.

Impact of Photon Noise on Contrast
Sensitivity
If the variation in the number of photons detected by cones
(i.e., photon noise) were the only source of internal noise, then
contrast sensitivity would be expected to be proportional to the
square root of the luminance intensity (Silvestre et al., 2018),
which corresponds to the de Vries-Rose law (de Vries, 1943; Rose,
1948). Indeed, since the standard deviation (σ) is equal to the
square root of the variance

σ =
√

V, (2)

then the standard deviation in the number of photons detected in
a Poisson distribution is equal to the square root of the expected
number of photons detected:

σ =
√

N. (3)

Given that the number of photons detected by cones is
proportional to the retinal luminance intensity (L)

N ∝L, (4)

then the standard deviation in the number of photons detected is
proportional to the square root of the luminance intensity

σ∝
√

L. (5)

In contrast units (i.e., relative to the luminance intensity), the
standard deviation would be inversely proportional to the square
root of the luminance intensity

σcontrast = σ/L, (6)

and
σcontrast∝1/

√
L. (7)

Consequently, if the variability in the number of photons
detected were the only source of internal noise affecting contrast
sensitivity, contrast sensitivity would be proportional to the
square root of the luminance intensity (Pelli, 1990; Raghavan,
1995; Silvestre et al., 2018).

The Dominant Source of Noise
Under some visual conditions, the variability in the number of
photons detected by cones (i.e., photon noise) is the dominant
noise limiting contrast sensitivity. At high luminance intensities,
contrast sensitivity is generally independent of luminance
intensity (i.e., Weber law; Pelli, 1990; Silvestre et al., 2018),
which suggests that it is limited by a source of noise that is
independent of luminance intensity (e.g., late noise; Rose, 1948;
Pelli, 1990). At low luminance intensities, contrast sensitivity is
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often proportional to luminance intensity (linear law; Silvestre
et al., 2018), which suggests that contrast sensitivity is limited
by another source of noise (e.g., early noise). Under some
conditions, however, contrast sensitivity is proportional to the
square root of the luminance intensity (i.e., de Vries-Rose law),
which suggests that contrast sensitivity is limited by the variability
in the number of photons detected by cones. For static stimuli,
the de Vries-Rose law was observed at relatively high spatial
frequencies (Figure 1, top right graph) (Silvestre et al., 2018). For
dynamic stimuli at low spatial frequencies, the de Vries-Rose law
was observed at relatively low temporal frequencies (Figure 1, top
left graph) (Kelly, 1972). Consequently, under specific conditions,
contrast sensitivity would be limited by the variability in the
number of photons detected by cones (Pelli, 1990; Allard and
Arleo, 2017; Silvestre et al., 2018).

Quantifying the Impact of the Dominant
Internal Noise
Interestingly, the impact of the internal noise can be functionally
evaluated using a noise paradigm (Pelli, 1981, 1990; Pelli and
Farell, 1999) consisting in measuring contrast sensitivity with
different levels of visual noise added to the display (Figure 1,
bottom graph). If the noise added to the display has a weaker
impact on contrast sensitivity than the noise within the visual
system, then its impact would be negligible (flat asymptote in
Figure 1, bottom graph). Conversely, if the noise added to the
display has a greater impact than the noise within the visual
system then it would considerably affect contrast sensitivity
(rising asymptote). The external noise level at which the noise
starts to considerably affect contrast sensitivity (knee point of
the curve in Figure 1, bottom graph), the external noise has the
same impact on contrast sensitivity as the internal noise. Thus,
the impact of the internal noise can be quantified as the level of
external noise having the same impact, which is referred to as the
equivalent input noise (Pelli, 1981, 1990).

Conveniently, measuring contrast threshold with and without
noise (Figure 1, second row) is sufficient to derive the equivalent
input noise (Pelli and Farell, 1999). Indeed, given that the log-
log slope of the two asymptotes is 0 for the flat asymptote and 1
for the rising asymptote (contrast threshold proportional to the
noise contrast, bottom graph of Figure 1), evaluating the two
asymptotes is sufficient to derive the noise level at which they
intersect, which corresponds to the equivalent input noise.

Measuring the equivalent input noise under conditions in
which contrast sensitivity is limited by photon noise would
quantify its impact on contrast sensitivity. In other words, it
is possible to quantify the amount of external noise that has
the same impact on contrast sensitivity as the variability in the
number of photons detected by cones (i.e., photon noise).

However, the impact of an internal noise source on contrast
sensitivity does not only depend on the level of the noise, it can
also be modulated by a contrast gain preceding this noise source
(Lu and Dosher, 2008; Silvestre et al., 2018). Indeed, a contrast
gain preceding an internal noise source affects the signal contrast
without affecting the noise contrast, which increases the relative
impact of the noise.

FIGURE 1 | Top row: Dominant noise source identified based on
psychophysically measuring contrast sensitivity as a function of luminance
intensity. The blue area shows the viewing conditions (luminance intensity and
temporal frequency for left graph (Allard and Arleo, 2017), luminance intensity
and spatial frequency for right graph (Silvestre et al., 2018) at which the de
Vries-Rose law was observed suggesting that the limiting internal noise source
is photon noise (variability in the number of photons detected by cones). The
green and red areas show conditions in which the Weber law and the linear
law were observed, respectively. Second row, stimuli example used to
functionally evaluate the detection of light by cones. Bottom graph shows
contrast threshold as a function of external noise contrast, which can be used
to evaluate the impact of the internal noise (equivalent input noise).

Nonetheless, the detection of light by cones is not preceded
by any neural processes, so the only contrast gain preceding the
detection of photons by cones is due to optical factors: the MTF
of the eye, which reduces the contrast of high spatial frequencies.
Thus, if the signal is composed of only low spatial frequencies
that are not noticeably affected by the MTF (i.e., retinal image
at the same contrast as the stimulus), then the contrast of the
signal would not be affected prior to the detection of photons
by cones. For static stimuli, contrast sensitivity was found to be
limited by the variability in the number of photons detected by
cones at high spatial frequencies (top right graph in Figure 1).
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For moving stimuli composed of low spatial frequencies, contrast
sensitivity can be limited by the variability in the number of
photons detected by cones at low temporal frequencies and low
luminance intensities (top left graph in Figure 1). Consequently,
by measuring motion contrast sensitivity with and without
external noise at a specific spatial frequency, temporal frequency
and luminance intensity (e.g., 0.5 cycles per degree, 2 Hz and
10 Td) enables to quantify the variability in the number of
photons detected by cones, which is equal to the number of
photons detected by cones on average. Thus, the measure of the
equivalent input noise under these conditions would directly and
only depend on the number of photons detected by cones and
should not depend on other processing factors; an observer with
a lower detection rate would have a greater equivalent input noise
under these viewing conditions.

THE IMPACT OF HEALTHY AGING ON
THE DETECTION RATE OF PHOTONS BY
CONES

We recently used the psychophysical paradigms developed to
evaluate various components of the visual system (Allard and
Arleo, 2017; Silvestre et al., 2018) to investigate the effect
of healthy aging on various processing components of the
visual system. Interestingly, the components that was the most
affected with aging was the detection of photons by cones
(i.e., photon noise).

In the first study (Silvestre et al., 2019), we investigated the
impact healthy aging on spatial contrast sensitivity (i.e., static
stimuli) at various spatial frequencies. This study suggested that
from 26.5 to 75.9 years old, the detection rate of photons by
cones dropped by a factor about 4 (i.e., photon noise increased
by a factor of 4, Figure 2 left graph). In the second study
(Braham chaouche et al., 2020), we evaluated the impact of
healthy aging on motion contrast sensitivity at various temporal
frequencies. This study suggested that from 26.5 to 75.7 years
old, the detection rate of photons by cones dropped by a
factor about 2.5 (i.e., photon noise increased by a factor of 2.5,
Figure 2 right graph).

A reduction in the number of photons detected by cones
does not necessarily imply that cones detected less photons as
it could also be the result of less light reaching the retina due
to optical factors like the pupil size or cataract development of
the lens. However, in these two studies, the age-related declines
in the detection rate of photons by cones were not due to
age-related miosis (i.e., smaller pupil) because observers were
wearing an artificial pupil (2.5 and 3 mm for the two studies,
respectively) equating the number of photons entering the eye.
Furthermore, the lower photon detection rate cannot be entirely
due to cataract development of the lens reducing the number of
short-wavelength photons reaching the retina, because a similar
age-related effect was observed even when using only high
wavelengths that are little affected by cataract development of
the lens. Consequently, these two recent studies suggest that the
age-related decline in the detection of photons by cones is not
explained by a reduced retinal luminance intensity.

FIGURE 2 | Impact of healthy aging on components of the visual system
assessed using a novel noise paradigm for spatial contrast sensitivity (left;
Silvestre et al., 2019) and motion contrast sensitivity (right; Braham chaouche
et al., 2020). The photon noise represents the variability in the number of
photons detected by cones and directly reflects the number of photons
detected by cones (i.e., when contrast sensitivity is proportial to the square
root of the luminance intensity (de Vries-Rose law). The early noise represents
the impact of the dominant noise source for conditions under which contrast
sensitivity is proportional to luminance intensity (linear law). The late noise
represents the impact of the dominant noise source for conditions under
which contrast sensitivity is independent of luminance intensity (Weber’s law).

Another ocular factor to consider is intraocular scattering
caused by cataract development of the lens, which affects the MTF
of the eye by reducing the contrast of high spatial frequencies
(Owsley, 2011; Martínez-Roda et al., 2016). In the first study,
photon noise was the dominant noise only at high spatial
frequencies, so the MTF of the eye had a direct impact on the
equivalent input noise. However, the noise paradigm estimated
the MTF of the eye, which was subtracted from the equivalent
input noise to estimate the photon noise. Thus, the photon
noise was theoretically not affected by intraocular scattering
affecting high spatial frequencies. Nevertheless, any errors in
the estimate of the age-related effect on the MTF would affect
the calculated photon noise. In the second study, however, the
signal was composed of only low spatial frequencies (0.5 cycles
per degree) so the MTF of the eye was expected to have a
negligible impact (Watson, 2013). Indeed, an age-related contrast
gain reduction due to ocular factors is expected only at high
spatial frequencies (Owsley, 2011; Martínez-Roda et al., 2016).
Furthermore, any contrast loss due to optical factors would
also affect the impact of neural noise, but no significant age-
related effect on neural noise was observed (Figure 2, right).
In other words, an age-effect on the equivalent input noise was
observed to moderate luminance intensities (i.e., when photon
noise dominated) and not to high luminance intensities (i.e.,
when late neural noise dominated). Thus, measuring photon
noise at low spatial frequencies using motion contrast sensitivity
makes the estimate of the photon noise more direct and should
be more accurate. To avoid worrying about the MTF of the
lens, photon noise should be measured at low spatial frequencies,
which is possible using motion contrast sensitivity.
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DISCUSSION

The current mini review highlights a new approach to non-
invasively evaluate the detection rate of photons by cones.
This functional approach enables to address a crucial visual
process: the transduction of light into neural signals by cones.
By measuring contrast sensitivity with and without external noise
in specific conditions in which the variability in the number of
photons detected by cones is limiting contrast sensitivity, the
number of photons detected by cones can be evaluated. The
current review therefore provides a simple functional paradigm
to evaluate the efficiency of cones to detect light.

Other traditional techniques are also sensitive to the number
of photons detected. For instance, imaging densitometry (e.g.,
Rushton and Henry, 1968) and subjective color-matching
techniques (e.g., Burns et al., 1987) are sensitive to cone
photopigments required in the absorption of photons. Such
techniques were used to investigate the impact of aging on cone
photopigments and the results were consistent with an age-
related decline in the number of photons detected by cones
(Keunen et al., 1987; Swanson and Fish, 1996). An advantage
of the noise paradigm is that measuring the photon noise
only requires measuring contrast sensitivity under two specific
conditions, which only requires a few minutes without requiring
a long light adaptation phase. Further studies are required to
compare these techniques directly.

When studying age-related physiological alterations in the
retina, it is often relevant to seek for functional correlates
to quantify the impact of physiological alterations on visual
functions. Typically, visual functions (e.g., visual acuity or
contrast sensitivity) are evaluated at high luminance intensities
at which performance depends little on luminance intensity.
For instance, contrast sensitivity saturates at high luminance
intensities (Weber law), which implies that it is independent
of the amount of light detected by cones. Consequently, a
lower detection rate of light would likely have little impact
on contrast sensitivity at high luminance intensities. The fact
that all visual functions require the phototransduction of light
into neural signals does not imply that a lower detection
rate of light would necessarily affect performance. To address
the ability of cones to detect photons, a visual function
should be evaluated under conditions in which performance
critically depends on the number of photons detected by
cones. The current mini review shows that it is possible to
evaluate the detection of light by cones by measuring contrast

sensitivity under two specific visual conditions. This novel
approach provides a new way to assess the efficiency of cones
to detect light.

Surprisingly, healthy aging was found to have a considerable
impact on the detection rate by cones. Some age-related
physiological changes at the retinal level could explain the decline
in detection rate of photons by cones. One possible age-related
alteration is a morphological one: the degeneration of the rods
with aging induces a loss of alignment of the cones which lose
their support (Curcio et al., 1993; Panda-Jonas et al., 1995)
and reduces their detection rate (Cunea and Jeffery, 2007).
Another possible change occurring with aging is a molecular
one: a high concentration of cGMP (a secondary messenger in
phototransduction) inhibits phototransduction and thus cone
activation (Angueyra and Rieke, 2013). Further studies are
needed to investigate the physiological cause of the age-related
decline in the detection of light by cones.

A common symptom in early AMD is the difficulty under dim
light conditions, which is consistent with the hypothesis that early
AMD affects the detection rate of photons (Elsner et al., 2002)
despite standard functions evaluated under clinical conditions
are not considerably affected (Owsley, 2016). Consequently,
evaluating the detection rate of photons by cones using the
functional approach described in the current review could be
useful to detect earlier signs of AMD. By enabling an earlier
diagnosis, this new tool could prevent the progression of the
disease by providing the opportunity to implement therapies
at earlier stages of the disease. Further studies are required to
investigate if measuring the detection rate of light by cones could
be useful to detect early signs of AMD.
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Aging is associated with a broad range of visual impairments that can have dramatic
consequences on the quality of life of those impacted. These changes are driven
by a complex series of alterations affecting interactions between multiple cellular and
extracellular elements. The resilience of many of these interactions may be key to
minimal loss of visual function in aging; yet many of them remain poorly understood. In
this review, we focus on the relation between retinal neurons and their respective mass
transport systems. These metabolite delivery systems include the retinal vasculature,
which lies within the inner portion of the retina, and the choroidal vasculature located
externally to the retinal tissue. A framework for investigation is proposed and applied to
identify the structures and processes determining retinal mass transport at the cellular
and tissue levels. Spatial variability in the structure of the retina and changes observed
in aging are then harnessed to explore the relation between variations in neuron
populations and those seen among retinal metabolite delivery systems. Existing data
demonstrate that the relation between inner retinal neurons and their mass transport
systems is different in nature from that observed between the outer retina and choroid.
The most prominent structural changes observed across the eye and in aging are seen
in Bruch’s membrane, which forms a selective barrier to mass transfers at the interface
between the choroidal vasculature and the outer retina.

Keywords: retina, retinal neurons, mass transport, retinal vasculature, Bruch’s membrane, choriocapillaris, aging,
photoreceptors

INTRODUCTION

Increasing age is associated with a broad range of visual impairments that include loss of spatial
contrast sensitivity, decreased light and wavelength sensitivities, deficits in the processing of
temporal information and slowing of visual processing speed (Zhang et al., 2008; Owsley, 2011).
These changes can have dramatic consequences on the quality of life of those affected (Owsley
and Burton, 1991; Owsley et al., 1998); however, they remain poorly understood. Improving our
understanding of the mechanisms involved in age-related vision impairments is essential to design
strategies to slow or even reverse them. It can also help determine characteristics that may be used
to differentiate individuals who “age well” – who suffer minimum or manageable vision loss as
they age – to those who do not, and, in doing so, assist in identifying precursors of eye diseases
(Owsley, 2011).
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Every part of the eye undergoes changes as we age (Owsley,
2011; Grossniklaus et al., 2013). The human eye, like that of
other vertebrates, essentially consists of concentric layers of tissue
enclosing a fluid-filled chamber (see Figure 1A). The primary
function of the cornea, iris, and lens located in the anterior part of
the eye is to focus and direct light toward the posterior segments,
where the retina lies (Zouache et al., 2016b); see Figure 1B.
It is there that photoreceptor cells perform phototransduction,
or the conversion of photons into electrochemical impulses.
Signals from the photoreceptors are received and processed
by an intricate machinery of neurons and turned into action
potentials carried by the axons of approximately one million
retinal ganglion cells (see Figures 1C,D). These axons run along
the inner surface of the retina before converging into the optic
nerve, which travels to the brain (Oyster, 1999; Masland, 2012).

While many age-related vision impairments are driven by
transmission losses in the optical media of the eye (Hockwin
and Ohrloff, 1984; Reim, 1984; Rohen and Lütjen-Drecoll,
1984; Owsley and Burton, 1991; Pierscionek, 1996), cellular
and molecular changes occurring within the retina also play an
important role (Weale, 1986; Marshall, 1987; Grossniklaus et al.,
2013; Campello et al., 2021). Retinal senescence is likely driven
by a complex series of changes that affect multiple cellular and
extracellular elements that interact with each other (Marshall,
1987). However, our understanding of normal interactions
between retinal elements and processes necessary for tissue
function and survival is considerably limited. The role that these
interactions and their alterations play in retinal aging is therefore
not fully appreciated, which considerably restricts our ability to
identify strategies to effectively slow or prevent visual changes
associated with increasing age.

The purpose of this review is to assess how documented spatial
and age-related variations in retinal neuron populations relate
to changes observed in the structure and function of the mass
transport systems to the retina. Homeostasis, metabolism, and
survival of retinal cells rely on the adequate supply of metabolism
substrates and clearance of metabolic waste products from the
retina. These processes are supported by a dual circulatory
system formed by the choroidal and retinal vasculatures (see
Figure 2). The choroidal vasculature and its microvascular
bed, the choriocapillaris, support the metabolic requirement
of the outer half of the retina, which is mainly composed of
photoreceptors and a monolayer of epithelial cells. The inner part
of the retina, which mainly consists of neuronal and glial cells, is
sustained by the retinal vasculature (Wong-Riley, 2010).

An underlying hypothesis to this work is that age-related
changes in the structure and function of the mass transport
systems sustaining the retina correlate with variations in retinal
cell populations observed in aging. This would support the
idea that the transport of material that is key to healthy cell
metabolism is adjusted in aging, so that correlated changes
in the retina and its metabolite delivery system are adaptive.
Departure from this correlated behavior may then put the eye
at a higher risk of vision impairments and disease. The first
step in testing this hypothesis is to determine the nature of the
relation between retinal neuron populations and mass transport
systems in health. The human eye offers an ideal template to

explore this relationship. Spatial variations in the structure of
the retina and choroid are well-documented and, within an
adequate framework, may be harnessed to identify correlated
patterns of change. Aging can provide valuable insights into
the resilience of correlated behaviors to perturbations occurring
over large timescales. Changes in the relation between retinal
neurons and their respective metabolite delivery system in aging
are therefore also explored.

FRAMEWORK FOR INVESTIGATION

This review investigates biological systems – retinal neurons and
their respective metabolite delivery systems – often considered
in isolation. An important factor to consider when assessing
relations between any biological systems is the characteristic
length- and timescales associated with the elements, systems, and
processes at play (Lesne, 2013).

Scale and Interactions
Many interactions between retinal cells and the retinal and
choroidal vasculatures occur through a movement of molecules.
For instance, the movement of oxygen, nutrients, metabolism
byproducts, signaling proteins and growth factors between
vasculatures and neurons partly determines the metabolism of
these cells, their function, and their ability to survive and adapt to
changes in their microenvironment. Exchange between neurons
and the retinal and choroidal vasculatures may be studied at the
scale of cells, tissue or even organs (see Figure 1). Phenomena
associated with each scale provide different – and sometime
overlapping – information on the state of retinal components.
For instance, quantum mechanics may be better suited to
describe phototransduction (Sia et al., 2014) whereas stochastic
kinetics is more appropriate to model chemical kinetics and
generate reaction constants (Lecca, 2013). As separate models
may be applied to understand and describe processes occurring
at different scales, the challenge becomes to integrate them into
a framework capable of capturing the interplay between them
(Lesne, 2013, 2007; Green and Batterman, 2017).

Advances in molecular techniques have made it possible
to explore variations in genome, epigenome, transcriptome,
metabolism and immune response in the retina of human donor
eyes (Campello et al., 2021). These methods have the potential
to provide a resolution sufficient to dissect spatial and temporal
changes such as the ones observed in aging up to the level of a
cell (Wang S. et al., 2020). Beyond the theoretical and technical
issues associated with the processing and analyses of these large
datasets (Mattmann, 2013; Leonelli, 2019; Teschendorff, 2019),
the characteristic length-scale associated with these methods is
too small to extract data pertaining to interactions between
cells and extracellular components. For instance, transcription
in photoreceptors is partly determined by external stimuli,
some of which result from chains of events involving the
choroidal vasculature. However, the choroid is far upstream
(or downstream) in this chain of event; measuring its effect
on photoreceptors may not be possible because of processes
involving other retinal components. It is therefore difficult to
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FIGURE 1 | Organization of the human eye and retina. (A) Schematic of a human eye. The anterior segments, which include the cornea, iris and lens, direct light
toward the retina located in the back of the eye. (B) En-face view of the retina captured in a healthy individual using an ophthalmoscope. The optic nerve and large
retinal arteries and veins are visible, but the underlying choroidal vasculature is not. The fovea, a region of the retina specialized for high-acuity and color vision, lies at
the center of the approximately 5.5 mm wide macula. (C) View of a transverse section of the retina taken from a human donor eye in the macula. Histologically, the
retina appears as layered tissue formed by retinal neurons, endothelium, and glial cells. (D) Schematic of the cellular organization of the retina and choriocapillaris,
adapted and modified with permission from Campello et al. (2021). The location of histologically defined retinal layers is indicated. The outer retina consists of the
retinal pigment epithelium and photoreceptor outer and inner segments. The inner retina includes horizontal, bipolar, amacrine and ganglion cells, which are all
involved in the processing of signals originating from the photoreceptors.

detect the effect of the choroidal vasculature on photoreceptors
at this scale. At the other end of the spectrum of length-scales,
interactions between retinal neurons and the retinal vasculature
are impossible to characterize at the organ level as this scale is too
large to consider them as distinct entities.

To ensure that most of the information relevant to interactions
between retinal neurons and their respective metabolite delivery
systems is captured, this review focuses on structures and
processes at the cellular and tissue scales.

From Geometry to Mass Transport
Capturing variations in the structures and processes determining
mass exchange at the cellular and tissue levels experimentally
is challenging. Our understanding comes mostly from
cross-sectional analyses of human donor eyes (Oyster, 1999),

which only provide snapshots of variations across the eye
and over time. In addition, these analyses are fundamentally
limited by the scarcity of human donor eyes in certain age
groups. Animal and in vitro models have been used to attempt
to address this limitation (Conn, 2006); however, the human
retina has singular properties that render extrapolation from
these systems difficult (Hussain et al., 2010; Kam et al.,
2019). In this review, we harness the fact that local mass
transport is partly determined by the morphology of cells
and the specific geometry of their interface with other tissue
components. We can therefore ascertain that variabilities in
the structure of the retina provide an indirect way of assessing
variations in transport processes. This approach is in some
ways imperfect, as structures alone are often insufficient to
describe mass transport within any biological system. A good
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FIGURE 2 | Organization, morphology, and ultrastructure of the dual circulatory systems of the retina formed by the retinal and choroidal vasculatures. The inner
two-thirds of the retina is sustained by at least four layers of retinal capillaries, which connect alternating arterial and venous branches. Oxygen and nutrients are
supplied to the outer one third of the retina by the choriocapillaris, located externally to the retinal pigment epithelium. En-face visualizations of the retinal and
choroidal vasculatures at the fovea were obtained by immunostaining portions of retinas and choroid with Ulex Europaeus Agglutinin and imaging them using
confocal microscopy. Stark differences in vascular density between the choriocapillaris and the retinal capillary bed can be observed. Ultrastructural differences are
also present. Retinal capillaries form a tightly regulated barrier between blood and tissue. Capillaries from the choriocapillaris present with closed fenestrations, which
facilitate the transfer of small and large molecules.

understanding of the fundamental laws governing transport
phenomena and how specific structures influence them is
necessary to draw any interpretation (Lighthill, 1972). This
understanding often comes from experimental and theoretical
models developed specifically to study well-defined systems and
requires careful considerations centered around basic principles
of mass transfers.

Fundamentals of Mass Transfers for
Cells and Tissues
Within blood vessels, molecules are transported through a
combination of advection and diffusion. Diffusion is the

net movement of material along gradients of concentration.
Advection is the movement of material due to the motion
of a fluid; it is the dominant transport mechanism in blood
vessels. Advection is a more efficient mode of transport, and
its prominence with respect to diffusion is determined by the
balance between pressure gradients along arteries, capillaries
and veins that drive blood flow and factors effectively creating
a resistance to this flow. Most of this vascular resistance is
caused by the diameter of blood vessels and the viscosity
of blood (Lighthill, 1972). The Hagen-Poiseuille law, which
applies to incompressible uniform viscous fluids flowing through
cylindrical tubes (Batchelor, 2000), is commonly used to describe
the salient features of the flow associated with the specific
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geometry of blood vessels (Lighthill, 1972; Pournaras et al., 2008).
This approximate law states that blood velocity varies as R2 and
that the blood flow rate varies as R21P/µL, where R and L
are the radius and length of the vessel considered, respectively,
1P is the pressure difference between the entry and exit of the
vessel and µ is the viscosity of blood. Blood velocity is minimal
within capillaries, where vessel radii are smallest and most of the
exchange between plasma and tissue occur.

Molecules contained in plasma may cross blood vessel walls
through passive or active transport. Passive transport does not
require any input of energy from the cell and instead relies
on the tendency of molecules to travel from regions of low
concentration to regions of high concentration. The main types
of passive transport across cells are diffusion, facilitated diffusion
(diffusion mediated by transport proteins embedded in plasma
membranes), filtration and osmosis (see Figure 3). The transfer

of oxygen from blood to tissue relies solely on molecular
diffusion, whereas glucose reaches tissue through facilitated
diffusion (by way of transporters including GLUTs) (Mantych
et al., 1993). Filtration consists of the movement of water and
soluble molecules along gradients of hydrostatic pressure. Active
transport typically involves a movement of molecules from
regions of high concentration to regions of low concentration
(thus ensuring that concentration gradients are maintained). It
requires energy input from the cell in the form of adenosine
triphosphate (ATP) or membrane potential and may also
involve moving material through transendothelial channels or
vesicles (also called caveolae). Macromolecules including lipids,
insulin and albumin typically cross endothelial cells through
active transport (Simionescu et al., 2002). Passive transport
across microvascular beds has been extensively studied both
experimentally and theoretically. Active transport is tightly linked

FIGURE 3 | Schematic representation of mass transport systems of the retina. The movement of molecules shown in (A,B) is directed from vasculatures to tissue
only for simplicity; although, displayed mechanisms are also applicable to the opposite direction. (A) Simplified schematic of the transfer of material across
choriocapillaris endothelial cells, Bruch’s membrane, RPE cells and photoreceptors (not to scale). (B) Mass transfers in the inner retina illustrating the symbiotic
relationship between retinal endothelial cells, glial cells (here a Müller cell) and retinal neurons. (C) Schematic of the mechanisms of transport across cells adapted
and modified from Hosoya and Tachikawa (2012). Transport is traditionally classified as passive (diffusion), carrier-mediated (facilitated diffusion, primary active efflux
and secondary active influx and efflux) or receptor-mediated. The conventions used to depict mechanisms of transport in (A,B) are consistent with (C).
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to several interdependent factors including cellular metabolism,
microenvironment and external stimuli and is therefore often
more complex to model as compared to passive transport.
Our understanding of active transport across capillaries relies
primarily on classic experimental studies of microvascular
permeability to lipid-insoluble endogenous and non-endogenous
macromolecules (Simionescu et al., 2002; Sarin, 2010).

The movement of molecules across capillaries is partly
determined by the physical characteristics of structures
composing them such as the thickness of their basement
membranes and the diameter and spatial distribution of
inter-endothelial junctions. The molecular composition of
the extravascular space, the structure of cells consuming or
delivering transported material and their distance from vascular
compartments also influence molecular transfers significantly.
At a basic tissue scale (∼1 mm), the movement of material
is generally described using average statistics based on mean
squared displacements of molecules. Within this framework,
the effect of structures influencing the movement of material –
such as the geometry of capillaries and composition of the
extravascular space – is described using averaged characteristics,
such as diffusivity, permeability and cellular density. These
measures translate the underlying small-scale structure of
molecules, cells and media across which transfers occur;
they may vary in space and time and are often determined
experimentally. Within frameworks using averaged statistics
(in tissue level models for instance), the transfer of diffusive
molecules between the vasculature and tissue is mainly a function
of blood flow, the geometry of capillaries, the concentration of
a specific compound in blood and its consumption in tissue
(which is generally a function of the number of cells consuming
this compound per volume of tissue) and the resistance of the
capillary wall, extravascular space and cells to diffusion (Keener
and Sneyd, 2009; Zouache et al., 2019). The topology of a
vascular bed is an important factor to consider when assessing
its capacity for tissue perfusion (LaBarbera, 1990; West et al.,
1997; Zouache et al., 2016a). Another element often examined
is the vascularity – or vascular density – of a vascular bed.
This parameter describes the fraction of tissue occupied by
blood vessels and is calculated over a closed volume. Variations
in vascular density give insights into spatial differences in
metabolite supply and tissue energy requirements.

Barriers to Transfers
In the retina, the transfer of metabolism substrates and by-
products to and from blood must be adequately controlled
and regulated. This is the main function of the blood-retinal
barrier (BRB), which involves several cellular and extracellular
structures regulating transfers between retinal capillaries and the
inner part of the retina (inner BRB, iBRB) and between the
choriocapillaris and the outer part of the retina (outer BRB,
oBRB) (Cunha-Vaz, 1976). Movement across these barriers is
generally described within frameworks that place the cell at the
center of all transport processes. While the terminology employed
may differ, this cell-centric description is entirely encompassed in
the fundamental framework described in Section “Fundamentals
of Mass Transfers for Cells and Tissues.” Within the cell-centric

framework, the exchange of molecules is described in terms of
transcellular and paracellular pathways (Pournaras et al., 2008;
Nakanishi et al., 2016). The movement of water, small nutrients,
ions, and macromolecules across endothelial cells occurs through
diffusion, carrier mediated or receptor-mediated transport (see
Figure 3C), which involve both passive and active types of
transport. Most proteins are non-selectively transported across
endothelial cells in vesicles (carrier-mediated transport) (Feng
et al., 1996; Simionescu et al., 2002; Minshall et al., 2003; Stan,
2005; Mehta and Malik, 2006). The paracellular pathway allows
for passive transport across the space separating endothelial cells
and is modulated by intercellular adhesion and the structure
of intercellular clefts (see Figure 2). Tight junctions form size-
and charge-selective semipermeable barriers to diffusion (Van
Itallie and Anderson, 2004; Campbell and Humphries, 2012;
Zihni et al., 2016).

The extracellular structures involved in the regulation of
transfers between blood and tissue are the glycocalyx and
extracellular matrix. The glycocalyx consists of a coat of
macromolecules bound to the apical and luminal plasma
membrane of epithelia and endothelial cells (Möckl, 2020).
Through its molecular structure it acts as a charge-selective
barrier to plasma membranes. It affects oncotic pressure
gradients driving capillary filtration (Mehta and Malik, 2006) and
may regulate protein diffusion (Freeman et al., 2018). Another
important function of the glycocalyx is to attenuate the effect of
mechanical forces caused by the flow of blood on endothelial cells
and thus to preserve their function (Gouverneur et al., 2006). The
extracellular matrix consists of the assembly of many components
secreted by surrounding cells. Its composition regulates transport
in and out of cells, and therefore influences cellular homeostasis
and cell-to-cell signaling (Hubmacher and Apte, 2013).

Experimental Data
Many experimental methods have been applied to characterize
retinal and choroidal structures and processes relevant to the
study of retinal mass transport systems at the cellular and tissue
levels. Investigations using histology rely on a variety of methods
to process and image tissue dissected from human eyes. These
studies may be limited by tissue availability and the difficulty of
phenotyping donor eyes for diseases of the anterior or posterior
segments. Variability in times to fixation and processing methods
may cause morphological changes that need to be accounted for
Tran et al. (2017). Differences in the location and size of the
samples analyzed can significantly limit comparisons between
studies. Inconsistencies between studies using histology may
also be due to the lack of correction for multiple counting of
cells on sections and for tissue shrinkage (Curcio et al., 1990;
Harman et al., 1997). The absence of consensus on diagnostics
and post-processing methods (Garza-Gisholt et al., 2014) can
also explain discrepancies between findings. In vivo imaging
techniques include optical coherence tomography (OCT), optical
coherence tomography angiography (OCTA) and adaptive optics
(AO). OCT uses low-coherence interferometry to generate cross-
sectional images (B-scans) of optical scattering from retinal
structures with a longitudinal and lateral spatial resolution of
a few micrometers (Huang et al., 1991). By serially recording
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B-scans, OCTA captures variations in the intensity and phase
of backscattered light due to intrinsic movement within tissue,
which comes mainly from erythrocytes in blood vessels (Kashani
et al., 2017). OCTA has been used to visualize and quantify
the retinal (Coscas et al., 2016; Iafe et al., 2016; Garrity et al.,
2017; Lavia et al., 2019) and choroidal (Maruko et al., 2018;
Wang et al., 2018; Zheng et al., 2019; Wang E. et al., 2020)
vasculatures, including in aging (Spaide, 2016; Wei et al., 2017;
Lavia et al., 2019; Zheng et al., 2019) and disease (Laíns et al.,
2021). OCT and OCTA provide valuable tissue-level information
on the retina; however, the lateral resolution that they offer is
not sufficient to image individual cells. AO systems have so
far mostly been used in research settings. A large number of
groups robustly image and quantify the retina at the cellular and
sub-cellular levels using AO, with instrumentation capabilities
varying according to applications (Marcos et al., 2017). AO-
based systems have been applied to image a variety of neurons
including cones (Chui et al., 2008a,b; Song et al., 2011; Zhang
et al., 2015), rods (Dubra et al., 2011; Merino et al., 2011;
Wells-Gray et al., 2018), and ganglion cells (Liu et al., 2017);
subretinal structures such as retinal pigment epithelial cells
(Liu et al., 2016) and choriocapillaris (Kurokawa et al., 2017);
normal and remodeled retinal vasculature (Chui et al., 2016;
Sapoznik et al., 2018); and structures and processes associated
with various pathologies of the retina (Langlo et al., 2014;
Querques et al., 2014; King et al., 2017; Zhang et al., 2017; Karst
et al., 2019; Miller et al., 2019; Hammer et al., 2020). Blood
flow in the retinal and choroidal vasculatures has been assessed
using several dye dilution techniques such as fluorescent dye
angiography and scanning laser ophthalmoscope angiography.
Dye dilution techniques rely on the injection of a dye into the
general circulation and its visualization as it travels through and
across blood vessels (Wei et al., 2018). Extractable information
includes structural characteristics of blood vessels and average
travel time, which has a dependence on the diffusivity of the dye
used (Zouache et al., 2016a).

CELLULAR ORGANIZATION OF THE
RETINA

The retina is composed of three classes of cells – neurons,
glial cells and epithelial cells – organized in four distinct
layers; see Figure 1C. Its outermost layer is the retinal pigment
epithelium (RPE), which consists of a continuous monolayer
of approximately hexagonal pigmented cells. The neural retina
lies internally to the RPE and is formed by three nuclear layers
enclosing neuronal cell bodies and two plexiform layers of
synapses (see Figure 1D; Oyster, 1999).

Neuronal Organization
General classifications of retinal neurons are based on
morphological and physiological analyses of human tissue.
They are consistent with methods based on single-cell RNA
sequencing (Liang et al., 2019; Menon et al., 2019; Peng et al.,
2019; Orozco et al., 2020; Yan et al., 2020; Yi et al., 2020). The
outermost layer of the neural retina is formed by approximately

100 million photoreceptors arranged in a continuous array.
Approximately 95% of these cells are rods (Curcio et al., 1990),
which use rhodopsin as a pigment and are specialized for
vision in dim light. The remaining photoreceptors consist of
three types of cones functionally defined by the opsin that they
express (Masland, 2012; Hoon et al., 2014). Cones are either
sensitive to short-, medium- or long-wavelengths. They are
approximately 100 times less sensitive to light than rods and
are better adapted for bright-light and high acuity color vision
(Hoon et al., 2014). Light is transduced in the outer segments,
where photopigments are located; photoreceptor inner segments
contain mitochondria, and the outer nuclear layer is made up
of photoreceptor nuclei (Oyster, 1999). Photoreceptors synapse
onto bipolar and horizontal cells at the outer plexiform layer.
The role of these neurons is to modify and edit photoreceptor
signals before communicating them to ganglion cells. The
retina contains at least twelve types of bipolar cells, each
with a unique physiology. Multiple types of bipolar cells are
connected to cones; however, only one type is connected to rods
(Strettoi et al., 2010; Masland, 2012). Horizontal cells modulate
synaptic transmissions between rods and cones and bipolar
cells. Widespread synaptic connections emphasize differences
in signals between photoreceptor cells by providing inhibitory
feedback to rods and cones and possibly bipolar dendrites
(Masland, 2012). The streams of information carried by bipolar
cells are reorganized at the inner plexiform layer and sampled
by ganglion cells under refinement from amacrine cells. The
body of ganglion cells along with some displaced amacrine
cells form the ganglion cell layer. Ganglion cells integrate the
processed signals from bipolar and amacrine cells and convey
information to the brain. Approximately 1% (La Morgia et al.,
2010) of ganglion cells express the protein melanopsin, which
makes them intrinsically photosensitive. With a sensitivity and
spatial resolution inferior to those of rods and cones, these cells
are mainly involved in non-image-forming vision. They play a
key role in contrast detection and modulate many responses to
light such as circadian entrainment and the pupillary light reflex
(Mure, 2021). The innermost layers of the retina consist of the
nerve fiber layer, which contains the axons of the ganglion cells,
and the inner limiting membrane, which is composed of terminal
expansions of Müller cells extending from the photoreceptor
layer (Oyster, 1999).

Glial Cells
The retina contains several types of glial cells that provide
structural support to retinal neurons and help maintain retinal
homeostasis and retinal integrity (Goldman, 2014; Vecino et al.,
2016; Jäkel and Dimou, 2017). Ninety percent of these glial
elements are Müller cells. These radially oriented cells extend
from the inner limiting membrane to the external limiting
membrane, where they form junctions with photoreceptor inner
segments (Goldman, 2014; Vecino et al., 2016). Müller cells
are not involved in the processing of vision. Their size and
number [they are estimated to account for up to 15% of the
volume of the retina (Oyster, 1999)], their dense and regular
pattern and their close proximity with retinal neurons indicate
that they constitute an anatomical and functional intermediary
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between neurons and compartments with which they exchange
molecules (Reichenbach and Robinson, 1995; Bringmann et al.,
2006; Vecino et al., 2016). Astrocytes are another type of glial
cells present in the human retina. Almost exclusively confined
to the innermost retinal layers, their presence and distribution is
correlated with that of blood vessels. Astrocyte processes extend
to both blood vessels and neurons. Their main functions are to
provide enhanced support for degenerating axons and to help
maintain the blood-retinal barrier (Vecino et al., 2016).

Retinal Pigment Epithelium
While not involved in the neuronal processing of vision
(Strauss, 2005), very few cells of the eye perform as many
different functions as the RPE. This monolayer of approximately
hexagonal cells separates the retina from the endothelium of
the underlying choriocapillaris. The RPE plays a critical role
in the normal functioning of photoreceptors by eliminating
water from the subretinal space, performing the phagocytosis of
photoreceptor outer segment membranes and supplying essential
nutrients to the photoreceptors through epithelial transport. In
doing so, it impacts on the kinetics of the chemical reactions
occurring during the visual cycle significantly (Marmor and
Wolfensberger, 1998; Strauss, 2005).

Blood Supply
The retinal vasculature sustains the region of the retina extending
approximately from the outer nuclear layer to the inner limiting
membrane. The remaining outer retina, which includes the
photoreceptor inner and outer segments and the RPE, is
supported by the choroidal vasculature (see Figure 2). These
two vascular systems arise from the ophthalmic artery, which
branches into the central retinal artery supplying the retinal
vasculature and into the medial and lateral posterior ciliary
arteries supplying the choroid (Hayreh, 1962, 1963; Hayreh and
Dass, 1962). Neither the retinal nor the choroidal vasculature can
compensate for the loss of the other, so that the retina relies on
both for survival (Oyster, 1999).

Metabolism of the Retina
The visual system is the highest energy-consuming system
of the brain (Niven and Laughlin, 2008). Impaired energy
metabolism causes visual deficits (Linsenmeier and Zhang, 2017)
and may be to blame in the pathogenesis of degenerative
vitreoretinal disorders (Léveillard et al., 2019). Energy necessary
for cellular function is transferred in the form of adenosine
triphosphate (ATP). This high-energy molecule is produced
through glycolysis or oxidative phosphorylation. Glycolysis takes
place in the cytosol. It converts glucose into pyruvate, generating
two molecules of ATP in the process. Oxidative phosphorylation
occurs in the mitochondria and uses pyruvate as a substrate. It
requires the presence of oxygen and produces up to 36 molecules
of ATP for each molecule of glucose consumed. When oxygen is
limited, oxidative phosphorylation is hindered and the pyruvate
produced through glycolysis is reduced to lactate (Alberts et al.,
2014). As in the brain, retinal neurons use glucose as their main
energy substrate and are dependent on the more energetically
effective oxidative phosphorylation to generate ATP. They are

therefore very sensitive to fluctuations in glucose and oxygen
supplies (Erecińska and Silver, 2001; Linsenmeier and Zhang,
2017). ATP supports most neuronal functions, including protein
and neurotransmitter syntheses and recycling. Active transport
of ions against their electrical and concentration gradients is
the largest energy-consuming neuronal functions (Wong-Riley,
2010). In contrast with retinal neurons, glial cells rely mainly on
glycolysis for their ATP needs (Winkler et al., 2000).

Photoreceptors have one of the highest metabolic rates of
any cell of the human body (Linsenmeier and Braun, 1992;
Niven and Laughlin, 2008; Wong-Riley, 2010). Most of the
ATP used by photoreceptors is produced through oxidative
phosphorylation, which occurs mainly in the mitochondria-rich
inner segments. It is there that most of the oxygen diffusing from
the choriocapillaris and retinal circulation is consumed. Studies
performed on monkeys indicate that oxygen consumption is
larger in the perifovea as compared to the fovea (Yu et al.,
2005; Birol et al., 2007). Oxygen consumption is also significantly
greater in dark-adapted condition than under illumination (Birol
et al., 2007). While many aspects of their normal metabolism
remain to be fully understood, it is now well established that
photoreceptors generate large amounts of lactate in the presence
of oxygen through glycolysis (aerobic glycolysis) (Lindsay et al.,
2014; Du et al., 2016a; Chinchore et al., 2017). In fact, it has been
estimated that between 80 and 90% of glucose molecules used
by adult photoreceptors is consumed through aerobic glycolysis
alone. This pathway generates intermediates necessary to the
formation of large molecules involved in the visual process
(Narayan et al., 2017). The large amounts of lactate produced by
photoreceptors may also fuel both Müller and RPE cells. Lactate
has been shown to suppress glucose consumption in the RPE,
with the effect of increasing the amount of the molecule reaching
photoreceptors (Kanow et al., 2017). RPE cells are specialized for
reductive carboxylation, a type of metabolism that heavily relies
on mitochondria (Du et al., 2016b).

DELIVERY SYSTEM TO INNER RETINAL
NEURONS

The inner retinal mass transport system supports the
metabolism of many retinal neurons including ganglion,
bipolar, horizontal and amacrine cells. Highly regulated, it relies
on an adequate blood supply to retinal capillaries in different
regions of the retina.

Retinal Vasculature
Upon branching from the ophthalmic artery, the central retinal
artery travels within the optic nerve and inserts into the retina
through the optic nerve head. There, it divides into large superior
and inferior branches, which further ramify into dependent
branches radiating across the retinal surface (Hayreh, 1962, 1963;
Hayreh and Dass, 1962). The basic network topology of the
retinal vasculature consists of a tree, where blood may only
follow a limited number of anatomical routes determined by
the branching pattern of arteries of veins (nodes of the tree).
Terminal arteries (arterioles) branch from parent vessels at
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an approximately right angle (Pournaras et al., 2008). In vivo
measurements indicate that the relation between blood flow rate
and diameter among retinal arteries and veins is consistent with
Poiseuille’s flows (Riva et al., 1985; Feke et al., 1989); although
the velocity profile is flatter rather than parabolic in larger
arteries and veins (Zhong et al., 2011). Throughout the retina,
larger vessels remain close to the inner limiting membrane.
Across most of the retina arteries and veins alternate, so that
one vein typically lies between two consecutive arteries (Stokoe
and Turner, 1966; Wise et al., 1975); although they tend to be
dissociated in the periphery of the retina (Stokoe and Turner,
1966). Capillary beds connect consecutive arterial and venular
branches, forming an interconnecting network arranged in a
multi-layer pattern, each of them supplying distinct sets of
neurons (see Figure 2). Retinal veins merge into the central
retinal vein, which exit the eye through the optic nerve head
and joins the superior ophthalmic vein (Hayreh, 1962, 1963;
Hayreh and Dass, 1962).

Retinal Vascular Pattern
Analyses based on histology (Snodderly et al., 1992; Pournaras
et al., 2008; Chan et al., 2012; Tan et al., 2012), OCT (Chan
et al., 2015), OCTA (Campbell et al., 2017; Muraoka et al.,
2018; Hormel et al., 2020) and AO (Kurokawa et al., 2012)
indicate that the retinal capillary network is arranged in up to
four layers (or plexuses) depending on location. Supplied by the
central retinal artery, the superficial vascular plexus consists of
a network of arteries, arterioles, capillaries, venules and veins
contained primarily within the ganglion cell layer. Intermediate
and deep capillary network line the inner and outer sides of
the inner nuclear layer, respectively, and support the metabolic
requirements of amacrine cells, bipolar cells and horizontal cells.
These plexuses are supplied by anastomoses from the superficial
vascular network (Snodderly et al., 1992; Provis, 2001) and have
a lobular organization. The dense radial peripapillary plexus seen
in the proximity of the optic nerve head and part of the macula
and posterior pole forms a fourth vascular plexus that sustains
the densely packed nerve fiber layer bundles (Michaelson, 1956;
Kornzweig et al., 1964; Henkind, 1967; Jia et al., 2014; Campbell
et al., 2017). Capillaries composing it are supplied and drained
by a small number of arterioles and venules from the superficial
vascular plexus and run parallel to axons from the nerve fiber
layer (Henkind, 1967; Alterman and Henkind, 1968; Campbell
et al., 2017; Muraoka et al., 2018). Close to the fovea, capillary
plexuses merge into a single layer of capillaries that delineate a
region of the retina deprived of blood vessels, the foveal avascular
zone (FAZ) (Campbell et al., 2017; Nesper and Fawzi, 2018).

The nature of the connections between capillary plexuses is a
key determinant of blood flow patterns in the retinal vasculature
and mass exchange with retinal neurons. Animal experiments
indicate that venous drainage may predominantly occur through
the deep vascular network (Fouquet et al., 2017). While some
controversy remains, evidence suggests that the organization of
retinal capillaries is neither serial nor parallel (Hormel et al.,
2020). The various retinal vascular plexuses rely on a composite
network of horizontal and vertical connections that are yet to be
fully characterized (Nesper and Fawzi, 2018).

Structure and Regulation of Blood Flow
The structure of retinal arteries, capillaries and veins is
characteristic of a vasculature almost entirely autoregulated for
local tissue requirements. The retinal vasculature is deprived
of autonomic innervation (Hogan and Feeney, 1963a,b; Laties
and Jacobowitz, 1966). Blood flow and local tissue perfusion
are adjusted to changes in neuronal activity through myogenic
response that involves vasoconstriction and vasodilation in
arteries and capillaries (Shepro and Morel, 1993; Haefliger et al.,
1994; Lombard, 2006; Peppiatt et al., 2006). Retinal vessels can
also adapt blood flow rates to changes in partial pressures of
oxygen and carbon dioxide and to variations in the concentration
of various molecules essential to retinal metabolism (Pournaras
et al., 2008; Aalkjær et al., 2011; Levick, 2018; Yu et al., 2019).
Autoregulation is mediated by the endothelium of retinal vessels
and by pericytes and smooth muscle cells encompassing them.
In contrast with other organs, retinal arteries lack an elastic
lamina and the coat of smooth muscle cells enclosing them is
more developed. Near the optic disk, this coat comprises five
to seven layers of cells. This number decreases to two or three
at the equator and to one or two at the periphery (Hogan and
Feeney, 1963a; Hogan, 1971). Glial and Müller cells generally
lie at the interface between the broad basement membrane
enclosing retinal arteries and the adjacent nerve fiber layer. The
size and distribution of pericytes surrounding veins is similar to
that of smooth muscle cells along arteries (Hogan and Feeney,
1963a; Hogan, 1971). When compared to other tissues, pericytes
enclosing retinal capillaries are more numerous and closely
spaced (there is approximately a 1:1 ratio between pericytes and
endothelial cells). Their basement membrane is adjacent to those
of Müller and other glial cells (Hogan and Feeney, 1963b,c;
Hogan, 1971).

Components of the Inner Blood-Retinal
Barrier
The continuous endothelium of retinal vessels constitutes the
main component of the iBRB. Transfers across this selective
barrier occur through passive, carrier-mediated or receptor-
mediated transports (see Figure 3). The wall of retinal capillaries
is composed of a single layer of endothelial cells enclosed by
intramural pericytes and a basement membrane (see Figure 2).
A basal lamina separates endothelial cells from pericytes. Passive
transport across vessel walls is modulated by the structure and
thickness of the basement membrane of capillaries and pericytes,
which is thicker than in other organs, and by tight junctions
between endothelial cells, which are numerous and extensive
(Hogan and Feeney, 1963b; Shakib and Cunha-Vaz, 1966; Hogan,
1971; Frank et al., 1990). The structure of these junctions
restricts paracellular transport considerably, so that metabolism
substrates and amino acids required for retinal metabolism
cross the endothelium predominantly through the transcellular
pathway. The permeability of the iBRB to many substrates is
known and well-documented (Hosoya and Tachikawa, 2012).
Limited evidence suggests that pericytes and smooth muscle
cells modulate the molecular permeability of retinal vessels
through paracellular transport (Frey et al., 1991). It is unclear
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if astrocytes and Müller cells impact on the permeability of
the iBRB in adults (Vecino et al., 2016). Müller cells may
modulate the barrier properties of retinal endothelial cells
through the secretion of factors contributing to the formation and
maintenance of tight junctions (Tout et al., 1993; Abukawa et al.,
2009). In addition, both Müller cells and astrocytes produce many
extracellular matrix components including collagens, vitronectin
and fibronectin that are likely to impact on mass transfers within
the retina (Behzadian et al., 2001).

Tissue-Level Models of Retinal Perfusion
Models linking retinal blood flow and mass exchange to retinal
structures or metabolism at the tissue level have mostly been
limited to the study of oxygen delivery and consumption. One of
the most basic approaches relies on the Krogh cylinder model,
which assumes that oxygen is supplied to a cylindrical region
surrounding evenly spaced capillaries (Krogh, 1919; Goldman,
2008). This model predicts the concentration of a passively
transported molecule in tissue as a function of its consumption
(assumed to be constant), its diffusivity and the radius of the
cylinder within which it is entirely consumed. While extended to
account for a range of complex processes involved in the delivery
of oxygen to the inner retina – including facilitated transport
(McGuire and Secomb, 2001), tissue metabolism and time-
varying concentrations (Friedland, 1978); the Krogh model is not
adapted to model supply regions containing multiple capillaries
(Wang and Bassingthwaighte, 2001). Alternative approaches,
mainly based on Green’s function (Secomb et al., 2004; Secomb,
2016), have been developed to model oxygen transport in
retinal tissue while accounting for non-uniformities in the
retinal vascular network and interactions between capillaries
(Causin et al., 2016). While built on general principles, these
models require a detailed map of the morphology of the
retinal vasculature to generate predictions. These maps may
be reconstructed from images of the retina (Fry et al., 2018),
or generated randomly by harnessing the regularity and fractal
nature of the retinal vascular tree (Causin et al., 2016). Because
aspects of the retinal vascular network (such as the pattern
of connections between different plexuses) are yet to be fully
characterized (see Section “Retinal Vascular Pattern”), methods
relying on the fractal nature of the retinal vascular tree are
generally only relevant to the description of the salient features
of the blood flow.

Oxygenation and metabolism in the retina have been
experimentally investigated using oxygen-sensitive electrodes
and retinal oximetry (Yu and Cringle, 2001; Linsenmeier and
Zhang, 2017). These approaches have been applied to explore
the resilience of the retina to perturbations including hypoxia
and hyperoxia. The main limitation of these approaches is that
measurements are often uncoupled from changes occurring at
the level of the retinal vasculature. Data collected mainly from
animals are at the basis of several mathematical models of oxygen
diffusion across the retina (Haugh et al., 1990; Linsenmeier
and Padnick-Silver, 2000; Verticchio Vercellin et al., 2021),
some of which include considerations on retinal blood flow
(Causin et al., 2016).

DELIVERY SYSTEM TO OUTER RETINAL
NEURONS

The metabolite delivery system to the outer retina has three
main components: the choriocapillaris, which is the vascular
bed of the choroidal vasculature, Bruch’s membrane and the
RPE. These three intrinsically multifunctional compartments are
interdependent and compose the outer blood-retinal barrier (see
Figure 3).

Choroidal Vasculature
The choroidal vasculature emerges from lateral, medial, superior
and long posterior ciliary arteries (PCA) that arise from the
ophthalmic artery (Hayreh, 1962). Each of them divides into to
10 to 20 short posterior ciliary arteries, which cross the sclera
near the optic nerve (Wybar, 1954; Hayreh, 1962, 1974c; Hogan,
1971; Virdi and Hayreh, 1987) and supply a distinct sector of
the choroid (Hayreh, 1974a, 1975). They further divide, each
subdivision supplying a smaller segment of the choroid. At the
end of this vascular tree, arterioles supply the choriocapillaris,
an 8–20 µm thick planar capillary bed extending from the optic
nerve to the lateral border of the peripheral retina (the ora
serrata) (Zouache et al., 2016a). Functionally, choroidal arteries,
arterioles, venules and veins form a segmented vascular tree
(Hayreh, 1974a, 1975). The choroid is drained by four vortex
veins (one per quadrant), which branch into either the superior
or inferior ophthalmic vein (Hayreh, 1990; Oyster, 1999).

The structure of choroidal vessels differs markedly from
those forming the retinal vasculature. Smooth muscle cells
and pericytes are present along choroidal arteries and veins,
respectively; however, their function and subtypes remain poorly
characterized in man (Salzman, 1912; Wolter, 1956; Hogan and
Feeney, 1961; Hogan, 1971; Condren et al., 2013). Pericytes
are the only perivascular cells found in the choriocapillaris.
They are horizontally and sparsely distributed, with only 11% of
ensheathment observed in adults (compared to 94% in retinal
capillaries) (Frank et al., 1990; Chan-Ling et al., 2011). Their
function remains unclear (Wolter, 1956; Condren et al., 2013).
In contrast with the retinal vasculature, choroidal blood flow
sees little to no autoregulation under normal conditions (Bill,
1962; Friedman, 1970; Armaly and Araki, 1975; Bill et al., 1983;
Gherezguiher et al., 1991). The presence of extrinsic regulation
mediated by sympathetic innervation has been demonstrated
in animals including primates (Reiner et al., 2018). This
regulation may cause vasoconstriction of arteries and pre-
capillary arterioles, which drives the redistribution of arterial
blood in the event of an increase in blood pressure (during
exercise for instance) (Levick, 2018). Evidence of local regulation
of choroidal blood flow mediated through myogenic mechanisms
has been found in rabbits (Kiel and Shepherd, 1992; Kiel, 1994;
Kiel and van Heuven, 1995).

The Choriocapillaris
The large diameter of choriocapillaris vessels (Hogan, 1971;
Olver, 1990; Ramrattan et al., 1994) demonstrates a weaker
resistance to blood flow as compared to retinal capillaries. High
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blood flow – choriocapillaris blood flow is, per unit mass, three
to four times higher than that in the kidney (Weiter et al.,
1973) – ensures that gradients of concentrations between the
choroid and retina remain steep, and therefore that rates of
transfers between these two compartments are maintained high.
In addition to low resistance to blood flow, the choriocapillaris
features many structures facilitating the movement of molecules
across its endothelium. Choriocapillaris vessels are composed
of a single layer of endothelial cells enclosed by a basement
membrane (Missotten, 1962) and are separated by discontinuous
tight junctions. Gap junctions are also observed in the plasma
membrane of the endothelium (Hogan, 1971; Spitznas and Reale,
1975), generally on the scleral side of the capillaries and between
pericytes and endothelial cells (Spitznas and Reale, 1975). As in
glomerular capillaries (Satchell and Braet, 2009), blood vessels
in the choriocapillaris contain fenestrations (Hogan and Feeney,
1961; Bernstein and Hollenberg, 1965; Hogan, 1971; Torczynski,
1982). These 600 to 800Å pores spanning the width of the
endothelium present with a diaphragm covering part of their
surface (Missotten, 1962; Garron, 1963; Hogan, 1971; Spitznas
and Reale, 1975), and are more frequent on the retinal side of
capillaries (Hogan and Feeney, 1961; Bernstein and Hollenberg,
1965; Federman, 1982).

Whereas fenestrations enhance the diffusion of molecules
of small to moderate size (typically with a Euler-Einstein
radius of 30–40Å or less), they do not allow for the free
transport of macromolecules from plasma to the extravascular
space as is often assumed (Nakanishi et al., 2016). In fact,
the choriocapillaris substantially restricts the passage of large
unreactive molecules (Pino and Essner, 1980, 1981; Törnquist
et al., 1990; Grebe et al., 2019) and features receptor-mediated
types of transport (Bernstein and Hollenberg, 1965; Pino
and Essner, 1981; Nakanishi et al., 2016). Choriocapillaris
endothelial cells differentially express several transendothelial
transport genes including CAV1 (caveolin), TSPO (cholesterol)
and TFRC (transferring receptor) (Voigt et al., 2019a). One
of the genes most strongly differentially expressed by these
cells is plasmalemmal vesicle-associated protein (PLVAP).
The Plvap protein is present in fenestrations, caveolae and
transendothelial channels, and therefore plays a key role in
the regulation of transendothelial transport (Wisniewska-Kruk
et al., 2016; Bosma et al., 2018; Brinks et al., 2021). Our
understanding of the mechanisms and dynamics of the transport
of specific macromolecules across the choriocapillaris is limited,
and mainly comes from examinations of the movement of
albumin. This macromolecule was experimentally found to cross
choriocapillaris endothelial cells through caveolae-mediated
transcytosis, with an estimated travel time of 30 min or less
(Nakanishi et al., 2016).

Bruch’s Membrane
Molecules reaching the choroidal extravascular space must
cross Bruch’s membrane, which occupies the space between
the choriocapillaris and the RPE, to reach photoreceptor outer
segments (see Figure 3A). Bruch’s membrane forms a selective
barrier to the reciprocal transport of molecules between the RPE
and choriocapillaris, restricts cellular movement between choroid

and retina and physically supports RPE adhesion (Booij et al.,
2010). Histologically part of the choroid, Bruch’s membrane is 2
to 5 µm thick and is composed of an elastin layer sandwiched
by two layers of collagen fibers (the inner and outer collagenous
layers). Its inner- and outermost layers are basement membranes
to the RPE and choriocapillaris, respectively (Hogan, 1961). The
inner and outer collagenous layers are composed of various forms
of collagen arranged in a grid-like structure and embedded in
a mass of interacting biomolecules. The elastin layer is made
up of coarse interlaced linear elastin fibers extending from the
optic nerve to the far retinal periphery. The outer basement
membrane of Bruch’s membrane is composed of several forms
of collagen. Because it coincides with the basement membrane
of the choriocapillaris, it is discontinuous – it is present close
to capillaries of the choriocapillaris but absent in the space
separating them (Marmor and Wolfensberger, 1998).

Since Bruch’s membrane is acellular, transport across it
is passive and entirely determined by its thickness and
molecular composition. Gradients of hydrostatic pressure and
concentration drive the movement of molecules, which either
cross the membrane or bind to it (Marmor and Wolfensberger,
1998; Strauss, 2005). The average diameter of gaps within the
elastin layer and its thickness are important determinants of the
diffusive properties of Bruch’s membrane (Chong et al., 2005).
Out of the five layers composing it, the inner collagenous layer
has been experimentally found to form the main resistance to
fluid movement, and is therefore the principal determinant of
Bruch’s membrane’s hydraulic conductivity (Starita et al., 1997).
Controversy exists regarding the maximal size of molecules able
to travel across Bruch’s membrane. Intravenous injections of
protein tracers in animals indicate that particles 64–500 kDa in
weight enter Bruch’s membrane but do not cross it (Bernstein
and Hollenberg, 1965; Pino and Essner, 1981; Pino and Thouron,
1983). However, molecules 40–200 kDA have been shown to
cross the membrane in vitro (Moore and Clover, 2001). This
discrepancy is likely to be caused by the experimental systems
used in in vitro studies, which may not replicate physiologically
realistic gradients of pressure and normal fluid fluxes, and
often involve both advective and diffusive transports across the
membrane (Hussain et al., 2010).

Retinal Pigment Epithelium
At the level of the RPE, tight junctions connecting adjacent
cells ensure that the outer blood-retinal barrier is maintained
(Raviola, 1977). The resistance to paracellular transport across
the RPE was estimated to be ten times higher than that to
transcellular transport in animals (Miller and Steinberg, 1977a,b).
Choriocapillaris fenestrations are maintained by growth factors
secreted by the RPE that diffuse across Bruch’s membrane
(Blaauwgeers et al., 1999; Kamba et al., 2006; Kim et al.,
2019), highlighting the close relationship between these three
components. The expression of PLVAP may be induced and
regulated by growth factors produced at the level of the RPE
including vascular endothelial growth factors (Vegf) (Marneros
et al., 2005; Bosma et al., 2018) and pigment epithelium-derived
factor (Pedf) (Farnoodian et al., 2018). Vegf exposure has been
shown to alter the vascular permeability of endothelial cells
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(Bates, 2010), partly by modulating the frequency and structure
of their fenestrations (Stan, 2007).

Tissue-Level Models of Exchange
Between Choroid and Retina
Tissue-level analyses of the movement of molecules between
retina and choriocapillaris, which describe the combination of
phenomena occurring at the level of choroidal endothelial cells,
Bruch’s membrane and the RPE, are scarce. Salient features of
the transfer of small passively transported molecules may be
inferred from theoretical and experimental analyses of oxygen
concentration profiles (Linsenmeier and Zhang, 2017; Yu et al.,
2019). These studies indicate that passively transported molecules
diffuse along a concentration gradient that is perpendicular to the
plane of the choriocapillaris. In the case of oxygen, this gradient
is directed toward the outer retina.

Blood enters and leaves the choriocapillaris through a set
of arterioles and venules connected to the surface furthest
from the retina approximately perpendicularly to the plane of
the capillaries. Because of this arrangement, the blood flow
is decomposed into contiguous functional vascular segments
separated by separation surfaces across which there is no flow
(Zouache et al., 2016a). Groups of functional vascular segments
are commonly referred to as lobules (Hayreh, 1974b), a term
introduced by analogy with liver functional units (Torczynski and
Tso, 1976). The pattern of segmentation of the choriocapillaris
blood flow is determined by pressure gradients between arteriolar
and venular insertions and their relative distribution (Flower
et al., 1995; Zouache et al., 2016a). The extraction of diffusive
species from the choriocapillaris and the distance across which
they diffuse across the retinal tissue is determined by the velocity
of blood flowing through the choriocapillaris and by the relative
distribution and flow rate of arterioles and venules inserting
into its plane. Blood velocities across the choriocapillaris have
been experimentally and theoretically shown to be spatially
heterogeneous (Flower, 1993; Flower et al., 1995; Zouache et al.,
2016a). Mass exchange between choriocapillaris and outer retina
(denoted η) is at the level of a functional vascular segment (basic
lobule unit) described by the theoretical relation:

η =
A0h
τQa

8

where A0 is the surface area of the lobule, h the local thickness of
the choriocapillaris, Qa is the flow rate in the arteriole feeding the
lobule, 8 is the vascular volume fraction of the choriocapillaris
(the volume of tissue occupied by capillaries) and 1/τ is a transfer
coefficient specific to the compound considered (Zouache et al.,
2015, 2016a). This relation may also be expressed as:

η =
< T >

τ

where < T > is the mean travel time of blood between an
arteriole and a venule supplying and draining a choriocapillaris
lobule, respectively. Both relations are functions of the ratio of
arterioles and venules supplying functional vascular segments.
Based on experimental data generated in animals, the extraction

rate of glucose and oxygen is between less than one percent
and five percent per volume of blood (Alm and Bill, 1972;
Wang et al., 1997; Linsenmeier and Padnick-Silver, 2000), which
yields τ ≈ 0.2− 1× 105s. In the case of glucose, this estimate is
partly determined by the abundance of GLUT receptors on the
plasma membrane of choroidal endothelial cells (Mantych et al.,
1993), RPE (Strauss, 2005) and photoreceptor outer segments
(Hsu and Molday, 1991).

SPATIAL VARIATIONS IN NEURON
POPULATIONS AND INNER AND OUTER
RETINAL MASS TRANSPORT SYSTEMS

In this section, we explore the relation between retinal neuron
populations and their respective mass transport systems by
harnessing spatial variations in the structure of the retina and
choroid. This variability evolved as an adaptation to spatial
variations in light intensity, contrast and amplitude of visual
aberrations across the retina (Walls, 1942; Hughes, 1977). To
optimize spatial resolution and sampling of light (Hirsch and
Hylton, 1984; Hirsch and Curcio, 1989), the size, density,
and tilling geometry of photoreceptors vary across the eye. In
addition, as in many vertebrates (Walls, 1937, 1942), the human
eye contains a region dedicated to high resolution vision, the
fovea centralis, which allows for the capture a small part of retinal
images only but in great details (Hughes, 1977). Anatomically, the
fovea consists of a 1500 µm-wide depression in the retinal tissue
caused by the absence of inner retinal layers; see Figure 1C. In
this region the retina is only 100 µm thick, and is deprived of the
inner nuclear, inner plexiform, ganglion cell and nerve fiber layers
as well as retinal capillaries (Hogan, 1971). The spatial variation
in the human photoreceptor mosaic can also be seen in other cells
and structures of the retina and choroid, including ganglion cells
and retinal and choroidal vasculatures. The location and classical
denomination of retinal regions are described in Figure 4A.

Retinal Neurons
Methods based on histology of human donor eyes (Osterberg,
1935; Polyak, 1941; Farber et al., 1985; Curcio et al., 1987, 1990;
Jonas et al., 1992) and in vivo imaging techniques (Chui et al.,
2008a,b; Song et al., 2011; Zhang et al., 2015) have shown that
the density of cones is maximal at the fovea (see Figure 4B). Its
reported peak can vary by several orders of magnitude between
individuals, ranging from 49,600 (Dorey et al., 1989) to 238,000
(Ahnelt et al., 1987) cones/mm2 on average. Inter-individual
variability varies with location in the retina (Zhang et al., 2015;
Elsner et al., 2017) and may be partly explained by differences in
axial length between eyes sampled (Chui et al., 2008a; Legras et al.,
2018). The most detailed sampling of the cone mosaic in human
donor eyes to date reported a mean peak density of 199,000
cones/mm2 at the foveal center (Curcio et al., 1987, 1990), which
is consistent with measurements made using AO (Zhang et al.,
2015). Cone density decreases sharply with distance from the
center of the fovea (Osterberg, 1935; Curcio et al., 1987, 1990;
Jonas et al., 1992; Chui et al., 2008a; Song et al., 2011; Zhang et al.,
2015), and is 40–45% higher in the nasal retina as compared to
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FIGURE 4 | Spatial variations in retinal neuron populations (B,D,F) and in the key structures of their respective metabolite delivery systems (C,E,G–I). The
approximate location of sampled retinal regions and their associated denomination is described in (A). Terminologies vary between studies; the ones employed here
are consistent with the main text. Plotted data were collected from publications listed in Supplementary Table 1. All spatial variations are displayed along the
nasal-temporal axis as illustrated in (B). Reported values are plotted as vertical line segments (ranges) or single points, and the approximate region they apply to is
delineated using horizontal dashed lines. Dashed arrows indicate qualitatively reported trends. The density of bipolar cells (F) is plotted as a range inferred from
approximate ratios between their density and that of their respective photoreceptor type. The maximal vascular density of retinal capillaries (H) appears to overlap
with the highest density of bipolar (F) and ganglion (D) cells. Bruch’s membrane is thickest at the fovea (G), where photoreceptor density (B) and choriocapillaris
vascular density (E) are highest.
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the temporal region (Curcio et al., 1990). It is also slightly larger
in the midperipheral inferior region of the fundus as compared
to the superior retina (Osterberg, 1935; Curcio et al., 1990; Jonas
et al., 1992). Certain cone subtypes have different distributions,
which do not appear to be either random or regular (Curcio et al.,
1991; Mollon and Bowmaker, 1992; Roorda and Williams, 1999).
Rods are absent from the fovea (Osterberg, 1935; Polyak, 1941;
Farber et al., 1985; Curcio et al., 1987, 1990; Jonas et al., 1992). The
diameter of the region of the fovea deprived of rods is 0.35 mm
on average (Curcio et al., 1990). The density of rods is largest
in the nasal region of the retina (Osterberg, 1935; Curcio et al.,
1990; Jonas et al., 1992), with a maximal density found in the
vicinity of the optic disk (approximately 3–5 mm from the foveal
center) (Curcio et al., 1990; Jonas et al., 1992). Peak rod density
ranges from 135,000 (Farber et al., 1985) to 176,000 rods/mm2

(Curcio et al., 1990) in this region. Differences in rod density
between individuals can reach 10%, and are much smaller than
those observed for cones (Curcio et al., 1990). In addition to their
density, the morphology of photoreceptors varies with location in
the eye. The diameter of cones increases from approximately 1.6
(Curcio et al., 1990) to 2.23 µm (Scoles et al., 2014) at the center of
the fovea to 8–10 µm in the periphery of the retina (Curcio et al.,
1990; Jonas et al., 1992; Scoles et al., 2014). The diameter of rods
increases from approximately 3 µm in the region with the highest
rod density to 5.5 µm in the peripheral retina (Curcio et al., 1990;
Jonas et al., 1992).

The ratio between photoreceptors and bipolar cells varies
across the eye. At the fovea, bipolar cells are connected on
average to one cone and one ganglion cell, thus forming a one-to-
one wiring. Multiple connections are observed between bipolar
cells and photoreceptors in the region extending from outside
the fovea to the peripheral retina, which provides pooling of
information over space. Ganglion cells in this region connect to
multiple bipolar cells and receive signal originating from distinct
photoreceptors (Oyster, 1999). Overall, the density of rod and
cone bipolar cells follows the distribution of their respective
photoreceptor type. The density of cone bipolar cells is 2.5 to 4
times larger than that of cone photoreceptors whereas rod bipolar
cell density is approximately a tenth of that of rods (Martin and
Grünert, 1992; Grünert et al., 1994); see Figure 4F.

The distribution of horizontal cells has yet to be determined
in humans; however, their density has been estimated in monkey
retinas. From a minimum of 250 cells/mm2 at the foveal center, it
increases rapidly at the edge of the fovea. It reaches a maximum
of approximately 23,000 cells/mm2 within an annulus of 0.6 mm
radius enclosing the fovea (Röhrenbeck et al., 1989). This peak is
reached in the region where pedicles of foveal cones are displaced
(Tsukamoto et al., 1992). Outside of the fovea, the density of
horizontal cells decreases approximately exponentially out to
the peripheral retina, in keeping with the distribution of cones
(Röhrenbeck et al., 1989; Wässle et al., 1989; Oyster, 1999). In
the peripheral retina this density is twenty times smaller than the
peak observed close to the fovea (Röhrenbeck et al., 1989).

Absent in the fovea, ganglion cells appear approximately 100–
500 µm from the foveal center. Their peak density varies greatly
between individuals and ranges from 32,000 to 38,000 cells/mm2

(Curcio and Allen, 1990), although studies using AO reported

lower values (Liu et al., 2017). This maximum is reached within
a horizontally oriented elliptical ring located 0.4 to 2.0 mm
from the foveal center. Ganglion cell density decreases sharply
with distance from the foveal center, reaching approximately
100 cells/mm2 in the retinal periphery, and does not correlate
with cone density (see Figure 4D). This pattern of variation
is not uniform across the eye. At similar distances from the
foveal center, the density of ganglion cells in the nasal retina
exceeds that of the temporal region by more than 300%. It is in
the superior retina larger than in the inferior region by more
than 60% (Curcio and Allen, 1990). The mean peak density
of melanopsin-expressing retinal ganglion cells decreases from
approximately 20–40 cells/mm2 at 2 mm from the center of
the fovea to 10 cells/mm2 at about 8 mm eccentricity (Nasir-
Ahmad et al., 2019). The topography of amacrine cells has not
been mapped in humans. Evidence from monkeys indicates that
their distribution, density and coverage varies between subtypes
(Dacey, 1990; Wässle et al., 1995). Their density peaks close to the
fovea and declines with distance from the foveal center (Dacey,
1990; Rodieck and Marshak, 1992; Wässle et al., 1995).

Differences in the function, distribution and morphology of
retinal cells between fovea and peripheral retina are associated
with marked differences in gene expression (Peng et al., 2019;
Voigt et al., 2019b, 2021; Yan et al., 2020). Using unstructured
statistical methods that assessed how close transcription profiles
from a large number of cells are, foveal cones were found to form
clusters that were distinct from their peripheral counterparts
(Voigt et al., 2019b). This method also differentiated between
distinct cone subtypes (Lukowski et al., 2019).

Glial Cells
The mean density of Müller cells across the retina in man
was estimated to be approximately 11,000 cells/mm2, a number
that is fairly consistent among mammals (Dreher et al., 1992).
Information on spatial variations in the density and morphology
of these cells is limited. In the monkey retina, the density of
Müller cells varies between 6000 cells/mm2 in the periphery and
more than 30,000 cells/mm2 in the parafoveal region. Müller
cells are generally longer in the central retina as compared to
the periphery, and the average proximity of neighboring cells
increases with distance from the fovea (Distler and Dreher, 1996).
The distribution of astrocytes across the monkey retina is uneven.
Their concentration, which correlates with the thickness of the
nerve fiber layer, is maximal in the proximity of the optic nerve
and is particularly low in the perifoveal region. Astrocytes of
the nerve fiber layer appear as star-shaped cells in the periphery
but seem bipolar close to the optic nerve. The morphology of
astrocytes present in the ganglion cell layer is consistent across
the retina (Büssow, 1980; Distler et al., 1993).

Retinal Vasculature
There is no evidence of spatial variation in the structure and
ultrastructure of blood vessels across the retina (Pournaras et al.,
2008). Blood flow to the temporal part of the retina is greater
than that to the nasal region (Riva et al., 1985; Feke et al.,
1989); it is also greater in the superior quadrant as compared
to the inferior retina (Tomita et al., 2020). These differences are
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likely to be associated with spatial variations in the perfusion
of retinal capillary beds across the retina. The arrangement and
number of plexuses composing the retinal capillary network
varies spatially. The fovea is deprived of retinal capillaries. Close
to the FAZ, retinal capillary plexuses merge into a single layer
of capillaries (Campbell et al., 2017; Nesper and Fawzi, 2018).
The superficial capillary network is present across most of the
retina. The intermediate and deep capillary plexuses may be seen
in the macula and posterior pole, but merge into one network
peripherally (Toussaint et al., 1961; Hogan, 1971; Campbell
et al., 2017). The radial peripapillary plexus is observed in the
peripapillary region and in part of the macula (Michaelson,
1956; Kornzweig et al., 1964; Henkind, 1967; Jia et al., 2014;
Campbell et al., 2017).

The density of retinal vessels is partly determined by
the thickness of the portion of the retina that they supply
(Michaelson, 1956; Chase, 1982; Buttery et al., 1991; Snodderly
et al., 1992). While the combined volume of retinal vessels
in the deeper networks remains constant across the eye, the
cumulated vascular volume of superficial retinal vessels increases
with the thickness of the nerve fiber layer. The fact that this
layer contributes more to vascularity than to retinal thickness
indicates that the density of retinal vessels is more likely to
be determined by local metabolic requirements (and diffusion
distances) than by tissue volume (Snodderly et al., 1992).
This observation is further strengthened by the fact that the
diameter of capillaries is larger in the superficial nerve fiber
layer as compared to the inner nuclear layer (Snodderly et al.,
1992; Tan et al., 2012). This indicates a smaller resistance to
blood flow in this layer and a higher propensity for passive
molecular exchange.

Analyses of human donor eyes indicate that the greatest
density of retinal capillaries, expressed as a percentage of total
retinal volume, is found at the margin of the avascular fovea,
where it reaches approximately 1% (Snodderly et al., 1992);
see Figure 4H. The density of capillaries decreases gradually
toward the mid-periphery and periphery of the eye. In these
regions the retina is thinner and capillaries are fewer in number
(Toussaint et al., 1961; Kornzweig et al., 1964; Hogan, 1971).
Histological studies (Snodderly et al., 1992) found that the density
of capillaries in the vicinity of the optic nerve is approximately
1.6–1.7% of the volume of the retina and decreases with distance
from the optic nerve head. Capillary density extracted from
OCTA slabs is generally calculated by dividing the surface area
of automatically or manually traced capillaries by the area of
the retina sampled. Comparisons between densities extracted
from histology and OCTA using perfused human donor eyes
(An et al., 2018; Balaratnasingam et al., 2018) and animal
eyes (Yu et al., 2021) indicate that OCTA provides a good
representation of large retinal vessels but does not visualize all
retinal capillaries. Estimates of capillary density obtained from
OCTA slabs range from 10 to 60% on average in similar regions
of the retina (Coscas et al., 2016; Iafe et al., 2016; Garrity et al.,
2017; Lavia et al., 2019). In comparison, histological studies
indicate that the percentage of retinal area occupied by capillaries
lies between 40 and 55% (Snodderly et al., 1992; An et al., 2018).
It increases steeply in the parafovea and reaches a maximum

approximately 1.5 mm from the foveal center (Snodderly et al.,
1992). OCTA studies have found that the density of the deep
capillary network is greater than that of the superficial capillary
network (Lavia et al., 2019).

Choroidal Vasculature
The choroidal vasculature displays marked variations in its
anatomy and physiology across the eye. The number of arterioles
and venules connected to the choriocapillaris per unit of volume
is maximal in the submacular region and decreases toward the
periphery. The ratio of arteriolar to venular insertions follows
a similar pattern, varying from up to 5:1 in the submacular
area to 1:4 in the periphery (Amalric, 1983; Fryczkowski
et al., 1991; Fryczkowski, 1994). Because of its unconventional
morphology and large local variations, quantifying differences
in the structure of the choriocapillaris across the eye has
proven challenging. Qualitatively, capillaries are narrowest in the
posterior pole (Ring and Fujino, 1967; Hogan, 1971; Torczynski,
1982) and become progressively wider in the periphery (Ring
and Fujino, 1967; Hogan, 1971). The space between capillaries
(called septa) follows a similar pattern, varying between about
3 and 18 µm in diameter at the posterior pole (Hogan, 1971)
and widening into longer and thinner channel-like structures
toward the equator (Salzman, 1912; Wybar, 1954; Hogan, 1971;
Torczynski and Tso, 1976); see Figure 4E. Septae further
elongate and widen toward the periphery and become loose
in the region of the ora serrata (Salzman, 1912; Klien, 1966;
Yoneya et al., 1983; Fryczkowski et al., 1991). Variations in
the diameter of capillaries and septae across the eye are best
described by a measure of vascular density. The vascular density
of the choriocapillaris has a strong dependence on age. In
the macula, it varies between 0.75 and 0.41 over a lifespan
(Ramrattan et al., 1994). Measurements unadjusted for age
indicate that the density of the choriocapillaris is approximately
0.5 on average in the peripapillary and peripheral regions.
It does appear to decline more abruptly in the periphery
(Ramrattan et al., 1994; Spraul et al., 1999, 2002); see Figure 4E.
Choriocapillaris density seems to be independent of extrinsic
anatomical features such as the thickness of Bruch’s membrane
or choroid and correlates with age better than capillary or septae
sizes (Ramrattan et al., 1994).

Variations in the anatomy of the choriocapillaris translate
important differences in the shape of functional lobules and
possibly their mass exchange with the outer retina. These
differences are yet to be fully characterized in vivo; however,
some of them can be inferred from anatomical studies by using
existing theoretical frameworks (Zouache et al., 2015, 2016a).
Estimates of the average distance (Torczynski and Tso, 1976;
Fryczkowski and Sherman, 1988; Olver, 1990) and ratio (Amalric,
1983; Fryczkowski et al., 1991; Fryczkowski, 1994) between
arteriolar and venular insertions into the choriocapillaris, of
their respective number (Araki, 1976) and variations in vascular
density (Ramrattan et al., 1994; Spraul et al., 1999, 2002)
indicate that the surface area of lobules is smallest in the
submacular area, where their shape is closest to a regular square,
pentagon or hexagon. Toward the periphery, the surface of
exchange between choriocapillaris and outer retina is larger,
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and likely to take the shape of an elongated rectangle. Because
of a lack of hemodynamic data, it is unclear if differences
in the characteristics of functional lobules across the eye
are synonymous with spatial variations in transfers between
choriocapillaris and outer retina.

Spatial variations in the ultrastructure of choroidal
vessels have seldom been examined. Limited data indicate
that fenestrations are more frequent in the submacular
choriocapillaris as compared to the periphery of the eye (they
cover 60.3% of endothelial cell walls in the fovea vs. 36.7% in the
periphery) (Federman, 1982).

Bruch’s Membrane
The thickness and composition of Bruch’s membrane are the
main structural factors assessed to characterize its diffusive
properties. This thickness appears to be larger in the vicinity
of the optic nerve head (Salzman, 1912; Garron, 1963) and
in the periphery of the eye (Nakaizumi, 1964; Nakaizumi
et al., 1964) as compared to the posterior pole and submacular
regions (see Figure 4G). The composition of the elastin layer
varies across the retina. Qualitatively, it is thicker and occupies
a larger portion of Bruch’s membrane in the posterior pole
(Garron, 1963) and submacular area (Chong et al., 2005) as
compared to the peripapillary region; although a large variability
is observed between samples. Spatial variations in the porosity
of Bruch’s membrane were assessed quantitatively by measuring
the integrity of this layer, defined as the total length of detectable
elastin divided by the length of the portion of membrane
considered. This measure is correlated with the thickness of
the elastin layer. Elastin integrity is minimal at the fovea
(approximately 40%). It is on average 60% higher in the periphery
as compared to the subfoveal choroid (Chong et al., 2005). In vitro
experiments indicate that the hydraulic conductivity of Bruch’s
membrane is higher in the retinal periphery as compared to the
submacular region (Moore et al., 1995); see Figure 4I.

Retinal Pigment Epithelium
The density of RPE cells is maximal at the fovea and decreases
almost linearly with distance from the foveal center (Ts’o and
Friedman, 1968; Streeten, 1969; Young, 1971; Gao and Hollyfield,
1992; Harman et al., 1997; Bhatia et al., 2016; Granger et al., 2018;
see Figure 4C); although a large variability is observed between
subjects. A decrease in the density of RPE cells is associated with
an increase in their mean surface area (Ts’o and Friedman, 1968;
Granger et al., 2018) and a reduction in the average number of
neighbors to each cell (Bhatia et al., 2016). Hexagonal cells are
significantly more frequent in the macula than in the peripheral
retina (Watzke et al., 1993). The mean cone-to-RPE cell ratio is
maximal at the fovea and decreases rapidly starting from 2 mm
from the foveal center (Granger et al., 2018).

Conclusion
Most investigations reporting spatial variations among retinal
neuron populations, retinal vasculature and choroid have
considered these systems in isolation. In part because of this,
combining published measurements is not sufficient to capture
local differences in retinal and choroidal structures that may

indicate a correlated pattern of variation. This “lack of resolution”
is exacerbated by variabilities in regions of the retina sampled
between studies. Therefore, similarities between the pattern of
change in retinal and choroidal structures across the eye can only
be described qualitatively.

Past investigations indicate that spatial variations in the
structure and physiology of retinal circulatory systems follow
those observed among the populations of cells that they support.
The density of retinal capillaries (expressed as a function of
retinal volume) is maximal close to the optic nerve head, where
the concentration of ganglion and bipolar cells is highest. It
decreases toward the periphery, where the density of retinal
neurons is comparatively reduced. The amplitude of differences
in vascular density displayed by the choriocapillaris across the
choroid seem almost marginal when compared to those seen
among photoreceptors. Variations in the thickness and hydraulic
conductivity of Bruch’s membrane indicate that this structure
forms a greater impediment to mass exchange in the submacular
area as compared to the periphery. Therefore, barriers to
transport appear to be more selective in regions where the density
of photoreceptors is highest.

RELATION BETWEEN NEURONS AND
RETINAL MASS TRANSPORT SYSTEMS
IN AGING

Aging can provide valuable insights into the relation between
retinal neuron populations and mass transport systems, including
information about its resilience to perturbations occurring over
large timescales. Many structural changes have been observed in
the aging retina (see Figure 5A). Some reports are conflicting,
partly because the effect of aging on retinal cells and structures
varies across the eye. Inconsistencies or inaccuracies in the
regions of the retina sampled may therefore introduce large
variabilities in quantified features, rendering any generalization
difficult. In addition, the ability to detect cellular changes
or losses caused by aging are limited by large inter-subject
variabilities (Gao and Hollyfield, 1992) present at baseline,
as seen in Section “Spatial Variations in Neuron Populations
and Inner and Outer Retinal Mass Transport Systems,” and
by differences in the range of ages considered in each study.
Finally, it is often difficult to determine if earlier assessments
of retinal aging considered samples presenting features that
would today be classified as pathological. The definition of
many vitreoretinal diseases has evolved considerably over the
years, and several phenotypes previously considered as age-
related are now known to be associated with degenerative
diseases. For instance, changes caused by age-related macular
degeneration (AMD) often overlap with those associated with
aging prior to the onset of clinical symptoms. However, the
existence of genetic associations with AMD (Fritsche et al.,
2016) and disease specific phenotypes (Ardeljan and Chan, 2013)
indicates that the chain of events associated with the onset and
progression of this disease has components that are independent
of the aging process.
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FIGURE 5 | Age-related variations in retinal neuron populations and in the key
structures of their respective metabolite delivery systems in the macula and
equator and periphery. A schematic of changes affecting the retina and
choroid adapted and modified with permission from Campello et al. (2021) is
shown in (A). Linear and non-linear regressions were collected from
publications listed in Supplementary Table 2. The features plotted are
normalized by the first value of each regression, which corresponds to the
estimate in the youngest eye included in each study. In the macula (B), there
can be large inter-individual differences that mask variations in the density of
RPE cells and cone photoreceptors with age. With careful elimination of
disease and other extraneous variables, some older subjects have significantly
lower cone densities than do younger subjects. Aging is associated with an
increase in the thickness of Bruch’s membrane and a reduction in its hydraulic
and macromolecular permeability. The rate of rod loss and the decrease in the
vascular density of the choriocapillaris observed with age lie within a similar
range. In the equatorial and peripheral region (C) loss of cones with age is
more pronounced as compared to rods.

Foveal and Macular Regions
Inner Retina
While this is disputed (Oyster, 1999; Harman et al., 2000) due
to methodological inconsistencies (Calkins, 2013), cells in the

ganglion cell layers may be lost in aging (Gao and Hollyfield,
1992; Curcio and Drucker, 1993). Their density was estimated
to decrease by 16% on average between the second and sixth
decade (Gao and Hollyfield, 1992). Differences between young
and old eyes appear to be more pronounced approximately 3 mm
from the foveal center, where losses in mean density reach 25%
(Curcio and Drucker, 1993). Data on horizontal, bipolar and
amacrine cells are scarce. It is generally assumed that their density
remains constant throughout adulthood (Oyster, 1999). Limited
data do point to a 21 to 27% decline in bipolar cell density
with age over years spanning from the third to the seventh
decade (Aggarwal et al., 2007); however, the region of the retina
where measurements were made was not specified. Endothelial
degeneration (Nag and Wadhwa, 2012) and acellularity of single
vessels (Kuwabara et al., 1961), sometimes associated with loss of
mural cells, are often seen among retinal capillaries. Acellularity is
however not necessarily significative of functional abnormalities
or structural changes in adjacent parts of the retina (Kuwabara
and Cogan, 1965). A gradual reduction of macular retinal
thickness is often observed with age, generally after the fourth
decade (Eriksson and Alm, 2009; Karampelas et al., 2013; von
Hanno et al., 2017; Ryoo et al., 2018; Zouache et al., 2020; Trinh
et al., 2021). The thickness of the ganglion cell, inner plexiform,
inner nuclear and outer nuclear layers demonstrate similar rates
of decline with age. In contrast, the thickness of the nerve fiber
layer does not vary significantly with age (Trinh et al., 2021).
In vivo methods have found that the vascular density of deep
and superficial retinal capillary layers decreases by 0.55–0.86%
per decade on average (Wei et al., 2017; Lavia et al., 2019).
This variation is associated with a reduction of the mean blood
flow velocity among retinal venules (Wei et al., 2017) and a
decrease in retinal tissue perfusion (defined as the blood flow
supplying the macula divided by the sampled volume of the inner
retina) (Lin et al., 2019). The effect of perturbations of the retinal
blood flow on metabolism has been investigated experimentally
(Linsenmeier and Zhang, 2017; Yu et al., 2019); however, none
of these perturbations occurred over a timescale relevant to
the aging process.

Outer Retina and Choroid
The amplitude of changes observed in the outer retina and
choroid appears larger in magnitude than those documented
in the inner retina. Displacement and patchy loss of nuclei
in cone outer segments have been observed in the macular
retina (Gartner and Henkind, 1981; Dorey et al., 1989; Gao and
Hollyfield, 1992). Analyses of human donor eyes suggest that
the density of foveal cones decreases with age, although this
reduction was not found to be statistically significant (Gao and
Hollyfield, 1992; Curcio et al., 1993). Assessments of variations
in cone density with age may however be affected by axial
length (Park et al., 2013; Wang et al., 2019), undiagnosed retinal
pathology and discrepancies in regions sampled (Elsner et al.,
2017), which AO-based techniques can control for. Studies using
AO have found that older eyes have significantly lower cone
densities as compared to younger ones in regions 500 µm to
4 mm (Chui et al., 2012) and 570 to 580 µm (2◦eccentricity)
(Legras et al., 2018) from the foveal center. Differences in cone
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density between younger and older subjects are largest near the
fovea and decrease with distance from its center (Song et al.,
2011; Chui et al., 2012). Loss of rod photoreceptors is observed
in the region inferior to the fovea. Starting at the fifth decade, the
proportion of rods lost reaches 30% by the ninth decade within
an annulus ranging from 0.5 to 3 mm from the foveal center
(see Figure 5B). Interestingly, this annulus of greatest rod loss
lies in a region distinct from the part of the retina displaying the
highest rod density. The drop in rod density does not result in
reduced rod coverage because the space vacated by lost cells is
filled by larger rods (Curcio et al., 1993), thereby maintaining
their overall tiling (Oyster, 1999). Loss of RPE at the foveal center
(Gao and Hollyfield, 1992) and in the macular and paramacular
retina (Ts’o and Friedman, 1968; Dorey et al., 1989) with age have
been reported; although this finding has been disputed (Watzke
et al., 1993; Harman et al., 1997). Reported variations in cell
density may in fact be caused by an increase in the surface area
of the retina with age (Harman et al., 1997). An increase in the
mean surface area of RPE cells and a reduction of the frequency
of hexagonal cells (Watzke et al., 1993; Bhatia et al., 2016) have
been observed in aging. These morphological changes are likely
to preserve the continuity of the RPE layer, which may be affected
by cell loss or changes in retinal area. Some have reported that the
ratio between cone and RPE cells lies within a similar range across
all age groups (Gao and Hollyfield, 1992). The decrease in retinal
thickness with age after the fourth decade (Eriksson and Alm,
2009; Karampelas et al., 2013; von Hanno et al., 2017; Ryoo et al.,
2018; Zouache et al., 2020; Trinh et al., 2021) is not attributable to
the thickness of the outer plexiform or RPE layers, which do not
vary significantly with age (Trinh et al., 2021).

Analyses of OCT volume scans suggest that the total choroidal
and mean choroidal luminal areas decrease with age (Nivison-
Smith et al., 2020). Choroidal blood flow and volume, measured
using laser Doppler flowmetry and expressed in arbitrary units,
have been experimentally found to decrease by 7.5 and 8.8%
per decade, respectively (Grunwald et al., 1998). Investigations
of variations in choroidal blood velocities with age have yielded
conflicting results (Grunwald et al., 1998; Straubhaar et al.,
2000). The mean cross-sectional diameter of vessels forming the
choriocapillaris (equivalent to choriocapillaris thickness) and its
vascular density decline by up to 45 and 34% between the first
and tenth decade, respectively (Ramrattan et al., 1994). This
latter finding may be correlated with the increase in flow deficits
observed in vivo using OCTA (Zheng et al., 2019). The effect of
these changes on the transfer of molecules to the outer retina is
unclear. Theoretical considerations suggest that a reduction in
choroidal blood flow may result in smaller blood velocities within
the choriocapillaris, causing an increase in spatial heterogeneities
in mass transfers between this vascular bed and the outer
retina (Zouache et al., 2016c). Mathematical models indicate that
reduced choriocapillaris thickness causes an increase in resistance
to blood flow (Zouache et al., 2015), but is also synonymous
with larger passive transfer rates between the choriocapillaris
and the outer retina (Zouache et al., 2019). A reduction in
vascular density results in a decline in the surface area of the
choriocapillaris available for exchange; however, it may also have
a positive effect on rates of transfers to the outer retina by

causing a local increase in blood velocity. The significance of the
observed decline in submacular total choroidal thickness with
age (Wakatsuki et al., 2015) is yet to be understood. Increasing
age is associated with a thickening of Bruch’s membrane by a
proportion reaching 135% between the first and tenth decade on
average (Ramrattan et al., 1994), a loss of definition of the elastin
layer and an accumulation of matrix and non-matrix material
rich in lipids within its sublayers (Hogan, 1967; Feeney-Burns
and Ellersieck, 1985; Pauleikhoff et al., 1990; Holz et al., 1994;
Karwatowski et al., 1995; Johnson et al., 2007). Increased cross-
linking of fibers and accumulations of advanced glycation end
products (Karwatowski et al., 1995; Handa et al., 1999) are also
observed. These structural changes begin early in life (Feeney-
Burns and Ellersieck, 1985) and alter the porosity and diffusive
properties of the membrane in a molecule-specific manner.
The hydraulic conductivity of Bruch’s membrane decreases
exponentially with age, being halved every 9.5 years on average
(Moore et al., 1995). This variation is partly explained by the
accumulation of extractable lipids within the membrane (Curcio
et al., 2011), which follows a reciprocal pattern (Holz et al., 1994).
In vitro experiments have demonstrated a 45–65% linear decrease
of the transport of amino-acids across Bruch’s membrane over
a lifespan (Hussain et al., 2002). The diffusional transport of
macromolecules (such as dextran) accross the membrane is
reduced by 93.5% between the first and ninth decade (Hussain
et al., 2010). The maximal size of serum proteins crossing Bruch’s
membrane is progressively reduced from approximately 200 kDa
in the first decade to 100 kDa in the ninth decade, and is
associated with a 10-fold reduction in their transport over this
time (Moore and Clover, 2001).

Equatorial and Peripheral Regions
At the temporal equator, the density of cones is reduced by
23% on average by the ninth decade (Curcio et al., 1993);
see Figure 5C. The average rate of decrease of cones and
RPE cells is uniform and estimated to be approximately to
16 and 14 cells/mm2/year, respectively (Gao and Hollyfield,
1992). Some have reported stable rod counts in this region
throughout adulthood (Curcio et al., 1993) whereas others
observed non-uniform rates of decrease with age (Gao and
Hollyfield, 1992). This later study suggested that the variation
in the density of rod with age was not linear. Rod loss appeared
to be more pronounced between the second and fourth decade
than between the fourth and ninth decade. Gao and Hollyfield
(1992) found that the ratio of photoreceptor to RPE cells did
not vary significantly with age, indicating a parallel loss of
these apposed cells. Loss of RPE cells in the far periphery is
associated with variations in their typical morphology that are
similar to those observed in the macular retina. In contrast,
the morphology of RPE cells in the mid-periphery appears to
remain stable throughout adulthood (Bhatia et al., 2016). Age-
related changes in the structure of Bruch’s membrane are not
as apparent in the peripheral retina as in the macular region.
Changes in non-collagen protein content (Karwatowski et al.,
1995) including lipids (Johnson et al., 2007) are not systematically
observed. The reduction in hydraulic conductivity is less
pronounced as compared to the macula (Moore et al., 1995), and
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macromolecular diffusion is only reduced by 66% between the
first and ninth decade (Hussain et al., 2010).

The extension of dendritic fibers of a subtype of bipolar cells
beyond the outer plexiform layer and into the outer nuclear layer
has been observed in aged peripheral retinas (Eliasieh et al., 2007).
Widespread loss of retinal capillaries with age has been observed
in the peripheral retina (Kuwabara et al., 1961; Kuwabara and
Cogan, 1965), as well as an increased incidence of vacuole-
like structures in capillary basement membranes (Hogan and
Feeney, 1963b; Powner et al., 2011); although the significance
of this later finding is unclear. The ratio between the density
of cells in the ganglion cell layer and that of rods does not
vary significantly with age. Similarly to rods, loss of cells within
the ganglion cell layer may be more pronounced between the
second and fourth decade than between the fourth and ninth
decade (Gao and Hollyfield, 1992). This study and others (Curcio
et al., 1993) support the idea that ganglion cell losses in the
peripheral retina occur at a rate smaller than that seen in the
macula, although this has been contested (Harman et al., 2000).
Curcio et al. (1993) identified a region of the peripheral retina
displaying consistently lower ganglion cell densities in older eyes
as compared to younger ones.

Systemic Factors
It is beyond the scope of this review to describe systemic
changes associated with aging; however, their effect on retinal
mass transport systems should not be overlooked. It has long
been known that cardiac output decreases with age while
blood pressure increases (Boss and Seegmiller, 1981). Plasma
proteome also displays marked variations with age (Lehallier
et al., 2019). Serum or plasma proteins influence transport across
endothelial cells (by modulating oncotic pressures for instance)
(Bhave and Neilson, 2011) and semi-permeable membranes,
and are therefore a key determinant of retinal homeostasis.
The effect of these changes on retinal and choroidal blood
flow is yet to be fully explored. Basic theoretical considerations
suggest that a reduction in cardiac output and/or an increase
in arterial blood pressure may exacerbate spatial heterogeneities
in mass transfers between the choriocapillaris and outer retina
(Zouache et al., 2016c). This effect is more pronounced for
larger molecules, which have a comparatively longer travel
time between blood and tissue. Whether the retinal and
choroidal vasculatures have evolved mechanisms to adapt to
these changes is unknown.

Conclusion
The effect of aging on the retina is spatially heterogeneous;
it is more prominent in the region with the highest energy
requirements, the macula, and in the outer retina and choroid
as compared to the inner retina. Direct and indirect evidence
point to a progressive breakdown of mass transfers between
retinal neurons and their respective metabolite delivery systems.
However, the contribution of this breakdown to retinal aging
and its correlation with cellular alterations and potential loss
of function remains to be fully elucidated. The 30% loss in rod
density in the macula appears to concord with the 34% decrease
in choriocapillaris density observed with age (see Figure 5B).

However, more work is necessary to understand the relation
between these two systems. The largest change in retinal mass
transport systems is by far seen in Bruch’s membrane. The
selectivity of this barrier to transport is dramatically altered in
aged eyes, with the transfer of larger molecules and fluids being
comparatively more affected. Changes seen in the inner retina
appear to be largely independent from those observed among
photoreceptors and choroid; however, more work is necessary
to confirm this.

CONCLUSION AND PERSPECTIVES

Our ability to fully assess correlations between variations in
retinal neuron populations and changes in their respective mass
transport systems using published data is limited by the fact
that the key components to consider – neurons, vasculatures,
extravascular and extracellular elements – have predominantly
been studied in isolation. The retina involves many cellular
elements that function through symbiotic relationships. It is now
thought that photoreceptors are at the center of a metabolic
landscape involving RPE and Müller cells (Kanow et al.,
2017; Viegas and Neuhauss, 2021). These functional units rely
on adequate mass exchange between Müller cells and retinal
capillaries, and between choriocapillaris, Bruch’s membrane and
RPE. Investigating these entities as units may yield better
insights not only into interaction between retinal cells and mass
transport systems, but also into the chain of events driving retinal
senescence and vitreoretinal disorders.

Our assessment of the relation between retinal neuron
populations and mass transport systems in aging is considerably
limited by the lack of models or frameworks developed to
differentiate between structural and functional changes caused by
aging and those driven by disease. This limitation is more broadly
a significant impediment to the study of retinal aging. A large part
of our understanding in this regard comes from samples selected
based on the absence of phenotypes traditionally associated with
vitreoretinal disorders. But many (Zouache et al., 2020; Williams
et al., 2021) have shown that defining retinal diseases using
phenotype alone is not sufficient. The consequences of genetic
mutations driving AMD is for instance often detected late in life;
however, their effect on retinal and choroidal structures is likely
to begin much earlier. An effective way to address this is to stratify
subjects base on genetic susceptibility for disease (Pappas et al.,
2021) and to exclude those at high risk from cross-sectional and
longitudinal analyses.

Future studies may benefit from considering variations
in mass exchange within the retina and their effect at the
molecular, cellular and tissue levels. Models developed within
frameworks centered around basic physical principles can
provide extremely valuable insights into processes driving
alterations and help generate hypotheses to be experimentally
tested. A benefit of these approaches is the ability to link
phenomenon occurring at distinct scales. Biological systems such
as the retina are intrinsically multiscale, and cells themselves must
integrate several scales to functions (Lecca, 2013). Integrating
information from different levels to build a better understanding

Frontiers in Aging Neuroscience | www.frontiersin.org 19 February 2022 | Volume 14 | Article 77840476

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-14-778404 February 21, 2022 Time: 14:1 # 20

Zouache Retinal Neurons and Mass Transport

of the retina is a major challenge; however, it is key to designing
effective strategies to slow or even reverse vision losses caused by
aging and vitreoretinal disorders.

Laying down a framework capable of assessing the effect of
variations in retinal neuron populations and their respective mass
transport systems on visual function is incredibly challenging,
in part because of the broad range of scales associated with the
processes and structure at play. Such a framework is however
necessary to determine the nature of the relation between cellular
and tissue-level changes and vision. Alterations in the selective
permeability of Bruch’s membrane restrict the movement of
many molecules essential to the visual cycle; however, their effect
on visual function is presently impossible to assess directly.
Some have proposed that rod visual function is unlikely to be
affected by rod losses observed in aging (Oyster, 1999). This
would indicate that the relation between photoreceptor loss
and visual impairment is not linear. Integrating functional and
structural information from multiple scales will be necessary in
future studies to understand the full extent of the resilience and
adaptability of our visual system.
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Purpose: Cones in diabetic patients are at risk due to metabolic and vascular changes.

By imaging retinal vessel modeling at high magnification, we reduced its impact

on cone distribution measurements. The retinal vessel images and retinal thickness

measurements provided information about cone microenvironment.

Methods: We compared cone data in 10 diabetic subjects (28–78 yr) to our published

norms from 36 younger and 10 older controls. All subjects were consented and tested in

a manner approved by the Indiana University Institutional Review Board, which adhered

to the Declaration of Helsinki. Custom adaptive optics scanning laser ophthalmoscopy

(AOSLO) was used to image cones and retinal microcirculation. We counted cones in a

montage of foveal and temporal retina, using four non-contiguous samples within 0.9–7

deg that were selected for best visibility of cones and least pathology. The data were fit

with a two parameter exponential model: ln(cone density) = a ∗ microns eccentricity +

b. These results were compared to retinal thickness measurements from SDOCT.

Results: Diabetic cone maps were more variable than in controls and included patches,

or unusually bright and dark cones, centrally and more peripherally. Model parameters

and total cones within the central 14 deg of the macula differed across diabetic patients.

Total cones fell into two groups: similar to normal for 5 vs. less than normal for 2 of 2

younger diabetic subjects and 3 older subjects, low but not outside the confidence limits.

Diabetic subjects had all retinal vascular remodeling to varying degrees: microaneurysms;

capillary thickening, thinning, or bends; and vessel elongation including capillary loops,

tangles, and collaterals. Yet SD-OCT showed that no diabetic subject had a Total Retinal

Thickness in any quadrant that fell outside the confidence limits for controls.

Conclusions: AOSLO images pinpointed widespread retinal vascular remodeling in all

diabetic eyes, but the SDOCT showed no increased retinal thickness. Cone reflectivity

changes were found in all diabetic patients, but significantly low cone density in only

some. These results are consistent with early changes to neural, glial, or vascular

components of the retinal without significant retinal thickening due to exudation.

Keywords: cones, diabetic patients, macula, risk to photoreceptors, vascular changes, fovea, cone distribution
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INTRODUCTION

Photoreceptors are the potential victims of the harsh
environment found in the diabetic retina (1). Due to their
high rate of metabolism, photoreceptors not only can be reduced
in number via apoptotic death in altered glucose models (2), but
photoreceptors and outer retina have been reported to undergo a
variety of changes and can be considered as potential culprits in
diabetic retinopathy and diabetic macular edema (3, 4).

Visual function abnormalities in diabetic patients have long
been documented by a wide variety of methods, including those
that depend heavily upon cones or cone pathways such as
color vision and multifocal electroretinography (5, 6). Foveal
color vision deficits in diabetic patients are consistent with a
combination of early lens changes that decrease the light focused
on the retina, particularly for short wavelengths (5, 7), and
failure of the foveal cones to properly guide light despite the
lack of clinical evidence of macular edema (5). Both of these
factors can decrease the capture of quanta, which then can
decrease sensitivity, and also decrease the contrast and alter the

spectra at the retina, which can lead to poorer performance
on a wide variety of visual function tasks. With imaging, dark
patches of cones can be spatially correlated with defects in

the deeper fundus layers seen on OCT (8). Further there is
neuronal damage that includes additional retinal neurons (9–12).
In diabetic patients without clinically significant macular edema,
there is not evidence of cones so shortened or photopigment

so dilute that spectral sensitivity is altered for L- and M- cones,
i.e., those that contribute substantially to foveal vision and visual

acuity. Thus, while decreased color vision, particularly for short
wavelengths, and poor contrast interfere with tasks of daily living
in diabetic patients, biomarkers for detection and management
require sensitive or specific information.

Cones underlie visual acuity, fine color vision, and fine
spatial discriminations that require dense packing. Cones are
irreplaceable and in humans form complex neural connections,
leading to extensive signal processing in the retina. Living
human cones can be individually mapped by increasing the
magnification of the retinal image, using scanning to improve
the contrast of the retinal image, and correcting the flawed optics
of the eye with adaptive optics, in an adaptive optics scanning
laser ophthalmoscope (AOSLO), with differences in techniques
among laboratories (13, 14). While the number of human cones
is set before birth, cones are known migrate to during the first 5
yr of life to densely pack a normal fovea (15), and become less
densely packed with aging (16–18). The young fovea has a higher
cone density along the horizontal meridian than the vertical one,
similar to a visual streak. There are large individual differences
among subjects found by several laboratories, particularly at
the fovea, previously reviewed (14, 18, 19). In older subjects
the horizontal vertical asymmetry is not always preserved (17).
While the density of cones decreases monotonically from fovea to
periphery in the healthy eye, the large interindividual differences
in cone density distribution across the retina must be modeled
with at least two parameters, such as overall numbers of cones
and the slope of the decrease from the fovea outward (19). That
is, one individual does not have a constant proportionmore cones

across all retinal locations than another; instead cone density at
2 and 7 deg is uncorrelated across individuals. Instead, there is a
strong negative correlation between cone density at 2 deg and the
ratio of cone density at 7 and 2 deg, expected because when cones
migrate from the periphery to the center, then there are fewer in
the periphery.

In diabetic patients without proliferative diabetic retinopathy
or clinically significant macular edema, there is clear evidence
of relatively intact foveal cones in humans that is provided by
SD-OCT B-scans (20). However, on a finer scale, what are the
potential changes to living cones and the microenvironment?
Using AOSLO in the same subjects, we find that there is
remodeling of retinal vasculature (20, 21). Extensive vessel
remodeling occurs in some patients that is earlier than expected
by clinical classification, and in some cases accompanied by
numerous hard exudates or cysts too small to be seen without
adaptive optics. Microaneurysms, cysts, and hard exudates
smaller than the resolution of instrumentation found in the
clinic, and even in the OCT images, are routinely visualized in
our diabetic subjects. This both indicates a metabolic challenge
to the cones, and also can make accurate quantification difficult
when imaging through the overlying retinal pathology.

Despite the surprising ability of cones to survive and guide
light in atrophy (18, 22) creating and maintaining high cone
density in the fovea and a smooth distribution across the
posterior pole may be difficult in a metabolically challenged
retina. The migration of cones during early development places
foveal cones in the foveal avascular zone, where even in healthy
eyes there are few retinal vessels to help support photoreceptor
metabolism. Inner retinal thickness is closely related to the
proximity to retinal vessels, but there are large individual
differences in size and shape (23). The foveal avascular zone
is now rapidly and readily measured non-invasively with SD-
OCT (3) and OCTA (24), again with individual variations in the
size and shape, demonstrating the increased metabolic load in
aging and for many diabetic foveas due to capillary closure and
dropout. This indicates an even greater challenge for the retina to
support foveal cones.

There is evidence that cones do not merely die in response
to changes in metabolic support, but instead they can be found
in highly irregular distributions. In patients with dry age-related
macular degeneration there are patches of cone density at some
perifoveal locations that are significantly greater than normative
values, while in other locations there is atrophy with few cones
(18). It is not yet known if these cones migrated slowly to regions
with better metabolic support, the retina became distorted and
stretched, or both. The metabolic support to maintain the
arrangement of dense cones in the fovea, a visual streak, and a
uniform distribution of cones, may be challenged also in diabetic
patients. In young Type 1 diabetic subjects measured with
AOSLO at 7 deg, eccentric to the fovea or perifovea and limited
to a single eccentricity, a significantly lower number of cones is
not reported, but there is a lack of the asymmetry of horizontal
to vertical cone density that is the basis of the visual streak
that is seen for young control subjects (25). Using the imaging
device from this study and similar ones that scan to improve
the contrast of retinal images is important because of contrast
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degradation from poor tear film, early cataract, or retinal changes
that are common in diabetic eyes. This instrumentation also
provided a wide field image so that the measurement locations
were assured. It could be the case that the cones did not die off
but never attained or could not maintain the asymmetry due to
the metabolic challenge of diabetes. As the foveal peak was not
measured, the potential for a meaningful proportion of fovea
cones being lost was not studied.

Cone measurement results differing in some aspects were
found for nearer the fovea (230–460 microns) in a study that
used an AO device that lacked scanning to increase contrast
and eye positioning other than pupil monitoring (26). The
diabetic patients having increased central macular thicknesses
indicates that diabetic changes are already measurable. At the
locations measured, limited to fixed perifoveal samples, about a
10% decrease in cones is reported. Large individual differences
are found, with 3 of 11 diabetic subjects having some values
above the control densities. Foveal density values nearest the
fovea are less than we find for young control subjects. A
follow-on study reports a similar average decrease of cones in
diabetic patients but only at a single eccentricity and again
with large individual differences (27). To discriminate subjects
with no retinopathy vs. controls also requires metrics besides
cone density to quantify variability in distribution, i.e., linear
dispersion and a heterogeneity packing index. Similarly, a cone
heterogeneity packing index, again at only a single eccentricity in
the perifoveas of diabetic subjects but with AOSLO, indicates a
more disorganized cone distribution with poorer deep capillary
plexus flow on OCTA (28). In a separate study using AOSLO and
measurements limited to 4.6 deg eccentricity, cone density and
spacing are not associated with presence of diabetes or severity
of retinopathy other than presence of diabetic macular edema,
but variability of cone packing is significantly associated (29). We
previously showed striking changes in cone reflectivity in some
diabetic eyes, with a variety of sizes of patches of dark cones that
make quantification at specific locations challenging (8). Taken
together, these previous studies demonstrate the potential for less
regular distribution of cones in metabolically challenged eyes.
However, the measurements do not clearly address the potential
for decrease of cone density because single point measurements
cannot be adjusted in position to avoid retinal pathology and
therefore may be unable to detect small changes, have wide
confidence intervals due to individual variability, suffer in some
instruments from positional uncertainty, and most importantly
cannot model the two factors needed to specify cone density or
total numbers. Thus, a better estimate of number of cones and the
resulting metabolic load due to cones is needed, especially since
the overall numbers outside the central fovea are much greater
despite lower density.

To document retinal health and properties of cones, SD-
OCT methods have been used to measure reduction in the
length of photoreceptors in diabetes (30) and aging (18), which
must be distinguished from diabetes. OCT methods are useful
for detecting disruption to the cone distribution and cone
pathway distributions including other retinal layers. However,
OCT thickness measures do not provide an accurate assessment
of all the changes in cones, such as subtle decreases in cone

density, since the thickness of the outer nuclear layer has been
shown to increase even in the presence of a loss of cones in aging,
likely due to neural remodeling and Mueller cell changes that
alter the thickness of the outer nuclear layer (17).

Even without structural changes detectable by standard
clinical methods such as OCT thickness metrics, patients
are not free of structural changes to their retinas. In a
recent study (31), we compared the frequency spectra from
the FFT of the OCT B-scan of diabetic patients without
retinopathy and age-matched controls. These subjects, having
no retinopathy detected through clinical examination, also
have no significant difference in the values for the total
retinal thickness for any quadrant in the ETDRS grid, nor
systematic relation with age for the total retinal thickness of
any quadrant. There is a trend for the thickness between
the retinal pigment epithelial/choroid border to the inner
segment/outer segment junction to be thinner in the diabetic
subjects, with significantly thinner values at 1 deg temporal
and 3 deg nasal to the fovea for diabetic subjects. Despite
these structural OCT findings, which are comparable to the
healthiest eyes in the previous cones studies, the frequency
analysis showed differences in the diabetic eyes vs. controls.
In the deeper layers of the fundus, the diabetic patients had
relatively higher amplitudes at the spatial frequencies that
contained outer retinal features, capillaries, and structures of
similar sizes, and less amplitude in several other frequency bands.
It is not known whether neuronal or vascular changes led to
the shift in frequencies present in the OCT images, but these
changes indicate very early changes to diabetic eyes. Similarly,
recall that the above length and thickness measurements occur
within a microenvironment that we now know has extensive
changes early on, compared to the retinal structure expected
by clinical classification (20). Therefore, quantifying neuronal
changes may provide earlier detection of eyes at risk and improve
management of an individual eye or patient, as well as benefit
the understanding of neural-vascular coupling, but it should
not be assumed that neuronal changes occur prior to any
vascular changes.

MATERIALS AND METHODS

Subjects
We compared 10 diabetic subjects (28–78 yr, 54.7 ± 12.8 yr;
seven females and 3 males) tested between 2/18 and 5/19 to our
published norms for cone density in 36 younger and 10 older
controls (16, 17, 19). The 36 younger normal controls were aged
18–34 yr, mean 24.4± 3.42 yr (19). The 10 older normal controls
(16, 17) were aged 51–65 yr, mean 56.3 ± 3.71 yr. Control
subjects had strict limitations on refractive error, since myopic
subjects have sufficiently different cone density distributions to
obscure the effects of aging or disease (32). Subjects had axial
lengths that indicated a lack of highmyopia or hyperopia, ranging
from 22.0 to 24.1mm (mean = 23.0 ± 0.660mm). All subjects
were consented and tested in a manner approved by the Indiana
University Institutional Review Board, which adhered to the
Declaration of Helsinki.
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Apparatus and Image Acquisition
Following consenting and pupil dilation, we imaged cones and
retinal vasculature using a custom adaptive optics scanning laser
ophthalmoscope (AOSLO), similar to previous methods (8, 16–
20, 32, 33). Each patient first underwent imaging with an en face
and wide field SLO, SD-OCT, and OCT-A (Heidelberg Spectralis
II, Heidelberg Engineering, Heidelberg, Germany) to further
document retinal status. A dense macular grid was obtained
under fixation control for each eye. As previously, the wide
field SLO provided a template for the AOSLO imaging. The
axial length was quantified using an IOLMaster (Zeiss Meditec,
Carlsbad, CA), as previously, to provide correction for sampling
and computations of cones. Normative data for SD-OCT were
obtained from our previous study of the analysis of retinal
thickness from 33 diabetic patients without retinopathy and
33 age-and sex-matched controls, aged 39–77 yr, mean 54.1 ±

9.40 yr (31). These data provided a two-tailed, 95% confidence
interval for controls, who did not differ as a group in age from
the sample of diabetic subjects evaluated for cone distribution.
The SD-OCT and OCT-A images were used to characterize
the diabetic patients, along with a dilated fundus examination.
Selected clinical characteristics and demographic information is
given in Table 1. The diabetic patients ranged from two with no
background retinopathy through one with proliferative diabetic
retinopathy (Table 1).

In the custom AOSLO, two imaging beams were
simultaneously delivered (769 and 842 nm) with 160 and 110
microwatts at the pupil, respectively, using a supercontinuum
laser (NKT Photonics, Birkerod, Denmark). For the present
quantification of cones, confocal images with an aperture of
100 microns at the detector (two Airy disks) were analyzed
from the data of the optical channel with the 769 nm imaging
beam. The illumination was scanned in a raster pattern with
a horizontal frequency of 15.1 kHz and a vertical frequency of
29Hz to produce 1.9◦ × 1.6◦ (W × H) retinal images of 780
× 520 pixels. All images shown were acquired at a constant
magnification that is practical for these large datasets, but even
better resolution of the very narrow foveal cones is also collected
at higher magnification (not shown). Each subject’s optical
aberrations were measured at 20Hz using a Shack-Hartmann
sensor that allowed for correction over a customized size and
shape of pupil (34). This optimized the optical correction on an
individualized basis and allowed AOSLO imaging in subjects
who had pupils less than the full 8mm or mild lens changes.

Typically 100 frames of video were collected for each image
acquisition, using a graphics overlay on the en face SLO image
to steer the image capture to the approximate position as the
subject looked straight ahead. For all subjects tested that provided
normative values for younger and older subjects, the samples
formed a “+” shape around the fovea to include not only
temporal but also inferior, superior, and nasal meridians to at
least 7 deg eccentricity (16, 17). For later subjects (8, 18, 19),
an abbreviated protocol was used for most subjects to ensure the
highest quality data (Figure 1). This shorter session reduced the
decrease in contrast found particularly in older subjects due to
tear film irregularities increasing over time within an imaging
session. The temporal meridian was chosen for emphasis because
there are fewer overlying blood vessels to interfere with sampling.

Further, individual differences in the peripapillary region that can
be large in older subjects were therefore not a factor.

Following imaging of cones, the focus of the AOSLO was set
more superficially, and imaging of the retinal vasculature in the
foveal and temporal regions of interest was performed using both
channels. These data, along with the SLO and OCT imaging,
helped document dilated capillaries, small hemorrhages, and
microvascular remodeling, needed to guide the sampling of
cones away from artifacts. These portions of the protocol for
experimental imaging techniques with AO typically required
about 40min for the 90 subjects tested to date, exclusive of
ophthalmic exam and detailed results discussions with patients.

Image Analysis
After removing the sinusoidal scanning pattern motion,
corrected images were processed by automatically detecting a
frame without significant eye motion and then aligning other
frames within the 100 frame sequence to the template image
using a strip alignment method, as previously described (8, 19).
Frames with large eye motions or blinks were automatically
rejected by the computations. To improve contrast of summary
images for grading, the lucky average images were typically
used for cone counting (35). The average data for each sampled
location were built into a montage, with about 50% overlap
between samples, and additional overlap when acquiring samples
left to right vs. right to left. The montage method eliminates the
need for precise fixation by the subject to determine locations for
sampling, as long as fixation is stable enough for averaging.

To count cones, we used the software developed previously
that provided the younger and older normative data (16, 17,
19) and cone counts in diseased retinas (18), with upgrades
to display more channels and choices of display contrasts and
magnifications (MATLAB, Mathworks Inc, Natick, MA). We
sampled temporal retina, ∼0.9 to 7 deg to obtain 4 non-
contiguous samples of roughly 100 × 100 microns. Many
diabetic datasets contained overlying retinal vascular lesions, but
the software allowed selection for best visibility of cones and
least pathology, with the eccentricity corrected for axial length.
Spacing the samples apart and not oversampling at the fovea
provide the best comparison of patient to control data, since
the data near the foveal center are the most variable and some
subjects have a steeper decrease of cones near the fovea than
others (19).

Cone Distribution Model
The data were fit with a 2 parameter exponential model:

ln
(
cone density

)
=a∗microns eccentricity+b (1)

where a is a slope parameter that indicates the steepness of
decrease in cone density from fovea to periphery and b is an
offset parameter. As b is weighted heavily by points outside the
fovea in our typical sample of four spaced positions, then b is
related to an asymptotic density of cones in the periphery and the
overall number of cones within the error of the fits. As previously
discussed, the fits of the exponential model yield excellent R2

values when there are four widely spaced data points, but some
subjects have a steeper slope near the fovea than is described by an
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TABLE 1 | Age, sex, clinical characteristics, and sample results for the diabetic patients.

Age in yr Sex Axial length

in mm

DR stage Features CRT in

microns

R2 a b Total cones

in 14 deg

28 M 23.36 Bkgd DR MA, d/b heme 316 0.908 −0.00066 10.40 175,813

39 F 22.76 Proliferative DR NVE, peripheral PRP, venous beading 291 0.984 −0.00063 10.43 189,193

50 F 22.69 Bkgd DR MA, d/b heme 291 0.893 −0.00058 10.77 282,972

56 F 22.17 No Bkgd DR 246 0.873 −0.00039 10.45 263,505

56 M 24.10 Bkgd DR MA only 261 0.946 −0.00060 10.31 174,847

58 F 23.05 Severe non-proliferative DR Venous beading, d/b heme 246 0.924 −0.00060 10.37 185,808

59 F 23.84 Bkgd DR MA, d/b heme 261 0.851 −0.00034 10.28 240,853

61 F 21.99 Bkgd DR MA only 281 0.791 −0.00068 10.83 265,231

62 F 22.38 No Bkgd DR RPE lesion 267 0.856 −0.00043 10.54 272,577

78 M 23.28 Bdgd DR MA only 265 0.767 −0.00062 10.32 172,712

DR stage, diabetic retinopathy stage; CRT, central retinal thickness; R2, linear fit to exponential model; Bkgd DR, background diabetic retinopathy; MA, microaneurysms; d/b heme, dot

blot hemorrhage; NVE, new vessels elsewhere; PRP, pan retinal photocoagulation; RPE, retinal pigment epithelium.

exponential model (19). Further errors occur when there are large
variations in the density of cones in association with diseased
retinas (18).

Total cones within the central 14 deg of the macular
were estimated from parameters a and b, as previously (19).
The previous data were normalized for the horizontal:vertical
asymmetry in cone density. Given the lack of this asymmetry
in several of our older control subjects (17) and potentially in
diabetic patients (25), we compared the temporal quadrant cone
model without further normalization.

Retinal Thickness From SD-OCT
Vendor supplied software provided the mean and SD for each
subject for total retinal thickness of quadrants within a standard
ETDRS grid. The center region of interest is a foveal center
circle that is 1mm wide with respect to the emmetropic retina.
The inner nasal, superior, temporal, and inferior quadrants cover
from 1 to 3mm. The outer nasal, superior, temporal, and inferior
quadrants cover from 3 to 6mm. The normative data are those
previously reported for our institution (31).

Statistical Analysis
The density of cones data were computed with custom software,
as described previously (17–19). The fits to the exponential
model were performed by using linear regression on the ln(cone
density) as described previously (19), and the confidence limits
were computed, using Excel and Statview. The total cones
modeling was performed in Excel as described previously (19).
The Total Retinal Thickness means and standard deviations
were computed from SD-OCT, using vendor software on the
Spectralis and then compared via ANOVA with SAS and with
linear regression with Statview.

RESULTS

Cone Appearance in Diabetic Maculas
Cones could be counted in all subjects. In the young, healthy
eye, there is a systematic distribution of cones, which provides
an organized sensor array with the highest cone density at
the fovea and cone density decreasing sharply with increasing

distance from the fovea (Figure 1). In the young, normal eye
there is a wide variation in the reflectivity of individual cones,
but primarily a regular pattern of reflectivity differences of single
bright or dark cones. Regions of darker appearing cones beyond a
single cone are typically in the shadow of overlying retinal blood
vessels. Cones increase in size and center-to-center spacing,
on average, with increasing eccentricity (Figures 1B–G). Small
disruptions in the cone mosaic occur in normal subjects and
are intentionally shown (Figures 1E,F), along with individual
cones that are not uniformly guiding light Figures 1B,C). It is
typical that disruptions with age are more common (17), but not
as extreme as those found in subjects with atrophy (18). Even
in control subjects, overlying retinal vessels can shadow cones
(Figure 1F) and make it more difficult to count them.

While previous cone distribution modeling resulted from

sampling regions of interest at fixed locations, we found that
in all diabetic subjects there were retinal vascular changes and
obscuration from retinal remodeling that required moving the

sampled regions of interest to locations that were not at the
precise eccentricities of the control data (Figures 2, 3). At some
locations, obvious shadowing due to overlying retinal vessels
or retinal remodeling prevented sampling. Thus, the amount of

displacement of the sampled region of interest was considerably
greater in diabetic patients than the minor changes required in
sampling the control data. There were scattered low contrast

regions, larger than in older controls but smaller than the AOSLO
image. Patchiness of the clarity of focal regions in the images of

diabetic eyes was not due to variation in image quality related
to optical degradation of the anterior segment, as this would
alter the clarity of the whole sampled image at once. That is,

pupil plane artifacts lead to roughly uniform degradation of
contrast in the retinal image of an AOSLO. However, there

were also occasional pupil plane artifacts, evidenced by an entire
image sample within the montage being of lower contrast,

indicating fluctuations in correction by the AO over time, such
as with variations in tear film. Thus, although for our control
subjects, and most previous studies, sampling was at roughly the

same retinal eccentricities along a temporal meridian, for the
diabetic subjects we fit the exponential model to each subject’s
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FIGURE 1 | Cone distribution for a 25 yr old female control subject, shown in a montage of individual images (A) of the right eye collected with the confocal mode of

the AOSLO. The fovea, which is on the right, has the highest cone density. There is smoothly decreasing cone density farther from the fovea, with the temporal

meridian shown. Small white scale bar at lower left = 100 microns. (B–F) Individual cones shown at increased magnification in regions of 100 × 100 microns with the

upper far corner at 8.7 (B), 8.4 (C), 7.0 (D), 4.8 (E), 2.8 (F) temporal and 1.1 deg temporal inferior (G) deg temporal with respect to the fovea.

data to obtain parameters for cone density as a function of
retinal eccentricity.

Diabetic cone maps showed that cones were found distributed
over a wide variety of locations, but included bright patches,

with unusually bright cones alone or in clusters, and clusters of
dark cones as noted previously (Figures 2, 3). These unusually
bright or dark cones were not limited to the fovea and perifovea.
Similarly, over the entire montaged region there is a qualitative
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FIGURE 2 | Cone distribution for a 59 yr old female diabetic subject, collected with the confocal mode of the AOSLO (A), shown in a montage of cone images with

the foveal region on the left. The retinal microvasculature layer montage (B) shows a strong response to ischemia, with numerous retinal vascular changes shadowing

(Continued)
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FIGURE 2 | the cone layer: multiple microaneurysms with vascular remodeling surrounding them, capillary bends or loops, and doubled or collateral vessels,

particularly near microaneurysms or complex tangles. The montage of individual images shows that cone density is highest in the fovea, then decreases with

increasing eccentricity, with single cones or patches of cones being unusually bright (white arrows), as well as patches of dark cones. There are regions in which the

overlying retinal vessel remodeling interferes with measurements of cones, by obscuring them (top black arrow). Sometimes the contrast across an entire individual

image sequence of cone images was decreased, either due to the tear film or a decreased the wavefront correction across in a large area of edema (bottom left black

arrow). Elsewhere, the contrast is decreased for regions smaller than an entire image, which rules out anterior segment artifact as the sole source of image

degradation (bottom right arrow). Small white scale bars at lower left = 100 microns. A magnified region of 100 × 100 microns (C) shows patches of bright cones and

areas of decreased contrast. An enlargement of the retinal microvascular layer (D) shows microaneurysms and extensive vessel remodeling. The cone parameters

were a = −0.00034, and b = 10.28, outside of normal limits. RMS fit = 0.851.

disruption to a smooth distribution of cone density, previously
noted for the perifoveal region. These two findings indicate that
disruption to the cone distribution is not limited to just locations
near the foveal avascular zone.

Cone Distribution and Estimate of Total
Cones in Diabetic Maculas
As humans differ in both the overall numbers of cones and
the steepness of the decline in cone density from fovea to
periphery, determining cone loss from a single location can be
misleading. The normative data indicate a monotonic decrease
in cone density from the fovea to greater eccentricities. High cone
densities are more typical in younger subjects, which correspond
in some subjects to a steeper decline in cone density with
increasing distance from the fovea, so that more peripheral cone
densities in the periphery overlap to a greater extent than near
the fovea. The decrease in cone density for diabetic subjects also
varied across subjects, not just in the overall numbers of cones
but also the rate of decline (Figure 4). While there was a general
decline in cone density from the fovea toward the periphery,
some subjects had densities that did not decline monotonically
due to local variability.

The exponential model provided excellent fits for both
younger and older controls: for the linear fit to the ln density
transform for four widely spaced samples, R2 = 0.9371 ±

0.0387 and 0.959 ± 0.0267, for younger and older, respectively
(Figure 5). Thus, while the variability for older subjects in cone
density is large, the goodness of fit indicates that this is an overall
phenomenon and not due to local variability. Inspection of the
cone maps on and between samples supports this conclusion
(17). The fit to the model was similarly good for some diabetic
patients and poorer for others. TheR2 was 0.767–0.984 in diabetic
data set. Despite the large proportion of variance accounted for
in the diabetic patients, the control data fit the model so well
that four of 10 diabetics had R2 < the 95% confidence limit
for younger or older controls, as appropriate. Thus, while the
model fit the data sufficiently well to determine whether the
diabetic patients had a less peaked foveal slope or fewer overall
cones, as compared to age-matched controls, the variability is
consistent with a less even distribution of cones in diabetic eyes,
as previously reported for small perifoveal regions. The variability
is seen when examining the cone maps of diabetic subjects
(Figures 2, 3).

The 95% CI’s were computed from the exponential model.
Parameter b (younger subjects) = 10.7 ± 0.146, with the 95%
CI = 10.4–10.9. Parameter a (younger subjects) = −0.000692 ±
0.0000985, with the 95%CI=−0.00050 to−0.000885. Parameter

b (older subjects) = 10.7 ± 0.222, with 95% the CI = 10.4–11.3.
Parameter a (older subjects) = −0.0008071 ± 0.0000984, with
the 95% CI = −0.000582 to −0.00103. For the older subjects,
three of 10 subjects had lower values of parameter b than younger
subjects, and one of 10 subjects had a lower parameter b than
the confidence limits for younger subjects. For parameter a, there
was considerable overlap between younger and older subjects,
with great variability for older subjects but only one of 10 older
subjects falling outside the confidence limits for younger subjects.

Overall cone density was often lower in diabetic patients,
as indicated by parameter b compared to the lower 95%
confidence limits (Figure 5). For the two younger diabetic
subjects, parameter b fell below the 95% confidence limit for
younger controls. For five of the eight older diabetic subjects,
parameter b fell below the 95 % confidence limit for older
controls, for a total of seven of 10 diabetic subjects having low
values for parameter b. If parameter b is thought as analogous to
an asymptote for cone density at the greater eccentricities, then
the data can be examined for trends at the greater eccentricities
measured, i.e., the cone density that a metabolically challenged
retina could support. The fit is consistent with five of the 10
subjects having cone densities at the greater eccentricities that
clearly fell below the densities other five (Figure 4). Further, there
is a range of cone density among the top five subjects with two
subjects falling below the other three.

The decline in cone density from the fovea outward was often
shallow in diabetic patients, as indicated by parameter a. All

diabetic patients had slopes less than the mean for their age
group. For the two younger subjects, parameter a was not below

the 95% confidence limit. For the older diabetic subjects, three

of eight had slopes shallower than the 95% confidence limits for
their age group.

Total cones in the central 14 deg of the macula, as estimated

from temporal quadrant data, were 238,000± 18,300 for younger
subjects, with a minimum of 207,000 and a maximum of 272,000
(Figure 6). The 95% confidence limits were 203,000 and 274,000.
Total cones for the 10 older subjects were 214,000 ± 33,000,

resulting in wide confidence intervals: a minimum of 140,000 and
a maximum of 289,000. Total cones were lower than the mean
of the younger subjects in nine of 10 older subjects, statistically
different from chance (Binomial test with 10 df, p = 0.00977).
However, only two of eight older subjects had total cones less
than the lower 95% confidence limit of the younger subjects.
There were large individual differences in both younger and older
control groups, as expected from the cone density data (16, 17,
19). The coefficient of variation of total cones was significantly
greater for older subjects than for younger ones, 0.145 and 0.0767,
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FIGURE 3 | Cone distribution for a 61 yr old female diabetic subject (A), shown in a montage of cone images with the foveal region on the right, with a more moderate

response to ischemia than in Figure 2. Small white scale bar at lower left = 100 microns. There are microaneurysms, but less frequent capillary bends or loops, and

few doubled or collateral vessels or the more complex tangles. (B–D) Magnified view of cones, showing the phenomena of both extra bright and dark cones in

unusually large numbers in 100 × 100 micron samples of cones, with the upper far corner at 7.6, 5.6, and 1.0 deg temporal with respect to the fovea. (E,F) Enlarged

views of the retinal microvascular layer, showing 500 × 500 microns samples of microaneurysms, capillary bends, and elongated and collateral vessels, but smaller or

less frequent than in Figure 2. Cone parameters, were a = −0.00068, and b = 10.83, within normal limits. RMS fit = 0.791.
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FIGURE 4 | Total density plotted as a function of retinal eccentricity for the diabetic subjects, showing differences among subjects at all eccentricities.

FIGURE 5 | Parameters for cone distribution from the exponential model ln (cone density)=a*microns eccentricity+b, with a plotted as a*100. (A) younger control

subjects, (B) older control subjects, and (C) diabetic subjects.

respectively, [F(35,9) = 4.03, p < 0.025]. This finding is based on,
and consistent with, the high intra-individual variability of cone
density reported previously in the younger subjects based on 10

of the 36 younger subjects and the same older subjects (17) and in
36 younger subjects (19). However, the greater variability of the
older subjects may be in part due to a smaller sample size. While
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FIGURE 6 | Total cones plotted as a function of parameter b of the exponential model for (A) younger control subjects, (B) older control subjects, and (C) diabetic

subjects. Younger subjects have smaller symbols.

the clinical classification of a patient and the total cones were not
always consistent, it should be noted that the two subjects with
no background diabetic retinopathy had among the highest total
cones (Table 1).

Total cones were lower in some in diabetic subjects. For both
younger diabetic subjects, the total cone values of 176,000 and
189,000 fell below the 95% confidence limit. In three of eight
older diabetic subjects, total cones was lower than the mean
for older controls. However, given the high variability of older
controls, none of the diabetic subjects had total cones either
greater than or less than the 95% confidence limits of older
subjects. For these diabetic subjects, there was no significant
association with age for total cones, parameter a, or parameter
b, with R2 from the linear regression being only 0.026, 0.070, and
0.0020, respectively.

Structural Changes Associated With Cones
in Diabetic Maculas
All diabetic subjects had retinal microvascular changes seen on
AOSLO, likely in response to ischemia (Figures 2B,D, 3E,F), but
to varying amounts. The strongest response to ischemia included
multiple microaneurysms with vascular remodeling surrounding
them, capillary bends or loops, and doubled or collateral vessels,
particularly near microaneurysms or complex tangles.

From the SD-OCT data for the control subjects, the
Total Retinal Thickness of the three ETDRS quadrants that
corresponded to cone distribution data, Central Macular
Thickness, Inner Temporal Thickness, and Outer Temporal

Thickness, had 95% confidence limits for the age-similar control
subjects of 226–327, 290–370, and 253–322microns, respectively.
For the diabetic subjects, the Total Retinal Thickness for Central
Macular Thickness, Inner Temporal Thickness, and Outer
Temporal Thickness ranged from 246 to 316, 303 to 355, and
260 to 316 microns, respectively. Despite clear-cut abnormal
retinal vasculature on AOSLO in all 10 diabetic subjects, the
Total Retinal Thickness values for each subject in each quadrant
were within the 95% confidence values, being neither thicker
nor thinner than controls (Figure 7). For the other ETDRS
subfields, again Total Retinal Thickness values for each of the 10
diabetic subjects were within the 95% confidence values, other
than a missing Outer Nasal value for one subject (Figure 8).
However, there was a significant correlation of age with Total
Retinal Thickness for most of the subfields, with R = 0.700,
0.705, 0.600, 0,772, 0.390, 0.787, 0.587, 0.627, and 0.293 for the
foveal, temporal, outer temporal, nasal, outer nasal, superior,
outer superior, inferior, and outer inferior quadrants. Decrease in
Total Retinal Thickness per year with age was 1.14, 0.806, 0.688,
0.677, 0.392, 0.677, 0.727, 0.591, and 0.345 microns, respectively.
Significance of the association of Total Retinal Thickness with
age varied across subfields for the diabetic subjects, with P <

0.005 for nasal and superior; P < 0.02 for foveal and inner
temporal; and P < 0.05 for outer temporal, outer superior, and
inferior; but only P < 0.15 for the outer nasal and P < 0.7 for
the outer inferior quadrants. These results are consistent with
relatively greater loss in Total Retinal Thickness near the fovea.
In contrast to our previous results that indicated no change with
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age, but included only subjects without retinopathy on clinical
examination (31), the present subjects had clear cut retinopathy
and vascular remodeling. The lack of a measurable decrease in
thickness compared with controls in the present study, but yet a
significant decline with age in retinal thickness while the values
fell within the confidence limits, supported the conclusions that
there is a loss of neural, vascular, or glial elements.

Cone Reflectivity and Distribution
Compared for Younger, Older, and Diabetic
Maculas
The most obvious difference between cone montages for younger
(Figure 1) and older controls (Figures 9A,B) as opposed to
diabetic patients (Figures 2, 3) is the lack of shadowing of the
cones by overlying remodeled capillaries and microaneurysms
in the control subjects. While there is shadowing by overlying
retinal vessels, it is less and does not prohibit measurements.
Cones in all maculas in this study varied over space in reflectivity
and distribution. In all subjects, the central macula has a higher
density of cones than more peripherally. However, the decrease
in cone density with increasing eccentricity was monotonic
in all subjects except two (Figure 4), but could be steep or
gradual and overall not a large change. Older subjects have
more variable cones densities, particularly in the fovea (16, 17),
but this may not be obvious from viewing the montages; the
two older subjects shown have the highest and the second
lowest cones in the control sample. The large variation in cone
density across subjects is clear from the wide confidence limits,
and model parameters a and b. As previously described, there
are not large areas of missing cones in normal older subjects.
Although the outer nuclear layer is on average thicker in the
older subjects (17), and this layer overlies the outer segments,
the return of light to the AOSLO is sufficient to quantify the
cones. All subjects have cones of variable reflectivity, i.e., brighter
appearing cones and darker appearing cones, but the extremes
are typically not contiguous in the older eyes, even in older
subjects (Figures 9A,B). (In contrast, some diabetic subjects have
numerous localized dark cone regions with knife edge borders
that take up the space required for multiple cones (Figures 2,
3), as found previously (8). There are cones that appear much
brighter than surrounding cones in all eyes, but in diabetic eyes
some of these cones appear even brighter and larger than in
control eyes.

DISCUSSION

Combining the appearance of cones, parametric data, and the
model of total cones, there is evidence that cones undergo
changes despite the lack of sufficient structural changes to result
in thickened or thinned Total Retinal Thickness. Cones are
altered in their ability to interact with light, in that there are
patches of both light and dark cones. As the visualization of bright
cones is via the light they return to the AOSLO, there is more than
one possible interpretation of the bright cones that appear large.
There is evidence for a decrease in cone numbers, which would
allow cones to expand laterally. Rods were not measured, and if

decreased could provide extra expansion space, but bright cones
are seen in areas within the foveal avascular zone where rods
are normally few in numbers (Figure 3D). Alternatively, and not
mutually exclusively, cones may be leaking light, i.e., not guiding
light back to the instrument is as narrow an angle or through
the entire length down to the retinal pigment epithelium. This
is consistent with the appearance of dark cones, also, in which
leakage of light may lead to failure to guide light back to the
instrument. The configuration of the custom AOSLO used here
does employ a confocal aperture, but the diameter of the aperture
is wide enough to allow for the capture of somemultiply scattered
light, trading off directionality of signal with signal intensity.
Thus, we can image dark cones in the fovea (8). In contrast,
an AOSLO can be configured to provide the maximum contrast
from cones that do guide light, but this configuration reduces the
signal from multiply scattered light or background signal, and
makes difficult the detection of dark cones in the fovea due to
a lack of rods surrounding the cones to provide contrast (36).
The present configuration also allows some light from additional
planes to be included in the signal, so that multiply scattered
light from deeper or more superficial layers is detected. Thus, the
early retinal damage that changes the amplitude of the frequency
spectra in OCT, but is not readily pinpointed as visible features
(31), can increase the brightness of the image focally. This may
contribute to the increased brightness in regions with multiple
and contiguous bright cones.

Several aspects of the data indicate damage in and near
the fovea, as well as in the periphery. In several subjects,
there was a lack of a peak maximum of cone density
near the fovea or only a moderately steep decrease of cone
density from fovea to periphery. The decrease from central
to more peripheral locations was not always monotonic.
The greatest decline with age in Total Retinal Thickness
was in the fovea, with inner quadrants having more decline
with age than the outer ones. While dark cones and the
swollen appearing bright cones are not necessarily more
numerous in the foveal region, this region is not spared of
these changes.

There is evidence that the cone distribution across the
retina changes in relation to diabetes, rather than just death of
cones. The heterogeneity of cone spacing just outside the foveal
avascular zone is a promising metric for neuronal involvement.
Increased cone disarray has been shown in three studies, in
comparison to controls and related to vascular changes (28)
and retinal thickening on OCT (27, 29), but results were
mixed with regard to whether cones decrease in numbers or
migrate. We found evidence of cone reduction in some eyes on
measurements not limited to locations near the fovea avascular
zone, and cone distribution changes that are both qualitatively
seen on montages and quantified by parameter changes in the
exponential model. Further, the cone changes occurred without
increases or decreases in retinal thickness on OCT. However,
it cannot be determined with the cone changes began prior
to any vascular changes, since there was evidence of retinal
vascular remodeling in response to ischemia in all diabetic
subjects. Cones persist despite clear-cut evidence of an ischemic
response. Sufficient numbers of cones survive despite their
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FIGURE 7 | Retinal thicknesses of the diabetic subjects from the ETDRS grid from the SD-OCT for (A) Central Macular Thickness, (B) Inner Temporal Thickness, and

(C) Outer Temporal Thickness. No subject fell outside the confidence limits from the age-similar controls, although subject 209 is missing the outer nasal thickness

measurement due to fixation error. The Total Retinal Thickness is significantly correlated with age for the diabetic subjects, with P < 0.02, 0.02, and 0.05 for the

Central Macular Thickness, Inner Temporal Thickness, and Outer Temporal Thickness.

FIGURE 8 | Retinal thickness of the diabetic subjects for all quadrants of the ETDRS grid, plotted as mean and standard deviation.

microenvironment and can provide a metabolic challenge to the
diabetic retina.

Our cone measurements are likely to be dominated by M- and
L-cones, since there are few S-cones near the fovea and a sparse
distribution elsewhere. The decrease of cones found in the two

younger diabetic subjects was greater than the numbers of S-
cones at the locations measured. From previous visual function
data with L- and M-cones in diabetic patients without extensive
retinopathy, there is not a great loss of L- and M- cones, as
evidenced by color matching in these subjects being accurate
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FIGURE 9 | (A) Cone distribution for a 55 yr old female subject from our control population, shown in a montage of cone images with the foveal region on the right.

This subject was selected because she had the second lowest cone densities in the sample. Small white scale bar at lower left = 100 microns. White line on the right

indicates the foveal center, where the cones are not readily distinguished with this setting on the AOSLO. (B) Cone distribution for a 58 yr old male subject from our

control population, shown in a montage of cone images with the foveal region on the right. This subject was selected because he had the highest cone densities in the

sample. This subject lacks a foveal avascular zone, having readily imaged capillaries through the foveal center. Small white scale bar at lower left = 100 microns. White

line on the right indicates the foveal center, where the cones are not readily distinguished with this setting on the AOSLO.

enough to provide quantitative parameters (5). However, changes
to S-cones could alter cone distribution somewhat and visual
function significantly, but results are mixed (4). Histology
findings demonstrate structural changes to only S-cones, which
clearly are not impacted by the yellowing of the human lens, yet
may not be readily translated to testing with in vivomethods. The
low numbers of S-cones in the fovea and sparse and irregular
distribution elsewhere limit the potential impact of diabetes on
foveal acuity, spatial resolution of white or long wavelength
stimuli, or contrast sensitivity, as well as functions depending on
numbers of cones. Similarly, the sparse distribution of S-cones
would make difficult the comparison of small retinal regions,
since there might not be S-cones in the sample. Functional
tests that require S-cone input specifically and short wavelength
light have been used. Conclusions for S-cone pathway damage
providing a sensitive metric, or show more damage than occurs
for M- or L-cone pathways, require individualized controls
for removal of the short wavelength artifact due to pre-retinal
filtering properties of the aging and diabetic lens.

Other early neuronal damage is described for the retina, which
impacts on cone pathways. The cotton wool spots in diabetes
have been shown to have longer term functional consequences,
which likely have a negative impact on cone vision (10). Thinning
of layers, as measured first with scanning laser polarimetry
(9) and then OCT (11), has been shown in diabetic patients,
particularly for inner retinal structures such as the retinal
ganglion cells and the retinal nerve fiber layer. A carefully selected
sample of Type 1 diabetics had a thickened retinal sublayer, the
inner nuclear layer, early on in the course of the disease (37). The
cone changes that we found occurred without thickness changes
to total retinal thickness on OCT, which were reported on an
individual patient basis rather than a group. A thickness metric
has been shown to be related to cone changes (27, 29) in patients
with sufficient pathological changes. Thus, the variability of a
thickness metric may mask early vascular changes in diabetic
eyes that might proceed or contribute to cone damage. Losses
of either neural, glial, or vascular components were measurable
without exudation leading to significant retinal thickening. More
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sensitive measures of retinal vascular changes, such as those
provided by AOSLO imaging or OCTA, can help provide a
better understanding of neuronal changes and neuronal-vascular
coupling, and provide improved biomarkers for the management
of diabetic eyes.
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This study quantified and compared phase retardation distribution in the central macula

with the thickness of the Henle fiber layer (HFL). A scanning laser polarimeter (SLP)

was used to acquire 20◦ × 40◦ macular-centered images, either with fixed corneal

compensation or with variable corneal compensation, in two cohorts of clinically

normal subjects (N = 36). Phase retardation maps from SLP imaging were used to

generate a macular cross pattern (fixed compensation) or an annulus pattern (variable

compensation) centered on the macula. Intensity profiles in the phase retardation maps

were produced using annular regions of interest at eccentricities from 0.25◦ to 3◦. Pixel

intensity was averaged at each eccentricity, acting as a surrogate for macular phase

retardation. Directional OCT images were acquired in the horizontal and vertical meridians

in all subjects, allowing visualization of the HFL thickness. HFL thickness was manually

segmented in each meridian and averaged. In both cohorts, phase retardation and HFL

thickness were highly correlated in the central 3◦ assessed, providing further evidence

that the source of the phase retardation signal in the central macula is dominated by the

HFL and that the center of the macula on cross sectional imaging corresponds closely

with the center of the macular cross on SLP imaging.

Keywords: Henle fiber layer, scanning laser polarimetry, directional optical coherence tomography, fovea, macula

HFL thickness, phase retardation

INTRODUCTION

The cone photoreceptors in the central macula have important roles inmediating high spatial acuity
and color discrimination in the human visual system. The axons of these central photoreceptors can
exceed 500µm in length, which is considerably longer than the axons (∼20µm) of photoreceptors
located at greater eccentricities (1, 2). As another difference, central cone axons are oriented
relatively perpendicular to light incident on the retina, and the lateral displacement of their axon
terminals produces a foveal pit that is devoid of inner retinal neurons. These bundles of cone axons
are the primary contributors to the Henle fiber layer (HFL) present in the macular region of the
primate retina.

Using traditional clinical imaging modalities, the HFL is difficult to assess and quantify. Cross-
sectional optical coherence tomography (OCT) imaging in its routine use poorly delineates the
HFL (3, 4). The HFL appears as an optically indistinct/transparent section of the outer retina and
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is difficult to differentiate from the outer nuclear layer. As a result,
the HFL and the outer nuclear layer are commonly combined and
assessed as a single entity in OCT imaging studies (5, 6).

Alternative imaging methods, specifically directional OCT
imaging (7), enables improved differentiation and visualization of
the Henle fiber layer. By aligning the incident light with the HFL’s
primary scattering angle, the reflectivity and the optical contrast
of the HFL, relative to the outer nuclear layer, is enhanced.
Lateral displacement of the imaging beam across the pupil allows
visualization of the HFL as a hyper-reflective layer in the OCT
cross section. This technique is directionally dependent, as the
offset position (nasal vs. temporal; superior vs. inferior) of the
beam at the pupil determines the relative emphasis of the HFL
appearance on the two sides (distal vs. proximal) of the OCT
image (7). Directional OCT imaging provides a visible landmark
of the anterior border of the HFL on the side of the offset
and the posterior border on the contralateral side of the offset.
Combining two images from opposite offset entry positions can
be used to quantify the HFL thickness along a commonmeridian.
This technique has been validated and has been shown to be
accurate (8) and to be repeatable across imaging sessions and
across graders with little variability (9).

Scanning laser polarimetry (SLP) is an additional technique
capable of quantifying the HFL based on the birefringent
properties of the microtubules contained in the macular cone
axons (10). Phase retardation, or meridional differences in index
of refraction, is an optical signature of the HFL and can be used
to localize the fovea in normal (11) and in diseased eyes (12),
track eye position (13, 14), and quantify changes associated with
normal aging (15) and with ocular disease (10, 16).

A key feature in SLP imaging of the posterior pole is the
macular cross, an interaction between the corneal polarization
properties (17) and those of the radially oriented HFL. The
polarization properties of the cornea need to be accounted
for when analyzing macular birefringence. Early-generation
SLP devices were equipped with a fixed corneal compensator.
Although this compensator is not ideal in the assessment of the
fovea, point-by-point quantification of pixel intensity can be used
to measure the amplitude of phase retardation in the macular
cross along a circular region of interest at different eccentricities.
This characteristic pattern exhibits a maximum phase retardation
occurring within the central 3◦ in normal subjects, with reduced
amplitudes associated with normal aging (15) and in patients
with non-exudative age-related macular degeneration (16). A
variable corneal compensator on newer SLP devices is able to
more fully account for corneal birefringence and produces an
annular pattern of birefringence around the retina. However,
foveal phase retardation measurements made with full corneal
compensation are less fully characterized than those made
with fixed corneal compensation. Both corneal compensation
techniques, fixed and variable, are used in this study.

While it has long been speculated that the foveal phase
retardation signal originates from the HFL, a comparison with
HFL assessments from alternative imaging techniques could test
the validity of this assumed relationship. This study will examine
two optical properties associated with the HFL using directional
OCT and SLP in order to assess the correlation between the

HFL thickness and phase retardation distribution at eccentricities
from 0◦ to 3◦, centered on the fovea. It is hypothesized that HFL
thickness from directional OCT will correlate closely with the
phase retardation distribution from SLP.

METHODS

This cross-sectional study followed the tenets of the Declaration
of Helsinki and was approved by the Institutional Review Board
in Biomedical Sciences at the Ohio State University. Informed
consent was obtained from all subjects before data collection.

Subjects
Two cohorts of healthy subjects were prospectively recruited
from the Ohio State University. The first cohort comprised 11
adults (age range 25–54 years, 63% female). The second cohort
comprised 25 healthy adults (age range 20–58 years, 52% female).
All subjects received a dilated fundus examination within at least
1 year of participation and did not have a previous diagnosis
of ocular disease. Spherical equivalent refractive error ranged
between+2D and−8D for all participants.

Protocol and Instrumentation
All subjects attended a single study session where images of the
retina were acquired using both SLP and OCT. Prior to imaging,
subjects underwent pupil dilation either with 1% tropicamide or
with a combination of 1% tropicamide and 2.5% phenylephrine
to achieve maximal pupil dilation, which is needed to offset the
imaging beam appropriately during directional OCT imaging.

Directional Optical Coherence Tomography Imaging

and Processing
All study participants sat for directional OCT imaging. Cross
sectional OCT images were acquired from both eyes using
a Heidelberg Spectralis spectral domain OCT (Heidelberg
Engineering, Heidelberg, Germany). Vertical and horizontal 30◦

cross sectional images centered on the fovea were acquired for
each subject. To minimize noise, each cross section used for
analysis was the composite average of 100 individual registered
b-scans acquired using the Heidelberg TruTrack Active Eye
Tracking. Images were acquired at the high-resolution setting,
which collects 1,536 a-scans per b-scan. The nominal axial and
lateral resolutions are 7 and 14µm, respectively. During imaging,
the compiling average of b-scans is shown while a live image
is simultaneously displayed. The live image was used to ensure
that the angular orientation of the retina remained constant
throughout the collection of the 100 images used for each
averaged cross section. Three cross sections were acquired in both
the horizontal and vertical meridian, for a total of 6 images. One
cross section was acquired by aligning the imaging beam to the
optical axis passing through the center of the fovea, resulting
in an image where retinal displacement is symmetric about the
foveal center. Two additional images were acquired in each the
horizontal and vertical meridians by offsetting the entrance of the
imaging beam position by 3mm on either side of the centered
foveal optical axis position. Offsetting the entry position along
a meridian enables visualization of the Henle fiber layer on the
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FIGURE 1 | OCT imaging of the Henle fiber layer (HFL). Offset of the entry position of the imaging beam though the pupil results in improved visualization of the HFL.

The posterior border of the HFL is more clearly delineated on the distal side of the pupil offset, while the anterior border is more clearly delineated on the proximal side

of the pupil offset. (A) Nasal offset of the imaging beam through the pupil, resulting in improved visualization of the posterior border of the temporal HFL and anterior

border of the nasal HFL with manual segmentation line. (B) Temporal offset of the OCT imaging beam through the pupil, resulting in improved visualization of the

posterior border of the nasal HFL and anterior border of the temporal HFL with manual segmentation line. (C) No offset of OCT imaging beam through the pupil, with

poor delineation of the HFL. Segmentation lines from nasal and temporal offsets are included to demonstrate the HFL thickness profile along the horizontal meridian.

The green arrows on the en face images represent the meridian of interest.

contralateral side of the offset, and minimizes visualization on
the ipsilateral side (Figures 1A,B). The six collected images, all
centered on the fovea, include a horizontal cross sectional image
aligned with the foveal axis, a directional OCT cross section with
a right lateral offset in the pupil, a directional OCT image with
a left lateral offset in the pupil, a vertical cross sectional image
aligned with the foveal axis, a directional OCT image with a
superior offset in the pupil, and a directional OCT image with
an inferior offset in the pupil.

Images from the right eye with a quality metric >20 dB were
kept for analysis. The HFL was manually segmented from the
cross sectional OCT images using Adobe Photoshop (Adobe, San
Jose, CA). The posterior location of the Henle fiber layer on
the distal side of each of the directional OCT images, and the
anterior border was segmented on the proximal side. The anterior
and posterior boundaries of each aligned directional OCT image
were combined to generate the HFL thickness profile along that
meridian (Figure 1C).

The foveal center was localized using the longest
photoreceptor outer segment distance on the OCT cross
sectional images in both the horizontal and vertical images.
Custom MATLAB programming (Mathworks, Natick, MA)
computed the thickness in pixels from the segmented HFL
images centered on the foveal position, and Henle fiber layer
thickness was measured for each of 4 meridians: temporal,
superior, nasal, and inferior (Figure 2A). Because there is
variability in the HFL thickness in different meridians (8), an
average of the four meridians was calculated and used for analysis
(Figure 2B). HFL thickness was then measured at 0.25◦ intervals
from 0◦ to 3◦ eccentricity from the center of the fovea. Axial

length was not measured as part of this study, which prevented
the correction of lateral magnification. Instead, a conversation
factor of 320 microns/degree was used to identify measurement
locations on the OCT image. This approach is consistent with
previous work that compared between OCT images and SLP
images (18).

Scanning Laser Polarimetry Imaging and Processing
All subjects then sat for confocal SLP imaging using a GDx
device (Laser Diagnostic Technologies, San Diego, CA). A 20◦

vertical × 40◦ horizontal macular-centered image was collected
from both eyes of each subject using a raster scanning 780 nm
polarized light source on the retina. The GDx instrument used
to image the first cohort had a fixed birefringent element with
a magnitude of 60 nm (single pass retardance) and a slow axis
oriented at 15◦ nasally downward to compensate for corneal
birefringence. Fixed compensation in this instrument does not
result in complete corneal compensation, however, and results in
a radial macular cross pattern (Figure 3A), instead of the annulus
pattern expected to occur with full compensation (19). The
second cohort was imaged with the same SLP device but utilized
variable corneal compensation, which more fully corrects for
corneal birefringence than fixed compensation. This approach
reduces or eliminates the cross pattern in the macula that is
characteristic of fixed compensation and allows for more direct
annular assessment of the HFL (Figure 3B). Images were kept
for analysis if the machine-generated quality score was ≥8, per
the recommendation of the manufacturer.

The phase retardation maps of the right eye that include
the macular cross (fixed corneal compensation) or annulus
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FIGURE 2 | Henle fiber layer (HFL) thickness distribution in a single subject

from directional OCT imaging. (A) HFL thickness in each of the 4 meridians of

interest. (B) HFL thickness averaged across the four meridians in the same

subject.

(variable corneal compensation) were exported from the GDx
and imported into MATLAB for pixel-intensity analysis. In
summary, concentric rings at varying eccentricities from the
fovea produced pixel intensity profile curves that exhibit either
a sinusoidal pattern at double the frequency of the circular region
of interest if imaged with fixed compensation (Figures 4A,B)
or a linear pattern if imaged with variable compensation. For
all images, pixel intensity was then averaged across all points
contained within eccentric rings centered on the fovea from 0◦ to
3◦ (Figure 4C). The average pixel intensity represented the phase
retardation signal across each eccentric ring.

Statistical Analysis
All statistical analyses were conducted with SigmaPlot 14.5
(Systat, Palo Alto, CA).

Comparison of Henle Fiber Layer Thickness
The thickness of the HFL across all eccentricities was compared
between the first cohort and the second cohort. Since the data

FIGURE 3 | Phase retardation distribution map in 20◦ × 40◦ scanning laser

polarimetry image. (A) An image acquired from a subject in the first cohort

included a fixed polarization element that partially compensated for corneal

birefringence. Due to incomplete compensation, a characteristic macular cross

pattern resulted, centered on the macula. (B) An image acquired from a

subject in the second cohort included a variable polarization element that more

fully accounted for corneal birefringence than a fixed-compensation setting. It

manifested an annulus, centered on the macula.

were not normally distributed, a Mann-Whitney Rank Sum Test
(α = 0.05) compared the thickness between the two cohorts.

Comparison of Pixel Intensity Amplitude
The pixel intensity measured by SLP across all eccentricities was
compared between the first cohort (fixed corneal compensation)
and the second cohort (variable corneal compensation). Since the
data were not normally distributed, a Mann-Whitney Rank Sum
Test (α = 0.05) compared the intensity between the two cohorts.

Comparison of Pixel Intensity Variability
The variability of pixel intensity measurements made with
the fixed-compensated SLP (first cohort) was compared to
the variability of the pixel intensity measurements made
with the variable-compensated SLP (second cohort). For both
instruments, the coefficient of variation was measured at each
eccentric ring, from 0◦ to 3◦ in 0.25◦ intervals. These values were
then averaged for an overall measurement of variability for each
cohort. A Mann-Whitney Rank Sum Test (α = 0.05) compared
the variability between the two cohorts.

Correlation Between Henle Fiber Layer Thickness

and Pixel Intensity
For all subjects, the HFL thickness, as measured using
directional OCT imaging, and pixel intensity, a representation
of the phase retardation signal, as measured with SLP, were
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FIGURE 4 | Analysis of phase retardation distribution map. (A) Center of

macular cross (red circle) with a circular region of interest (green circle). (B)

Pixel intensity profile along the circular region of interest. (C) The amplitude of

pixel intensity was used as a relative measure of phase retardation and plotted

as a function of eccentricity.

plotted against each other at 0.25◦ intervals from 0◦ to 3◦

eccentricity (Figure 5). The correlation coefficients (R) for the
association between the HFL thickness and pixel intensity at
eccentricities between 0◦ and 3◦ in 0.25◦ increments were
determined for each subject. Individual R values were then
converted to z-values using Fisher-Z-Transformation. Z-values
were then averaged within each cohort and transformed back
to R-values to generate a representative R and R2-values for
the cohorts.

RESULTS

Henle Fiber Layer Thickness Measured by
Directional Optical Coherence Tomography
Three subjects in the second cohort had at least one image
with a quality score ≤20 dB (for representative image, see
Supplementary Figure 1); these subjects were removed from
analysis. For both the first cohort (Figure 6A) and for the second
cohort (Figure 6B), the HFL thickness increased as the retinal
eccentricity changed from 0◦ to 2◦ before decreasing at greater
macular eccentricities. Across all eccentricities, the first cohort
(median HFL thickness [25% quartile, 75% quartile]= 11.4 [8.55,
12.0] pixels) had a significantly (n= 0.015, Mann-Whitney Rank
Sum Test) thicker measured HFL than the second cohort (8.33
[5.35, 8.83] pixels).

Pixel Intensity Measured by Scanning
Laser Polarimetry
Signal Pattern and Inter-cohort Differences in

Amplitude
All SLP scans had a quality score ≥8 and were therefore
analyzed. For both the first cohort (fixed-compensated SLP;
Figure 7A) and for the second cohort (variable-compensated
SLP; Figure 7B), pixel intensity increased as the retinal
eccentricity increased from 0 to 2 degrees before decreasing
at greater retinal eccentricities. Across all eccentricities, pixel
intensity generated by the fixed-compensated SLP (median pixel
intensity [25% quartile, 75% quartile] = 66.1 [63.5, 67.3]) was
significantly (p < 0.001, Mann-Whitney Rank Sum Test) higher
than that generated by the variable-compensated SLP (46.4
[37.7, 48.5]).

Inter-cohort Variability
The first cohort (fixed-compensated SLP) and the second cohort
(variable-compensated SLP) exhibited different magnitudes of
variability. In both cohorts, the coefficients of variation near
the center of the fovea were relatively large, and those at
farther eccentricities were relatively small (Table 1). However,
across all eccentricities, the first cohort exhibited significantly
(p < 0.001, Mann-Whitney Rank Sum Test) more variability
(median coefficient of variation [25% quartile, 75% quartile] =
31.5 [30.9, 34.1]) than the second cohort (12.4 [11.4, 17.9]).

Correlation Between Pixel Intensity and
Henle Fiber Layer Thickness
There was a strong correlation between pixel intensity and HFL
thickness in both cohorts. In the first cohort, the average R2-
value was 0.785 (range: 0.031–0.988; Supplementary Figure 2).
Figure 8A contains a representation of this correlation, using
mean values for pixel intensity and for HFL thickness at all
eccentricities. In the second cohort, the average R2-value was
0.872 (range: 0.043–0.974; Supplementary Figure 3). Figure 8B
contains a representation of this correlation, using mean values
for pixel intensity and for HFL thickness at all eccentricities.
Combining subjects from the first and second cohorts, the overall
R2-value was 0.846.
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FIGURE 5 | Example of the association between Henle fiber layer (HFL) thickness and phase retardation in an individual subject from the second cohort. (A)

Directional optical coherence tomography image along the horizontal axis with the HFL outlined in red. The yellow vertical bar represents the center of the fovea. The

green vertical bars mark 1◦ of eccentricity (temporal on the left and nasal on the right) from the center of the fovea. (B) Scanning laser polarimetry image of the

posterior pole. Bright regions within the image indicate high phase retardation caused by tissue birefringence. The yellow circle marks the center of the fovea. The

green ring indicates 1◦ of eccentricity from the center of the fovea. (C) Regression plot showing the association between pixel intensity (a proxy for magnitude of

phase retardation) and HFL thickness. The data point in the green box represents (i, y-axis) HFL thickness averaged from the superior, inferior, nasal (right green bar in

A), and temporal (left green bar in A) meridians 1◦ from the central fovea and (ii, x-axis) phase pixel intensity averaged along an eccentric ring (green ring in B) 1◦ from

the central fovea. The other data points represent the other eccentricities measured (0◦-3◦ eccentricity in 0.25◦ steps from the center of the fovea).

DISCUSSION

This study used two clinically available imaging modalities,
OCT and SLP, to establish a correlation between HFL thickness
and phase retardation in the central macula. In two healthy
cohorts, HFL thickness increased from to foveal center to
2◦ eccentricity, and then decreased beyond 2◦. This result is
consistent with previous reports from clinical (8) and from
histological (5) studies on normal populations. Foveal pixel
intensity—a representation of tissue birefringence, with high
pixel intensity indicating high phase retardation—was also
measured. Similar to the HFL thickness results, in both cohorts
pixel intensity increased from the foveal center to 2◦ eccentricity,
beyond which it receded. There was a strong correlation between
HFL thickness and pixel intensity across the central 3◦ of
the macula. The fixed-compensated SLP device (used on the
first cohort) manifested more variability in its pixel intensity
measurements than the variable-compensated SLP device (used
on the second cohort).

Correlation Between Henle Fiber Layer
Thickness and Phase Retardation
To the authors’ knowledge, this is the first study to report
a correlation between HFL thickness and phase retardation
amplitude. This finding may be important for several reasons.

It has long been assumed that phase retardation in the central
macula is the result of the birefringent properties of the HFL (20),
but delineation of the HFL boundaries and determination of its
thickness are challenging due to its relative optical transparency.
Adaptations of existing techniques, such as directional OCT,
overcome this constraint and improve optical contrast of the
HFL, allowing for improved quantification of its thickness. Here,
it is shown that the thickness and phase retardation signals are
both minimal centrally, increase proportionally with increasing
eccentricity until reaching a maximum, and decline at greater
eccentricities. Although this study does not establish causation,
the strong correlation between phase retardation distribution
and HFL thickness in the central macula provides supporting
evidence that the macular phase retardation signal results
primarily from the birefringent HFL in healthy, normal subjects.

These results may have considerable clinical implications.
The closely matched HFL thickness distribution, centered on
the fovea, and phase retardation distribution support previous
assumptions that the center of the macular cross corresponds
closely with the foveal center, which can be used for foveal
localization in en face SLP imaging. The correlation between
HFL thickness and phase retardation amplitude may also be
an optical signature for density or for integrity changes to
photoreceptor axons in the central macula. The source of the
HFL signal from these two imaging techniques is thought to
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FIGURE 6 | Henle fiber layer thickness at increasing macular eccentricities.

Henle fiber layer thickness was measured at 12 different macular eccentricities

from 0◦ to 3◦ from the foveal center in 0.25◦ steps (A) in the first cohort (n =

11) and (B) in the second cohort (n = 22). Error bars are one standard

deviation from the mean (circles).

occur through different mechanisms. Directional OCT uses the
angularly dependent scattering properties of the HFL to measure
its thickness, and SLP relies on the birefringent properties of
the microtubules in the HFL photoreceptor axons. Although
directional OCT can be used to quantify HFL thickness, it
likely cannot ascertain the components of and the integrity of
structures within the HFL. Seemingly counterintuitive to the
reduction in phase retardation in the central macula with normal
aging (12), histological studies indicate the HFL thickens with
age, while other cell layers simultaneously thin (5). This decrease
in phase retardation is consistent with high resolution imaging
(21) and with histological studies of photoreceptor density (22),
indicating a gradual decrease in cone photoreceptor density
associated with normal aging. Although they may seem mutually
exclusive, it is possible for the HFL to thicken while foveal phase
retardation wanes with age. This paradoxical relationship may

FIGURE 7 | Pixel intensity at increasing macular eccentricities. Pixel intensity

was measured at 12 different macular eccentricities (from 0◦ to 3◦ from the

foveal center in 0.25◦ steps) (A) in the first cohort (fixed-compensation

scanning laser polarimetry, n = 11) and (B) in the second cohort

(variable-compensated scanning laser polarimetry, n = 25). Error bars are one

standard deviation from the mean (circles).

represent the diversity of cells found in the HFL. Increased
HFL thickness found in histological studies is not thought to
be related to changes in cone photoreceptor density, but instead
attributable to an increased volume of Muller cells, which are
present in response to numerous acute and chronic insults as
well as to normal aging stresses (5). While contributing to the
increased thickness, Muller cells are not thought to possess
the same birefringent properties as the photoreceptor axons
in the HFL, and are therefore unlikely to contribute to the
phase retardation signal in SLP imaging. The thickening of the
HFL with reduced phase retardation may occur as a result of
declining photoreceptor density or reduced viability of those
photoreceptors, making phase retardation a sensitive marker for
subtle aging changes.

Beyond aging, the combined use of retinal layer thickness
with phase retardation in birefringent retinal structures shows
promise in providing insight into early neurodegenerative
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TABLE 1 | Variability of pixel intensity at increasing macular eccentricities.

Eccentricity

(degrees)

First cohort (n = 11) Second cohort (n = 25)

0.25 35.5 29.8

0.50 35.4 25.0

0.75 34.4 18.8

1.00 33.3 15.2

1.25 32.3 13.1

1.50 31.5 12.1

1.75 30.9 11.6

2.00 30.6 11.2

2.25 30.5 11.1

2.50 30.8 11.4

2.75 31.3 12.0

3.00 31.6 12.6

Values are coefficients of variation. Phase retardation was measured with a scanning laser

polarimeter with a fixed corneal compensator in the first cohort and with a variable corneal

compensator in the second cohort.

changes in sight-threatening disease. Examples of the sensitivity
of polarization sensitive biomarkers is shown in primate models
of glaucoma, where a decrease in the phase retardation of
the nerve fiber layer (NFL) precedes thickness changes of the
NFL on OCT (23). Histological examination of the NFL in
these animals demonstrates residual axonal structure, but in a
highly degenerated state. This degeneration results in reduced
birefringence, even though the degenerated structures initially
occupy the same volume in the retina and NFL thickness is
not affected by early degenerative changes. Because the phase
retardation signal in both the HFL and the NFL is believed to
originate from microtubules in cell axons (10, 24), extrapolating
from this animal model suggests that retinal layer thickness and
phase retardation could be used similarly for early detection of
retinal axonal compromise in the central macula. Identification of
retinal cell compromise would be useful in instances where loss
of axons or axonal integrity of the central cone and HFL could
precede retinal layer thickness changes or when OCT changes are
seemingly inconsistent with functional loss, such as Alzheimer’s
disease (25) and traumatic brain injury (26).

Variability in Measurements of the Henle
Fiber Layer
Scanning Laser Polarimetry
Two corneal compensation settings within the same device
were used to measure phase retardation of the central macula.
As a result, the performance of the two settings could
be compared. A fixed compensator was used on the first
cohort. This setting can only partially compensate for the
polarization properties of the cornea when acquiring retinal
images. A variable compensator was used on the second cohort.
This setting can more fully compensates for the polarization
properties of the cornea compared to the fixed-compensation.
Although the two cohorts contained healthy subjects with similar
demographic characteristics, the images acquired using fixed

FIGURE 8 | Representation of the relationship between pixel intensity and

Henle fiber layer thickness (A) in the first cohort (n = 11) and (B) in the second

cohort (n = 22). Circles are the mean at each of the 12 eccentricities, from 0◦

to 3◦ (0.25◦ steps) in the central macula. Vertical and horizontal error bars are

the standard error of the mean.

anterior segment compensation exhibited significantly greater
average pixel intensity and significantly more variability across
individuals at all eccentricities than the images acquired using
the variable anterior segment compensation. These differences
were expected and are likely the result of residual uncompensated
anterior segment birefringence, which can vary considerably
across individuals. The variable compensator used on the second
cohort produced an annular phase retardation map centered on
the fovea. Although the overall average pixel intensity was lower
at all eccentricities, compared to the fix compensator, there was
less variability across individuals. Both in the first cohort and
in the second cohort, variability was greatest at the center of
the macula and then tapered in the periphery. This relatively
high variability near the central macula was likely due to the
relatively weak phase retardation signal at that location, where
the HFL is absent or very thin. These findings suggest that
variable-compensated SLP should be the preferred technique
over fixed-compensated SLP for clinical care and for research.
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Despite the difference in variability between the two corneal
compensation settings, both generated foveal phase retardation
maps that were strongly associated with HFL thickness, which
was measured with directional OCT. This fact strengthens
the validity of our results, and it also may make our results
more generalizable.

An enhanced corneal-compensator is available for SLP as
a software upgrade that optimizes imaging by improving the
signal-to-noise ratio compared with the variable compensation,
alone. Although there is some evidence that enhanced
compensator correlates well to other imaging modalities
(27) and may be more sensitive to changes in the NFL than
other compensation strategies (28), it was not utilized in the
present study. Future work could correlate its performance with
HFL thickness.

Directional Optical Coherence Tomography
Even though the HFL thickness profiles of the two groups
shared a similar shape, the first cohort exhibited a significantly
thicker HFL than the second cohort. Also, there was a wide
range of R2-values in both groups when correlating HFL
thickness to pixel intensity. Image quality is a possible cause
of the variability between cohorts and of the large range
of correlation coefficients. Directional OCT data from three
subjects in the second cohort were removed from analysis due
to poor image quality metrics. Images from several of the
remaining subjects did not cross the threshold for removal
from the study but were nevertheless not of ideal quality
because the imaging beam of the OCT was not offset enough
in the pupil to clearly delineate the HFL from surrounding
tissues. Manually segmenting the HFL on a poor-quality
OCT images, even those with sufficiently high decibel quality
indicators, likely leads to variable thickness measurements,
even for well-trained and experienced researchers, because
the boarders of the HFL are less defined than in high-
quality images.

There are several possible explanations for this difference
in subjective image quality. First, the second cohort was
larger than the first and contained individuals with small
pupils (even after dilation) and deep-set globes. These physical
attributes made obtaining high-quality offset OCT images
a challenge in some cases. Second, there were different
operators of the OCT instrument for the two cohorts, which
likely contributed to differences between the two cohorts
in how much the imaging beam was offset in the pupil.
A third possible explanation is that different individuals
segmented the HFL for each cohort. The effect of this
variable may be small, however, because previous work
has shown manual segmentation of the HFL to be highly
repeatable (9).

The development of quality-control software that indicates
to the OCT operator when the HFL is of sufficient quality
would help eliminate the issue of a poorly delineated HFL in
an otherwise high-decibel image. In addition, the creation of
software to segment the HFL would likely help mollify the
problem of directional OCT being very sensitive to image quality.

Study Limitations
Scanning Laser Polarimetry
A limitation to SLP imaging is that light returning to the system
comes from the entire depth of the retina and cannot be axially
segmented. While this constraint does not pose a problem for
producing a macular cross pattern or a macular annulus pattern
in normal individuals, phase retardation changes associated with
pathology (29, 30) are difficult to differentiate from overlying or
adjacent retina. The combined use of polarized light and cross
sectional imaging in polarization sensitive OCT (PS-OCT) can
overcome some of these limitations for quantifying HFL phase
retardation (31–33), but these systems are expensive, require
considerable technical expertise, and are not widely available
outside of research institutions.

Directional Optical Coherence Tomography
Although directional OCT can visualize the HFL in cross section,
it has limitations that currently curb its clinical utility. First the
ability, or lack thereof, to quickly and easily collect HFL thickness
measurements in multiple meridians. HFL visualization is ideal
when the entry position of the imaging beam is along the
retinal axis of interest; therefore, imaging in multiple meridians
requires technical skill and at least two images, one from
each opposite offset positions, along a common meridian. This
constraint limited the measurements made in this study to the
horizontal and vertical meridians and forced the use of average
thicknesses across these meridians as a representative sample of
the central macula.

Second, there is no normative database available for HFL
thickness. This study represents an initial step in assessing the
fovea for changes that could cause alterations to the integrity of
the HFL without necessarily impacting the HFL thickness. The
full potential of this approach cannot be realized, however, until
normative databases of HFL thickness and phase retardation
are established.

CONCLUSION

This study established a strong and positive association between
HFL thickness and phase retardation amplitude in the central
macula. It also demonstrated that fixed-compensated SLP
produces more varied pixel intensity signals than variable-
compensated SLP. With future refinements, the combined use of
directional OCT and SLP or other polarization-sensitive imaging
methods may be able to detect early changes to photoreceptor
integrity in the central macula as a harbinger to ocular or to
neurological disease.
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Retinitis pigmentosa (RP) is the most common inherited retinal dystrophy with a

prevalence of about 1 in 4,000, affecting approximately 1.5 million people worldwide.

Patients with RP experience progressive visual field loss as the retina degenerates,

destroying light-sensitive photoreceptor cells (rods and cones), with rods affected earlier

andmore severely than cones. Spatio-temporal patterns of retinal degeneration in human

RP have been well characterised; however, themechanism(s) giving rise to these patterns

have not been conclusively determined. One such mechanism, which has received

a wealth of experimental support, is described by the trophic factor hypothesis. This

hypothesis suggests that rods produce a trophic factor necessary for cone survival;

the loss of rods depletes this factor, leading to cone degeneration. In this article,

we formulate a partial differential equation mathematical model of RP in one spatial

dimension, spanning the region between the retinal centre (fovea) and the retinal edge

(ora serrata). Using this model we derive and solve an inverse problem, revealing for the

first time experimentally testable conditions under which the trophic factor mechanism

will qualitatively recapitulate the spatio-temporal patterns of retinal regeneration observed

in human RP.

Keywords: partial differential equations, asymptotic analysis, retina, photoreceptors, rod-derived cone viability

factor

1. INTRODUCTION

The group of inherited retinal diseases known as retinitis pigmentosa (RP) causes the progressive
loss of visual function (Hamel, 2006; Hartong et al., 2006). The patterns of visual field loss associated
with the human version of this condition have been well characterised (Grover et al., 1998);
however, the mechanisms underpinning these patterns have yet to be conclusively determined
(Newton and Megaw, 2020). In this article, we use mathematical models to predict the conditions
under which a trophic factor mechanism could explain these patterns.

The retina is a tissue layer lining the back of the eye containing light-sensitive cells known
as photoreceptors, which come in two varieties: rods and cones (Figure 1A). Rods confer
monochromatic vision under low-light (scotopic) conditions, while cones confer colour vision
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under well-lit (photopic) conditions (Oyster, 1999). In RP, rod
function and health are typically affected earlier and more
severely than those of cones, with cone loss following rod loss.
Rods are lost since either they or the neighbouring retinal
pigment epithelium express a mutant version of one or both
alleles (depending on inheritance mode) of a gene associated
with RP (over 80 genes have been identified to date, see Gene
Vision and Ge et al., 2015; Haer-Wigman et al., 2017; Birtel et al.,
2018; Coussa et al., 2019). It is hypothesised that cones are lost
following rods since they depend upon rods either directly or
indirectly for their survival (Hamel, 2006; Hartong et al., 2006;
Daiger et al., 2007).

A number of mechanisms have been hypothesised to explain
secondary cone loss, including trophic factor (TF) depletion
(Léveillard et al., 2004; Aït-Ali et al., 2015; Mei et al., 2016),
oxygen toxicity (Travis et al., 1991; Valter et al., 1998; Stone
et al., 1999), metabolic dysregulation (Punzo et al., 2009, 2012),
toxic substances (Ripps, 2002), and microglia (Gupta et al.,
2003). While not typically related to spatio-temporal patterns
of retinal degeneration in the literature, it is reasonable to infer
that these mechanisms play an important role in determining
spatio-temporal patterns of retinal degeneration.

Grover et al. (1998) have classified the spatio-temporal
patterns of visual field loss in RP patients into three patterns
and six sub-patterns (see Figure 2). Pattern 1A consists in a
restriction of the peripheral visual field, while Pattern 1B also
includes a para-/peri-foveal ring scotoma (blind spot); Pattern 2
(A, B and C) involves an initial loss of the superior visual field,
winding nasally or temporally into the inferior visual field; lastly,
Pattern 3 starts with loss of the mid-peripheral visual field, before
spreading into the superior or inferior visual field and winding
around the far-periphery. In all cases central vision is the best
preserved, though it too is eventually lost (Hamel, 2006; Hartong
et al., 2006). Patterns of visual field loss and photoreceptor
degeneration (cell loss) are directly related (Escher et al., 2012),
loss of the superior visual field corresponding to degeneration
of photoreceptors in the inferior retina and vice versa, and loss
of the temporal visual field corresponding to degeneration of
photoreceptors in the nasal retina and vice versa.

In this article, we explore the conditions under which the
TF mechanism, in isolation, can replicate the patterns of cone
degeneration observed in vivo. Isolating a mechanism in this
way enables us to identify the effects for which it is sufficient
to account, avoiding confusion with other mechanistic causes.
Understanding the mechanisms of secondary cone degeneration
is important since it is the cones that provide high-acuity color
vision, and hence their loss, rather than the preceding rod loss,
which is the most debilitating. Therefore, by elucidating these
mechanisms, we can develop targeted therapies to prevent or
delay cone loss, preserving visual function. The TF mechanism
has been studied in detail. Rod photoreceptors have been shown
to produce a TF called rod-derived cone viability factor (RdCVF),
which is necessary for cone survival (Mohand-Saïd et al., 1997,
1998, 2000; Fintz et al., 2003; Léveillard et al., 2004; Yang
et al., 2009). RdCVF increases cone glucose uptake, and hence
aerobic glycolysis, by binding to the cone transmembrane protein
Basigin-1, which consequently binds to the glucose transporter

GLUT1 (Aït-Ali et al., 2015). Cones do not produce RdCVF,
thus, when rods are lost, RdCVF concentration drops and cone
degeneration follows (though it has been suggested that it may
ultimately be oxygen toxicity which kills cones; Léveillard and
Sahel, 2017).

Thus far, two groups have developed mathematical models
operating under the TF hypothesis. Camacho et al. have
developed a series of (non-spatial) dynamical systems ordinary
differential equation models to describe the role of RdCVF in
health and RP (Colón Vélez et al., 2003; Camacho et al., 2010,
2014, 2016a,b,c, 2019, 2020, 2021; Camacho and Wirkus, 2013;
Wifvat et al., 2021). In Roberts (2022), we developed the first
partial differential equation (PDE) models of the TF mechanism
in RP, predicting the spatial spread of retinal degeneration. It
was found that, assuming all cones are equally susceptible to
RdCVF deprivation and that rods degenerate exponentially with
a fixed decay rate, the mechanism is unable to replicate in vivo
patterns of retinal degeneration. Previous modeling studies have
also considered the oxygen toxicity (Roberts et al., 2017, 2018
and related Roberts et al., 2016b) and toxic substance (Burns
et al., 2002) mechanisms, predicting the spatio-temporal patterns
of retinal degeneration they would generate. For a review of
these and other mathematical models of the retina in health,
development and disease see (Roberts et al., 2016a).

In this study, we extend our work in Roberts (2022) by
formulating and solving an inverse problem to determine the
spatially heterogeneous cone susceptibility to RdCVF deprivation
and rod exponential decay rate profiles that are required to
qualitatively recapitulate observed patterns of spatio-temporal
degeneration in human RP.

2. MATERIALS AND METHODS

2.1. Model Formulation
We begin by formulating a reaction-diffusion PDE mathematical
model (a simplified version of the model presented in Roberts,
2022). Reaction-diffusion PDE models describe the way in which
the spatial distribution of cells and chemicals change over time as
a result of processes such as movement (diffusion), production,
consumption, death, and decay. We pose the model on a
spherical geometry to replicate that of the human retina. This
geometry is most naturally represented using a spherical polar
coordinate system, (r,θ ,φ), centred in the middle of the vitreous
body, where r ≥ 0 (m) is the distance from the origin, 0 ≤

θ ≤ π (rad) is the polar angle and 0 ≤ φ < 2π (rad) is
the azimuthal angle. To create a more mathematically tractable
model, we simplify the geometry by assuming symmetry about
the z-axis (directed outward from the origin through the foveal
centre), eliminating variation in the azimuthal direction, and
effectively depth-average through the retina, assuming that it
lies at a single fixed distance, R > 0 (m), from the origin at
all eccentricities, θ , leveraging the fact that the retinal width is
two orders of magnitude smaller than the eye’s radius (Oyster,
1999). Thus, we have reduced the coordinate system to (R,θ),
where R is a positive constant parameter and 0 ≤ θ ≤ 2

is an independent variable, which we bound to range between
the fovea (at θ = 0 rad) and the ora serrata (at θ = 2 =
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FIGURE 1 | Diagrams of the human eye and retinal photoreceptor distribution (reproduced, with permission, from Roberts et al., 2017). (A) Diagram of the (right)

human eye, viewed in the transverse plane, illustrating the mathematical model geometry. The model is posed on a domain spanning the region between the foveal

centre, at θ = 0, and the ora serrata, at θ = 2, along the temporal horizontal meridian, where θ measures the eccentricity. Figure originally reproduced, with

modifications, from http://www.nei.nih.gov/health/coloboma/coloboma.asp, courtesy: National Eye Institute, National Institutes of Health (NEI/NIH). (B) Measured and

fitted photoreceptor profiles, along the temporal horizontal meridian, in the human retina. Cone profile: p̃c(θ ) = B1e
−b1θ + B2e

−b2θ , and rod profile: p̃r (θ ) = B3θe
−b3θ

(see Table 2 for dimensionless parameter values). The photoreceptor profile is the sum of the rod and cone profiles (p̃r (θ )+ p̃c(θ )). Experimental data provided by

Curcio and published in Curcio et al. (1990).

FIGURE 2 | Characteristic patterns of visual field loss in human RP (reproduced, with permission, from Roberts et al., 2018). Visual field loss patterns can be classified

into three cases and six subcases (classification system described in Grover et al., 1998). Large gray arrows indicate transitions between stages of visual field loss and

small red arrows indicate the direction of scotoma (blind spot) propagation. See text for details.

1.33 rad; see Figure 1A). We further simplify the model by
non-dimensionalising; scaling the dependent and independent
variables so that they and the resultant model parameters are

dimensionless and hence unitless. This reduces the number of
parameters (including eliminating R) and allows us to identify
the dominant terms of the governing equations in the ensuing
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asymptotic analysis. For this reason, there are no units to be
stated in Figures 3–10. For the full dimensional model and
non-dimensionalisation see Roberts (2022).

We proceed directly to the dimensionless model, which
consists of a system of PDEs in terms of the dependent variables:
TF concentration, f (θ , t), rod photoreceptor density, pr(θ , t),
and cone photoreceptor density, pc(θ , t); as functions of the
independent variables: polar angle, scaled to lie in the range
0 ≤ θ ≤ 1, and time, t > 0 (see Table 1).

The TF equation is as follows

∂f

∂t
=

Df

sin(2θ)

∂

∂θ

(
sin(2θ)

∂f

∂θ

)

︸ ︷︷ ︸
diffusion

+ αpr︸︷︷︸
production

− βfpc︸︷︷︸
consumption

− ηf︸︷︷︸
decay

,

(1)
where ∂f /∂t is the rate of change in TF concentration over
time and the parameters, Df , the TF diffusivity, α, the rate
of TF production by rods, β , the rate of TF consumption by
cones, and η, the rate of TF decay, are positive constants.
Trophic factor is free to diffuse across the retina through the
interphotoreceptor matrix (Aït-Ali et al., 2015). We assume, in
the absence of experimental evidence to the contrary, that all
rods produce TF at an equal and constant rate, independent of
the local TF concentration, such that the rate of TF production
is directly proportional to the local rod density. Similarly, in
the absence of further experimental evidence, we assume that all
cones consume TF at an equal and constant rate for a given local
TF concentration. Applying the physiological version of the Law
of Mass Action, which states that the rate of a reaction is directly
proportional to the product of the concentrations/densities of the
reactants (Murray, 2002, in this case TF and cones), we assume
that TF is consumed by cones at a rate directly proportional to the
product of the local TF concentration and the local cone density.
Lastly, we assume that TF decays exponentially, decreasing at a
rate directly proportional to its local concentration, as has been
shown to occur for a range of other proteins in living human cells
(Eden et al., 2011).

The rod equation takes the following form

∂pr

∂t
= − φr(θ)pr︸ ︷︷ ︸

cell degeneration
(mutation-induced)

, (2)

where ∂pr/∂t is the rate of change in rod density over time
and we allow the variable φr(θ), the rate of mutation-induced
rod degeneration, to vary spatially (functional forms defined
in the Results section), or take a constant positive value, φr .
Rods degenerate due to their expression of a mutant gene
(Hamel, 2006; Hartong et al., 2006) and are assumed to do so
exponentially, at a rate directly proportional to their local density,
consistent with measurements of photoreceptor degeneration
kinetics in mouse, rat and canine models of RP (Clarke et al.,
2000). Unlike with cones, RdCVF does not serve a protective
function for rods (Aït-Ali et al., 2015); therefore, their rate

FIGURE 3 | Initial conditions, ratio of rods to cones and RdCVF reaction rates.

(A) initial conditions used in all simulations, consisting of healthy rod and cone

profiles and the corresponding RdCVF profiles under Scalings 1 and 2 (the

legend applies to (A) only). (B) variation in the healthy rod:cone ratio,

p̃r (θ )/p̃c(θ ), with eccentricity. (C) RdCVF production, consumption and decay

rates under Scalings 1 and 2 (Equation (1), the legend applies to (C) only). To

obtain finit (θ ) in (A,C), Equations (1) and (4) were solved at steady-state using

the finite difference method, with 4001 mesh points, where pr (θ ) = prinit (θ ) and

pc(θ ) = pcinit (θ ). Under Scaling 1, α = 7.01× 104 and β = 1.79× 106, while

under Scaling 2, α = 7.01× 102 and β = 1.79× 104. Remaining parameter

values as in Table 2.
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FIGURE 4 | Cone degeneration profiles. Graphs show the time, tdegen(θ ), at which cones degenerate due to RdCVF deprivation, with constant rate of

mutation-induced rod degeneration, φr = 7.33× 10−2, and constant TF threshold concentrations: fcrit = 3× 10−5 (A) and fcrit = 0.3 (B). The solid black and dashed

green curves correspond to Scaling 1 (α = 7.01× 104 and β = 1.79× 106), while the solid blue and dashed red curves correspond to Scaling 2 (α = 7.01× 102 and

β = 1.79× 104). The black and blue solid curves are analytical approximations, obtained by plotting Equations (6) and (9), respectively, while the green and red

dashed curves are pc(θ , t)/p̃c(θ ) = 0.99 contours, obtained by solving Equations (1–5) using the method of lines with 401 mesh points. (A) Simulation spans ∼17.7

years in dimensional variables; (B) simulation spans ∼2.8 years in dimensional variables. Insets show magnified portions of each graph. Cone degeneration initiates at

the fovea (θ = 0) in (A) and at θ = 0.13 in (B), spreading peripherally (rightwards) in both cases. Degeneration occurs earlier in (B) than in (A) and for Scaling 2 than for

Scaling 1 (except near the fovea in (A)). Remaining parameter values as in Table 2.

of degeneration is independent of the TF concentration. We
note that Equation (2) can be solved to yield pr(θ , t) =

prinit (θ)e
−φr(θ)t (where prinit (θ), the initial value of pr(θ , t),

is defined below), provided there is no delay in onset or
interruption of degeneration.

The cone equation is as follows

∂pc

∂t
= − pcλ2(f )︸ ︷︷ ︸

cell degeneration
(TF starvation)

, (3)

where ∂pc/∂t is the rate of change in cone density over time. We
define the Heaviside step function, H(·), such that

H(x) : =

{
0 if x < 0,
1 if x ≥ 0,

the function λ2(f ) is given by

λ2(f ) = 1−H(f − fcrit(θ)),

where we allow the variable fcrit(θ), the TF threshold
concentration, to vary spatially (functional forms defined
in the Results section), or take a constant positive value,
fcrit. Cone density is assumed to remain constant provided
the local TF concentration, f (θ , t), remains in the healthy
range at or above the critical threshold, fcrit, while cones are
assumed to decay exponentially (due to TF starvation) at a
rate directly proportional to their local density if f (θ , t) drops
below this threshold, again consistent with Clarke et al. (2000)’s
measurements of photoreceptor degeneration kinetics.

Having defined the governing [Equations (1–3)], we close the
system by imposing boundary and initial conditions. We apply
zero-flux boundary conditions at both ends of the domain,

∂f

∂θ
(0, t) = 0 =

∂f

∂θ
(1, t), (4)

where ∂f /∂θ is the TF concentration gradient in the polar
direction, such that there is no net flow of TF into or out of the
domain. This is justified by symmetry at θ = 0, while we assume
that TF cannot escape from the retina where it terminates at the
ora serrata (θ = 1). The healthy rod and cone distributions are
given by the following functions

p̃r(θ) = B3θe
−b3θ ,

p̃c(θ) = B1e
−b1θ + B2e

−b2θ ,

where the values of the positive constants B1, B2, B3, b1, b2,
and b3 are found by fitting to the mean of Curcio et al. (1990)’s
measurements of healthy human rod and cone distributions
along the temporal horizontal meridian using the Trust-Region
Reflective algorithm in Matlab’s curve fitting toolbox (see
Figure 1B). Lastly, we impose the initial conditions

f (θ , 0) = finit(θ), pr(θ , 0) = prinit (θ) = p̃r(θ),

pc(θ , 0) = pcinit (θ) = p̃c(θ), (5)

where finit(θ) is the steady-state solution to Equations (1) and
(4) with pr = prinit (θ) and pc = pcinit (θ) (see Figure 3A).
Thus, the retina starts in the healthy state in all simulations.
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FIGURE 5 | Target cone degeneration profiles. Panels (left) show cone

degeneration profiles, tdegen(θ ), qualitatively replicating typical spatio-temporal

patterns of visual field loss in RP: (A) Uniform, (B) Pattern 1A, (C) Pattern 1B

and (D) Pattern 3. Visual field loss patterns directly correspond to cone

degeneration patterns in these radially symmetric cases. We seek to replicate

these patterns by finding appropriate φrinv (θ ) and fcritinv (θ ) profiles in

Figures 6–9. Diagrams on the right show the corresponding 2D patterns of

visual field loss — white regions: preserved vision, black regions: scotomas

(blind spots), and red arrows: direction of scotoma propagation. Parameters:

t0 = 100 (∼ 11.0 years), t1 = 150 (∼ 16.6 years), t2 = 200 ∼ 22.1 years,

θd1 = 0.1 (∼ 7.6 degrees), θd2 = 0.55 (∼ 41.9 degrees), θd3 = 0.3 (∼ 22.9

degrees), θd4 = 0.4 (∼ 30.5 degrees) and θd5 = 0.6 (∼ 45.7 degrees). Cone

degeneration profile formulas and parameters are given in Table 3. Remaining

parameter values as in Table 2.

See Table 2 for the dimensionless parameter values [see Roberts
(2022) for dimensional values and justification of parameter
values]. The model presented here simplifies that in Roberts
(2022) in the following ways: it does not include treatment, cone
outer segment regeneration, or initial patches of rod or cone

loss, while mutation-induced rod loss is active for all simulations
in this study. The present model also adds two new features to
the previous model: allowing the rate of mutation-induced rod
degeneration, φr(θ), and the TF threshold concentration, fcrit(θ),
to vary spatially, where before they were constant (or piecewise
constant in the high fcrit subcase).

2.2. Numerical Solutions
Numerical (computational) solutions to Equations (1–5) were
obtained using the method of lines (as in Roberts, 2022),
discretising in space and then integrating in time. The time
integration was performed using the Matlab routine ode15s, a
variable-step, variable-order solver, designed to solve problems
involvingmultiple timescales such as this (Matlab version R2020a
was used here and throughout the paper). We used a relative
error tolerance of 10−6 and an absolute error tolerance of 10−10,
with the remaining settings at their default values. The number of
spatial mesh points employed varies between simulations, taking
values of 26, 51, 101, 401, or 4,001. The upper bound of 4,001
mesh points was chosen such that the distance between mesh
points corresponds to the average width of a photoreceptor. In
each case the maximum computationally feasible mesh density
was employed, all mesh densities being sufficient to achieve
accurate results. The initial TF profile, f (θ , 0) = finit(θ), was
calculated by discretising Equations (1) and (4) at steady-state,
using a finite difference scheme, and solving the consequent
system of nonlinear algebraic equations using the Matlab routine
fsolve (which employs a Trust–Region–Dogleg algorithm) with
pr = prinit (θ) and pc = pcinit (θ).

2.3. Inverse Problem
Our previous modeling study of the TF hypothesis predicted
patterns of cone degeneration which failed to match any known
patterns in human RP (Roberts, 2022). In that study, we
made the simplifying assumption that model parameters are
spatially uniform, such that they do not vary with retinal
eccentricity. While this is a reasonable assumption in most
cases, we have reason to believe that two of the parameters—
the rate of mutation-induced rod loss, φr , and the TF threshold
concentration, fcrit—may vary spatially (see below), which could
help account for in vivo patterns of retinal degeneration.

Rates of rod degeneration in human RP have not been studied
in great detail. Thus far, histopathological examination of human
RP retinas has revealed that rod degeneration is most severe in
the mid-peripheral retina, with relative sparing of rods in the
macula and far-periphery until later in the disease (Milam et al.,
1998). It may be that this pattern varies depending upon the
mutation involved and between individuals (cf. Huang et al., 2012
for which different spatial patterns of rod function loss occur
in patients, all of whom have a mutation in the RPGR gene).
The rate of decay of rod photoreceptors has also been shown
to vary with retinal eccentricity in mouse and pig models of
RP (Carter-Dawson et al., 1978; Li et al., 1998). Further, under
healthy conditions, the RdCVF concentration at the centre of
the retina (near θ = 0) is much lower (f (θ , t) ∼ O(10−5))
than in the remainder of the retina (where f (θ , t) ∼ O(0.1)
to O(1), see Figure 3A). Therefore, it is reasonable to assume
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FIGURE 6 | Inverse mutation-induced rod degeneration rate and TF threshold concentration—Uniform target cone degeneration profile. (A) inverse mutation-induced

rod degeneration rate, φrinv (θ ) (fcrit = 3× 10−5); (B) inverse TF threshold concentration, fcritinv (θ ) (φr = 7.33× 10−2). The solid black and dashed green curves

correspond to Scaling 1 (α = 7.01× 104 and β = 1.79× 106), while the solid blue and dashed red curves correspond to Scaling 2 (α = 7.01× 102 and

β = 1.79× 104). The black and blue solid curves are analytical approximations to the inverses, obtained by plotting Equations (7) and (10), respectively (A), and

Equations (8) and (11) respectively (B). The green and red dashed curves are numerical inverses, obtained by using the Matlab routines fminsearch (A) and

patternsearch (B) to calculate the φr and fcrit profiles for which the contour described by pc(θ , t)/p̃c(θ ) = 0.99 matches the target cone degeneration profile, tdegen(θ ).

Equations (1–5) were solved at each iteration using the method of lines, with 101 mesh points. Insets show magnified portions of each graph. Numerical inverses are

calculated and plotted only at those locations (eccentricities) where the analytical inverse fails to generate a tdegen(θ ) profile matching the target profile. Inverses are

monotone increasing for Scaling 1, and increase initially for Scaling 2 before reaching a maximum and decreasing toward the ora serrata (θ = 1). Numerical solutions

reveal lower values of the inverses near the fovea (θ = 0) than the analytical approximations suggest. Cone degeneration profile formulas and parameters are given in

Table 3. Remaining parameter values as in Table 2.

that central retinal cones are able to cope with lower RdCVF
concentrations than those toward the periphery, and hence
that fcrit is also heterogeneous. To determine whether these
heterogeneities could account for cone degeneration patterns
in human RP, we formulate and solve something known as an
inverse problem.

In an inverse problem we seek to determine the model input
required to attain a known/desired output. In this case, the
known output is the target cone degeneration profile, tdegen(θ),
while the input is either the rate of mutation-induced rod loss
profile, φr(θ), or the TF threshold concentration profile, fcrit(θ),
with corresponding inverses denoted as φr(θ) = φrinv (θ) and
fcrit(θ) = fcritinv (θ), respectively. When searching for φrinv (θ), we
hold the TF threshold concentration constant at fcrit(θ) = fcrit =
3× 10−5, while, when searching for fcritinv (θ), we hold the rate of
mutation-induced rod loss constant at φr(θ) = φr = 7.33×10−2.
The constant value of fcrit is chosen to lie just below theminimum
steady-state value of f (θ), such that, in the absence of rod loss,
cones remain healthy, while the constant value of φr is chosen to
be one hundred times higher than the value that can be inferred
from measurements in the healthy human retina (Curcio et al.,
1993), placing the timescale of the resultant cone loss on the
order of decades, in agreement with in vivo RP progression rates
(Hamel, 2006; Hartong et al., 2006).

We consider a range of target cone degeneration profiles,
summarized in Figure 5 and Table 3, which qualitatively
replicate visual field loss Patterns 1A, 1B, and 3 seen in vivo
(and hence the corresponding in vivo cone degeneration patterns;
taking the degeneration of the far-peripheral retina to occur in
a radially symmetric manner in Pattern 3—see Figure 2 and

Grover et al., 1998). We do not consider patterns of type 2 (to
be explored in a future study) as these cannot be replicated by
a 1D model (since the radial symmetry, assumed by the 1D
model, is broken by variation in the azimuthal/circumferential
direction). For each degeneration pattern, we consider a set
of sub-patterns to examine how this affects the shape of the
inverses, allowing us to confirm that a modest change in the
degeneration pattern results in a modest change in the inverses,
while exploring both linear/piecewise linear profiles and more
biologically realistic nonlinear (quadratic/cubic/exponential)
patterns. We also consider a uniform target cone degeneration
profile for comparison.

For each pattern, we consider the effect of two (biologically
realistic) scalings for the rate of TF production by rods, α, and the
rate of TF consumption by cones, β , upon the inverse profiles: (i)
Scaling 1—for which α = 7.01 × 104 and β = 1.79 × 106 as in
Roberts (2022); and (ii) Scaling 2—for which α = 7.01× 102 and
β = 1.79 × 104. Under Scaling 1, production and consumption
of TF dominate over decay (with rate constant η), such that
decay has a negligible effect upon the TF profile and model
behavior. Under Scaling 2, TF production and consumption
occur at a similar rate to decay, such that they balance each
other, resulting in a different TF profile and model behavior
(see Figures 3A,C). As discussed in Roberts (2022), none of α,
β , or η have been measured. The decay rate, η, was chosen
to match the measured decay rate of proteins in living human
cells (Eden et al., 2011). Under Scaling 1, the consumption rate,
β , is chosen such that it dominates over the decay rate (being
a factor ǫ−1 = O(102) larger), while the production rate, α,
is chosen to balance consumption (see the Analytical Inverse
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FIGURE 7 | Inverse mutation-induced rod degeneration rate and TF threshold concentration—Pattern 1A target cone degeneration profiles. (A,C,E) inverse

mutation-induced rod degeneration rate, φrinv (θ ) (fcrit = 3× 10−5); (B,D,F) inverse TF threshold concentration, fcritinv (θ ) (φr = 7.33× 10−2). (A,B) linear target cone

degeneration profile, tdegen(θ ); (C,D) concave up quadratic tdegen(θ ) profile; (E,F) concave down quadratic tdegen(θ ) profile. The solid black and dashed green curves

correspond to Scaling 1 (α = 7.01× 104 and β = 1.79× 106), while the solid blue and dashed red curves correspond to Scaling 2 (α = 7.01× 102 and

β = 1.79× 104). The black and blue solid curves are analytical approximations to the inverses, obtained by plotting Equations (7) and (10), respectively, (A,C,E) and

Equations (8) and (11), respectively, (B,D,F). The green and red dashed curves are numerical inverses, obtained by using the Matlab routines fminsearch (A,C,E), and

patternsearch (B,D,F) to calculate the φr and fcrit profiles for which the contour described by pc(θ , t)/p̃c(θ ) = 0.99 matches the target cone degeneration profile,

tdegen(θ ). Equations (1–5) were solved at each iteration using the method of lines, with 26, 51, or 101 mesh points. Insets show magnified portions of each graph.

Numerical inverses are calculated and plotted only at those locations (eccentricities) where the analytical inverse fails to generate a tdegen(θ ) profile matching the target

profile. Inverses are monotone increasing functions for both scalings in (A, B, E, F), and for Scaling 1 in (C,D) while the inverses increase initially for Scaling 2 before

reaching a maximum and decreasing toward the ora serrata (θ = 1) in (C,D). Numerical solutions reveal lower values of the inverses near the fovea (θ = 0) than the

analytical approximations suggest. Cone degeneration profile formulas and parameters are given in Table 3. Remaining parameter values as in Table 2.

Section). This is a sensible scaling as it is likely that cones
consume RdCVF at a much faster rate than that at which it
decays. It is possible, however, that cones consume RdCVF at a
similar rate to its decay rate, which is the scenario we consider
in Scaling 2; reducing α and β by a factor of 100 (∼ ǫ−1) to
bring consumption and production into balance with decay (see
the Analytical Inverse Section).

We solve the inverse problem both analytically and
numerically (computationally), as described in the Analytical
Inverse and Numerical Inverse sections below. Analytical
approximations are computationally inexpensive and provide

deeper insight into model behavior, while numerical solutions,
though computationally intensive, are more accurate.

2.3.1. Analytical Inverse

Less mathematically inclined readers may wish to skip over
the following derivation and proceed to the resulting Equations
(6–11) and surrounding explanatory text. To derive analytical
(algebraic) approximations for the inverses, φrinv (θ) and fcritinv (θ),
we perform an asymptotic analysis, seeking the leading order
behavior of Equations (1–5). In other words, we are simplifying
our equations, making it possible to solve them algebraically (by
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FIGURE 8 | Inverse mutation-induced rod degeneration rate and TF threshold concentration—Pattern 1B target cone degeneration profiles. (A,C,E) inverse

mutation-induced rod degeneration rate, φrinv (θ ) (fcrit = 3× 10−5); (B,D,F) inverse TF threshold concentration, fcritinv (θ ) (φr = 7.33× 10−2). (A,B) linear target cone

degeneration profile, tdegen(θ ); (C,D) quadratic tdegen(θ ) profile; (E,F) exponential tdegen(θ ) profile. The solid black and dashed green curves correspond to Scaling 1

(α = 7.01× 104 and β = 1.79× 106), while the solid blue and dashed red curves correspond to Scaling 2 (α = 7.01× 102 and β = 1.79× 104). The black and blue

solid curves are analytical approximations to the inverses, obtained by plotting Equations (7) and (10), respectively, (A,C,E), and Equations (8) and (11), respectively,

(B,D,F). The green and red dashed curves are numerical inverses, obtained by using the Matlab routines fminsearch (A,C,E), and patternsearch (B,D,F) to calculate

the φr and fcrit profiles for which the contour described by pc(θ , t)/p̃c(θ ) = 0.99 matches the target cone degeneration profile, tdegen(θ ). Equations (1–5) were solved at

each iteration using the method of lines, with 51 or 101 mesh points. Insets show magnified portions of each graph. Numerical inverses are calculated and plotted only

at those locations (eccentricities) where the analytical inverse fails to generate a tdegen(θ ) profile matching the target profile. Inverses resemble vertically flipped versions

of the tdegen(θ ) profiles. Numerical solutions reveal lower values of the inverses near the fovea (θ = 0) than the analytical approximations suggest and higher values in

some regions away from the fovea in (A–D). Cone degeneration profile formulas and parameters are given in Table 3. Remaining parameter values as in Table 2.

hand), by only including those terms (corresponding to specific
biological processes, e.g., TF production) which dominate the
behavior of the solution, where themethod known as “asymptotic
analysis” enables us to rationally identify these dominant terms.
Proceeding as in Roberts (2022) (where we considered a steady-
state problem), we choose ǫ = O(10−2) and scale the parameters
η = ǫ−1η′ and b1 = ǫ−1b′1, introducing the new scaling φr(θ) =
ǫφ′

r(θ), as we study the time-dependent problem here (where
dashes ′ denote scaled variables and parameters). We consider
two possible (biologically realistic) scalings on α and β : (i) Scaling

1—for which α = ǫ−2α′ and β = ǫ−3β ′ as in Roberts (2022)
(corresponding to α = 7.01 × 104 and β = 1.79 × 106);
and (ii) Scaling 2—for which α = ǫ−1α′ and β = ǫ−2β ′

(corresponding to α = 7.01 × 102 and β = 1.79 × 104). All
remaining parameters are assumed to be O(1). We also scale the
dependent variable pc(θ , t) = ǫp′c(θ , t), and assume f (θ , t) =

O(1) and pr(θ , t) = O(1).
Applying the above scalings and dropping the dashes

(working with the scaled versions of the variables and parameters,
but omitting the dashes ′ for notational convenience), Equation
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FIGURE 9 | Inverse mutation-induced rod degeneration rate and TF threshold concentration—Pattern 3 target cone degeneration profiles. (A,C,E,G) inverse

mutation-induced rod degeneration rate, φrinv (θ ) (fcrit = 3× 10−5); (B,D,F,H) inverse TF threshold concentration, fcritinv (θ ) (φr = 7.33× 10−2). (A,B) linear 1 target cone

degeneration profile, tdegen(θ ); (C,D) linear 2 tdegen(θ ) profile; (E,F) quadratic tdegen(θ ) profile; (G,H) cubic tdegen(θ ) profile. The solid black and dashed green curves

correspond to Scaling 1 (α = 7.01× 104 and β = 1.79× 106), while the solid blue and dashed red curves correspond to Scaling 2 (α = 7.01× 102 and

β = 1.79× 104). The black and blue solid curves are analytical approximations to the inverses, obtained by plotting Equations (7) and (10) respectively (A,C,E,G), and

Equations (8) and (11), respectively, (B,D,F,H). The green and red dashed curves are numerical inverses, obtained by using the Matlab routines fminsearch (A,C,E,G),

and patternsearch (B,D,F,H) to calculate the φr and fcrit profiles for which the contour described by pc(θ , t)/p̃c(θ ) = 0.99 matches the target cone degeneration profile,

tdegen(θ ). Equations (1–5) were solved at each iteration using the method of lines, with 26, 51 or 101 mesh points. Insets show magnified portions of each graph.

Numerical inverses are calculated and plotted only at those locations (eccentricities) where the analytical inverse fails to generate a tdegen(θ ) profile matching the target

profile. Inverses resemble vertically flipped versions of the tdegen(θ ) profiles. Numerical solutions reveal lower values of the inverses near the fovea (θ = 0) than the

analytical approximations suggest and higher values in some regions away from the fovea in (C–F,H). Cone degeneration profile formulas and parameters are given in

Table 3. Remaining parameter values as in Table 2.

(2) becomes

∂pr

∂t
= −ǫφr(θ)pr .

Thus, on this (fast) timescale, the rod density is constant. Since
we are interested in the timescale uponwhich rods degenerate, we

scale time as t′ = ǫt such that the decay term enters the dominant
balance. Thus, on this slow timescale, after dropping the dashes,
we have that

∂pr

∂t
= −φr(θ)pr ,
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FIGURE 10 | Simulations of proportional cone loss for a range of inverse mutation-induced rod degeneration rates and TF threshold concentrations. Plots show the

proportion of cones remaining compared to local healthy values, pc(θ , t)/p̃c(θ ), across space and over time. (A,E,I,M) analytical inverse mutation-induced rod

degeneration rate, φrinv (θ ) (fcrit = 3× 10−5); (B,F,J,N) numerical φrinv (θ ) (fcrit = 3× 10−5); (C,G,K,O) analytical inverse TF threshold concentration, fcritinv (θ )

(φr = 7.33× 10−2); (D,H,L,P) numerical fcritinv (θ ) (φr = 7.33× 10−2). (A–D) Uniform target cone degeneration profile, tdegen(θ ), with Scaling 1 (α = 7.01× 104 and

β = 1.79× 106); (E–H) Pattern 1A quadratic concave up tdegen(θ ) profile with Scaling 1; (I–L) Pattern 1B linear tdegen(θ ) profile with Scaling 2 (α = 7.01× 102 and

β = 1.79× 104); (M–P) Pattern 3 quadratic tdegen(θ ) profile with Scaling 2. Equations (1–5) were solved using the method of lines, with 26, 51 or 101 mesh points.

Analytical and numerical φrinv (θ ) and fcritinv (θ ) are as plotted in Figures 5–8. Solid red curves denote the contours along which pc(θ , t)/p̃c(θ ) = 0.99, while dashed green

curves show the target tdegen(θ ) profiles. Cone degeneration profiles generally show good agreement with the target tdegen(θ ) profiles. There is some divergence from

tdegen(θ ) for the analytical inverses near the fovea (θ = 0) and at discontinuous or nonsmooth portions of tdegen(θ ); this is mostly corrected by the numerical inverses.

Cone degeneration profile formulas and parameters are given in Table 3. Remaining parameter values as in Table 2.

such that, at leading order, pr0 (θ , t) = prinit0 (θ)e
−φr(θ)t =

B3θe
−b3θ eφr(θ)t .

We are interested here in the regime in which cones have not
yet degenerated, thus, we assume the leading order cone density
remains constant at pc0 (θ) = pcinit0 (θ) = B2e

−b2θ .

Applying Scaling 1 and the slow timescale to Equation (1),
we obtain

ǫ
∂f

∂t
= Df

∂2f

∂θ2
+Df2 cot(2θ)

∂f

∂θ
+ ǫ−2αpr − ǫ−2βpcf − ǫ−1ηf .
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Since the TF dynamics occur on a faster timescale thanmutation-
induced rod loss, we make a quasi-steady-state approximation
(QSSA), assuming that the TF concentration instantaneously
takes its steady-state profile, for any given rod density profile, as
the rods degenerate (ǫ∂tf ∼ 0). Thus, at leading order, we obtain

f0QSSA (θ) =
αpr0 (θ , t)

βpc0 (θ)
.

Rearranging this expression and assuming that cone
degeneration initiates when f0QSSA (θ) = fcrit(θ), we obtain
the cone degeneration time profile,

tdegen(θ) =
1

φr(θ)

(
log

(
αB3

βB2fcrit(θ)
θ

)
− (b3 − b2)θ

)
, (6)

the inverse mutation-induced rod degeneration rate profile,

φrinv (θ) =
1

tdegen(θ)

(
log

(
αB3

βB2fcrit
θ

)
− (b3 − b2)θ

)
, (7)

and the inverse TF threshold concentration profile,

fcritinv (θ) =
αB3

βB2
θe−((b3−b2)θ+φrtdegen(θ)). (8)

Alternatively, if we apply Scaling 2 and the slow timescale to
Equation (1) we obtain

ǫ
∂f

∂t
= Df

∂2f

∂θ2
+Df2 cot(2θ)

∂f

∂θ
+ ǫ−1αpr − ǫ−1βpcf − ǫ−1ηf ,

with the TF decay term, ηf , now entering the dominant balance.
Applying the QSSA and proceeding as above we find

f0QSSA (θ) =
αpr0 (θ , t)

βpc0 (θ)+ η
,

with cone degeneration time profile,

tdegen(θ) =
1

φr(θ)

(
log

(
αB3

(βB2 + ηeb2θ )fcrit(θ)
θ

)
− (b3 − b2)θ

)
,

(9)
inverse mutation-induced rod degeneration rate profile,

φrinv (θ) =
1

tdegen(θ)

(
log

(
αB3

(βB2 + ηeb2θ )fcrit
θ

)
− (b3 − b2)θ

)
,

(10)
and inverse TF threshold concentration profile,

fcritinv (θ) =
αB3

(βB2 + ηeb2θ )
θe−((b3−b2)θ+φrtdegen(θ)). (11)

These equations reveal how the inverses, φrinv (θ) and fcritinv (θ),
are influenced by our choices for fixed values of fcrit and φr ,
respectively. As can be seen from Equations (7) and (10), φrinv (θ)
is inversely and monotonically related to fcrit, such that as
fcrit increases, φrinv (θ) decreases. Similarly, fcritinv (θ) and φr are

inversely and monotonically related in Equations (8) and (11),
such that as φr increases, fcritinv (θ) decreases. Lastly, as would be
expected intuitively, tdegen(θ), φrinv (θ) and fcritinv (θ) all increase
monotonically with increasing TF production, α, and decrease
monotonically with increasing TF consumption, β , and TF decay
η [Equations (6–8) and (9–11)].

2.3.2. Numerical Inverse

The numerical inverse is calculated by repeatedly solving the
forward problem [Equations (1–5)] for different values of the
input (φr(θ) or fcrit(θ)), with the aim of converging upon the
inverse (φrinv (θ) or fcritinv (θ)). To find φrinv (θ), we use the Matlab
routine fminsearch (which uses a simplex search method), while
to obtain fcritinv (θ) theMatlab routine patternsearch (which uses
an adaptive mesh technique) was found to be more effective. In
both cases, the objective function (the quantity we are seeking
to minimise) was taken as the sum of squares of the difference
between the target cone degeneration profile, tdegen(θ), and
the contour described by pc(θ , t)/p̃c(θ) = 0.99 (along which
cone degeneration is deemed to have initiated). Equations (1–
5) were solved at each iteration as described in the Numerical
Solutions section. Numerical inverses were calculated only at
those locations (eccentricities) where the analytical inverse failed
to generate a tdegen(θ) profile matching the target profile, the
analytical inverse being assumed to hold at all other eccentricities.

3. RESULTS

We begin by calculating the cone degeneration profiles, tdegen(θ),
in the case where both the rate of mutation induced rod
degeneration, φr , and the TF threshold concentration, fcrit, are
spatially uniform (or piecewise constant). We set the standard
value for φr = 7.33 × 10−2 and consider the subcases (i) fcrit =
3 × 10−5 for 0 ≤ θ ≤ 1 (Figure 4A), and (ii) fcrit = 0.3 for
θ > 0.13 while fcrit = 3× 10−5 for θ ≤ 0.13 (Figure 4B), as were
explored in Roberts (2022). These subcases correspond to the
situation in which the TF threshold concentration lies beneath
the minimum healthy TF value at all retinal locations (i), and
the situation in which foveal cones are afforded special protection
compared to the rest of the retina, such that they can withstand
lower TF concentrations (ii). For notational simplicity, we shall
refer to subcase (ii) simply as fcrit = 0.3 in what follows. As
with Figures 6–9, we consider both Scaling 1 and Scaling 2 (see
Inverse Problem) on the rate of TF production by rods, α, and the
rate of TF consumption by cones, β , calculating both analytical
and numerical solutions.

Cone degeneration initiates at the fovea (θ = 0) in
Figure 4A and at θ = 0.13 in Figure 4B, spreading peripherally
(rightwards) in both cases, while degeneration also initiates
at the ora serrata (θ = 1) under Scaling 2 in both
Figures 4A,B, spreading centrally. Degeneration occurs earlier
in Figure 4B than in Figure 4A and earlier for Scaling 2 than
for Scaling 1 (except near the fovea in Figure 4A). Numerical
and analytical solutions agree well, only diverging close to
the fovea in Figure 4A, where the analytical solution breaks
down. None of these patterns of degeneration match those seen
in vivo (see Figure 2).
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In Figures 6–9, we calculate the φr(θ) = φrinv (θ) and fcrit(θ) =
fcritinv (θ) profiles required to qualitatively replicate the cone
degeneration profiles, tdegen(θ), observed in vivo (Figure 5), by
solving the associated inverse problems (see Inverse Problem).
As noted in the Inverse Problem section, when searching for
φrinv (θ), we hold the TF threshold concentration constant at
fcrit(θ) = fcrit = 3×10−5, while, when searching for fcritinv (θ), we
hold the rate of mutation-induced rod loss constant at φr(θ) =

φr = 7.33 × 10−2. Analytical inverses are plotted across the
domain (0 ≤ θ ≤ 1), while numerical inverses are calculated
and plotted only at those locations (eccentricities) where the
analytical inverse fails to generate a tdegen(θ) profile matching the
target profile (as determined by visual inspection, the tdegen(θ)
and target profiles being visually indistinguishable outside of
these regions).

In Figure 6, we calculate inverses for a Uniform degeneration
profile. While this pattern is not typically observed in humans,
we consider this case as a point of comparison with the non-
uniform patterns explored in Figures 7–9. Both inverses, φrinv (θ)
and fcritinv (θ), are monotone increasing for Scaling 1, and increase
initially for Scaling 2 before reaching a maximum and decreasing
toward the ora serrata (at θ = 1). Consequently, Scaling 1
and 2 inverses, while close near the fovea (θ = 0), diverge
toward the ora serrata, this effect being more prominent for
fcritinv (θ). The inverse profiles have a similar shape to the tdegen(θ)
profiles in Figure 4 (see Discussion). Numerical solutions reveal
lower values of the inverses near the fovea, where the analytical
approximations break down.

Inverses for linear (Figures 7A,B), concave up (quadratic)
(Figures 7C,D) and concave down (quadratic) (Figures 7E,F)
Pattern 1A degeneration profiles are shown in Figure 7.
Inverses are monotone increasing functions for both Scalings
1 and 2 in Figures 7A–F and for Scaling 1 in Figures 7C,D,
while the inverses increase initially for Scaling 2 before
reaching a maximum and decreasing toward the ora serrata in
Figures 7C,D. Numerical solutions reveal lower values of the
inverses near the fovea, where the analytical approximations
break down.

Figure 8 shows inverses for linear (Figures 8A,B), quadratic
(Figures 8C,D) and exponential (Figures 8E,F) Pattern 1B
degeneration profiles. Inverses resemble vertically flipped
versions of the tdegen(θ) profiles in Figure 5C (see Discussion).
Numerical solutions reveal lower values of the inverses
near the fovea, where the analytical approximations break
down, and higher values in some regions away from the
fovea in Figures 8A–D. The discontinuities in the linear
and quadratic cases are biologically unrealistic, though
consistent with the idealised qualitative target cone degeneration
patterns in Figure 5C.

In Figure 9, we calculate inverses for linear 1 (Figures 9A,B),
linear 2 (Figures 9C,D), quadratic (Figures 9E,F), and cubic
(Figures 9G,H) Pattern 3 degeneration profiles. Inverses
resemble vertically flipped versions of the tdegen(θ) profiles in
Figure 5D (see Discussion). Numerical solutions reveal lower
values of the inverses near the fovea, where the analytical
approximations break down, and higher values in some regions
away from the fovea in Figures 9C–F,H. Similarly to Figure 8,

TABLE 1 | Variables employed in the non-dimensional mathematical model

[Equations (1–5)].

Variable Description

θ Eccentricity

t Time

f (θ , t) Trophic factor concentration

pr (θ , t) Rod density

pc(θ , t) Cone density

TABLE 2 | Parameters employed in the non-dimensional mathematical model

[Equations (1–5)]. Values are given to three significant figures (radians are

dimensionless).

Parameter Description Value

2 Eccentricity of the ora serrata 1.33 rad

Df Trophic factor diffusivity 0.237

α Rate of trophic factor production by rods 7.01 × 102 or 7.01 × 104

β Rate of trophic factor consumption by

cones

1.79 × 104 or 1.79 × 106

η Rate of trophic factor decay 1.79 × 102

φr Rate of mutation-induced rod degeneration 7.33 × 10−2

fcrit Trophic factor threshold concentration 3× 10−5 or 0.3

B1 Cone profile parameter 1.56

B2 Cone profile parameter 0.158

B3 Rod profile parameter 10.6

b1 Cone profile parameter 71.8

b2 Cone profile parameter 2.67

b3 Rod profile parameter 3.06

the discontinuities in the linear 2 and quadratic cases are
biologically unrealistic, though consistent with the idealised
qualitative target cone degeneration patterns in Figure 5D.

Lastly, in Figure 10, we show simulation results of
proportional cone loss for analytical and numerical φrinv (θ)
and fcritinv (θ), for Uniform (Scaling 1, Figures 10A–D), concave
up Pattern 1A (Scaling 1, Figures 10E–H), linear Pattern 1B
(Scaling 2, Figures 10I–L) and quadratic Pattern 3 (Scaling 2,
Figures 10M–P) target degeneration profiles. Cone degeneration
profiles generally show good agreement with the target tdegen(θ)
profiles. There is some divergence from tdegen(θ) for the
analytical inverses near the fovea and at discontinuous or
nonsmooth portions of tdegen(θ); this is mostly corrected by
the numerical inverses. This correction is not perfect near the
centre of the fovea, where cones still degenerate earlier than
the target profiles. This occurs because it is necessary to replace
the Heaviside step function in λ2(f ) [see Equation (3)] with a
hyperbolic tanh function to satisfy the smoothness requirements
for the numerical solver, with the result that the initiation of
cone degeneration is sensitive to the low TF concentrations
(f (θ , t) < 10−4) in that region.

4. DISCUSSION

The spatio-temporal patterns of retinal degeneration observed in
human retinitis pigmentosa (RP) are well characterised; however,
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the mechanistic explanation for these patterns has yet to be
conclusively determined. In this paper, we have formulated a one-
dimensional (1D) reaction-diffusion partial differential equation
(PDE) model (modified from Roberts, 2022) to predict RP
progression under the trophic factor (TF) hypothesis. Using
this model, we solved inverse problems to determine the rate
of mutation-induced rod loss profiles, φr(θ) = φrinv (θ), and
TF threshold concentration profiles, fcrit(θ) = fcritinv (θ), that
would be required to generate spatio-temporal patterns of cone
degeneration qualitatively resembling those observed in vivo,
were the TF mechanism solely responsible for RP progression.
In reality, multiple mechanisms (including oxidative damage
and metabolic dysregulation, Travis et al., 1991; Valter et al.,
1998; Stone et al., 1999; Punzo et al., 2009, 2012) likely operate
in tandem to drive the initiation and propagation of retinal
degeneration in RP. By using mathematics to isolate the TF
mechanism, in a way that would be impossible to achieve
experimentally, we are able to determine the conditions under
which the TF mechanism alone would recapitulate known
phenotypes. Having identified these conditions, this paves the
way for future biomedical and experimental studies to test
our predictions.

Other mechanisms may give rise to spatio-temporal patterns
of retinal degeneration different from those predicted for the
TF mechanism and may do so using fewer assumptions.
For example, our previous work on oxygen toxicity in RP
demonstrated that this mechanism can replicate visual field loss
Pattern 1 (especially 1B) and the late far-peripheral degeneration
stage of Pattern 3, without imposing heterogeneities on the rod
decay rate or photoreceptor susceptibility to oxygen toxicity
(Roberts et al., 2017, 2018). Further, we hypothesise that the toxic
substance hypothesis (in which dying rods release a chemical
which kills neighbouring photoreceptors) is best able to explain
the early mid-peripheral loss of photoreceptors in Patterns 2 and
3, given the high density of rods in this region. In future work, we
will explore the toxic substance and other hypotheses, ultimately
combining them together in a more comprehensive modeling
framework, aimed at explaining and predicting all patterns of
retinal degeneration in RP.

Spatially uniform φr(θ) and fcrit(θ) profiles fail to replicate
any of the in vivo patterns of degeneration (Figure 4), showing
that heterogenous profiles are required, all else being equal.
Throughout this article, we have considered two scalings on
the rate of TF production by rods, α, and the rate of TF
consumption by cones, β (denoted as Scalings 1 and 2, see
the Inverse Problem section for details). Under Scaling 1, the
rod:cone ratio (Figure 3B) dominates the model behavior [see
Equation (6)], leading to a monotone, central to peripheral
pattern of degeneration, while under Scaling 2, the trophic
factor decay term, ηf , enters the dominant balance [see Equation
(9)], such that degeneration initiates at both the fovea and
(later) at the ora serrata, the degenerative fronts meeting in the
mid-/far-periphery (Figure 4).

As discussed in the Inverse Problem section, the rate of
mutation-induced rod loss, φr(θ), is known to be spatially
heterogeneous in humans with RP (Milam et al., 1998). The
φr(θ) profile predicted for Pattern 3 is consistent with the

TABLE 3 | Target cone degeneration profiles, tdegen(θ ).

Degeneration

pattern

Sub-pattern Cone degeneration time (tdegen(θ ))

Uniform — t1

Pattern 1A Linear t2 − (t2 − t0)θ

Quadratic (concave

up)

(t2 − t0)(θ − 1)2 + t0

Quadratic (concave

down)

t2 − (t2 − t0)θ
2

Pattern 1B Linear t2 −
(t2−t1 )

θd1
θ if θ ≤ θd1

t0 +
(t1−t0 )

(θd2−θd1
) (θ − θd1 ) if θd1 < θ ≤ θd2

t1 +
(t1−t0 )
(1−θd2

) (θd2 − θ ) if θ ≥ θd2

Quadratic (t2−t1 )

θ2
d1

(θ − θd1 )
2 + t1 if θ ≤ θd1

t1 −
(t1−t0 )

(θd2−1)2
(θ − θd2 )

2 if θ > θd1

Exponential A1e
−a1θ + A2θe

−a2θ + A3

Pattern 3 Linear 1 t2 −
(t2−t0 )

θd4
θ if θ ≤ θd4

t0 +
(t1−t0 )
(1−θd4

) (θ − θd4 ) if θ ≥ θd4

Linear 2 t2 −
(t2−t1 )

θd3
θ if θ ≤ θd3

t0 if θd3 < θ ≤ θd5

t0 +
(t1−t0 )
(1−θd5

) (θ − θd5 ) if θ ≥ θd5

Quadratic (t2−t1 )

θ2
d3

(θ − θd3 )
2 + t1 if θ ≤ θd3

(t1−t0 )

(1−θd4
)2
(θ − θd4 )

2 + t0 if θ > θd3

Cubic C3θ
3 + C2θ

2 + C1θ + C0

Parameter values*

t0 = 100 t1 = 150 t2 = 200 θd1 = 0.1 θd2 = 0.55

θd3 = 0.3 θd4 = 0.4 θd5 = 0.6 A1 = 125 A2 = 600

A3 = 75 a1 = 71.8 a2 = 3.06

C0 = t2 = 200

C1 =
−2(t2−t0 )+3(t2−t0 )θd4−(t2−t1 )θ

3
d4

θd4
(1−θd4

)2
= −5.78× 102

C2 =
(t2−t0 )−3(t2−t0 )θ

2
d4

+2(t2−t1 )θ
3
d4

θ2
d4

(1−θd4
)2

= 1.01× 103

C3 =
−(t2−t0 )+2(t2−t0 )θd4−(t2−t1 )θ

2
d4

θ2
d4

(1−θd4
)2

= −4.86× 102

*We choose θd1 and θd2 such that θd2 = (θd1 + 1)/2, so that θd2 lies halfway between

θ = θd1 and θ = 1.

preferential loss of rods in the mid-peripheral retina noted
by Milam et al. (1998) for human RP. A more extensive
biomedical investigation is required to characterise quantitatively
the diversity of φr(θ) profiles across individuals and for different
mutations. This would make it possible to determine if the
φr(θ) profiles predicted by our model for cone degeneration
Patterns 1A and 1B are realised in human RP patients with
those cone degeneration patterns. To the best of our knowledge,
we are the first to suggest that the intrinsic susceptibility of
cones to RdCVF deprivation, characterised in our models by the
TF threshold concentration, fcrit(θ), may vary across the retina.
Assuming it does vary, whatmight account for this phenomenon?
There is a precedent for special protection being provided to
localised parts of the retina. For example, experiments in mice
have found that production of basic fibroblast growth factor
(bFGF) and glial fibrillary acidic protein (GFAP) is permanently
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upregulated along the retinal edges, at the ora serrata and
optic disc, to protect against elevated stress in these regions
(Mervin and Stone, 2002; Stone et al., 2005). Similarly, in the
human retina, rods (though not cones) contain bFGF, with a
concentration gradient increasing toward the periphery (Li et al.,
1997, potentially explaining the relative sparing of rods often
observed at the far-periphery). By analogy, we speculate that, in
the human retina, cone protective factors may be upregulated at
the fovea to compensate for the low RdCVF concentrations in
that region, lowering the local value of fcrit(θ). This hypothesis
awaits experimental confirmation.

We solved the inverse functions, φrinv (θ) and fcritinv (θ), both
analytically (algebraically) and numerically (computationally).
Analytical solutions are approximations; however, they have
the advantage of being easier to compute (increasing their
utility for biomedical researchers) and provide a more intuitive
understanding of model behavior, while numerical solutions are
more accurate, though computationally expensive. We calculated
the inverses for a range of target cone degeneration profiles,
consisting of a Uniform profile and profiles which qualitatively
replicate those found in vivo: Pattern 1A, Pattern 1B and
Pattern 3 (Pattern 2 being inaccessible to a 1D model; see
Figure 5 and Table 3).

The shapes of the inverse functions are determined partly
by the rod and cone distributions, p̃r(θ) and p̃c(θ), and partly
by the target cone degeneration profile, tdegen(θ) [see Equations
(7,8,10,11)]. As such, in the Uniform case (Figure 6), the Scaling
1 inverse profiles take a similar shape to the rod:cone ratio
(Figure 3B), the inverses being lower toward the fovea to
compensate for the smaller rod:cone ratio and hence lower
supply of TF to each cone. The Scaling 2 inverse profiles follow
a similar trend but decrease toward the ora serrata after peaking
in the mid-/far-periphery due to the greater influence of the
trophic factor decay term under this scaling. Interestingly, the
shapes of these inverse profiles bear a striking resemblance to
the cone degeneration profiles for spatially uniform φr(θ) and
fcrit(θ) (Figure 4). This is because lower values of the inverses
are required to delay degeneration, in those regions where
cones would otherwise degenerate earlier, to achieve a uniform
degeneration profile. The inverse functions resemble vertically
flipped versions of the target cone degeneration profiles for
Patterns 1A, 1B and 3 (Figures 7, 8), this being more apparent
for Patterns 1B and 3 due to their more distinctive shapes. This
makes sense since lower inverse values are required for later
degeneration times. Scaling 2 inverses typically lie below Scaling
1 inverses, compensating for the fact that degeneration generally
occurs earlier under Scaling 2 than under Scaling 1 for any given
φr(θ) and fcrit(θ).

Analytical inverses give rise to cone degeneration profiles that
accurately match the target cone degeneration profiles, except
near the fovea (centred at θ = 0, where the validity of the
analytical approximation breaks down) and where the target
tdegen(θ) profile is nonsmooth or discontinuous (i.e. linear and
quadratic Pattern 1B, and linear 1, linear 2 and quadratic Pattern
3; see Figure 10 for examples). Numerical inverses improve
accuracy in these regions, consistently taking lower values near
the fovea, delaying degeneration where it occurs prematurely
under the analytical approximation.

We have assumed throughout this study that at least one of
φr(θ) and fcrit(θ) is spatially uniform. It is possible, however, that
both vary spatially. In this case there are no unique inverses;
however, if the profile for one of these functions could be
measured experimentally, then the inverse problem for the
remaining function could be solved as in this paper.

This work could be extended both experimentally and
theoretically. Experimental and biomedical studies could
measure how the rate of mutation-induced rod loss and TF
threshold concentration vary with location in the retina, noting
the spatio-temporal pattern of cone degeneration and comparing
with the inverse φrinv (θ) and fcritinv (θ) profiles predicted by our
models. Curcio et al. (1993) have previously measured variation
in the rate of rod loss in normal (non-RP) human retinas (where
rods degenerated most rapidly in the central retina); a similar
approach could be taken to quantify the rate of rod loss in human
RP retinas. The parameter fcrit is less straightforward to measure.
Léveillard et al. (2004) incubated cone-enriched primary cultures
from chicken embryos with glutathione S-transferase-RdCVF
(GST-RdCVF) fusion proteins, doubling the number of living
cells per plate compared with GST alone. If experiments of
this type could be repeated for a range of controlled RdCVF
concentrations, then the value of fcrit could be identified.
Determining the spatial variation of fcrit(θ) in a foveated
human-like retina may not be possible presently; however, the
recent development of retinal organoids provides promising
steps in this direction (O’Hara-Wright and Gonzalez-Cordero,
2020; Fathi et al., 2021). If organoids could be developed with a
specialised macular region, mirroring that found in vivo, then
the minimum RdCVF concentration required to maintain cones
in health could theoretically be tested at a variety of locations.
Further, the distribution of RdCVF, predicted in our models,
could theoretically be measured in post-mortem human eyes
using fluorescent immunohistochemistry, as was done for the
protein neuroglobin by Ostojić et al. (2008) and Rajendram and
Rao (2007), and perhaps also fluorescent immunocytochemistry
as was done for bFGF by Li et al. (1997). In particular, it would
be interesting to see if RdCVF concentration varies with retinal
eccentricity as starkly as our model predicts, with extremely low
levels in the fovea.

In future work, we will extend our mathematical model
to two spatial dimensions, accounting for variation in the
azimuthal/circumferential dimension (allowing us to capture
radially asymmetric aspects of visual field loss Patterns 2 and
3, and to account for azimuthal variation in the rod and cone
distributions), and use quantitative target cone degeneration
patterns derived from SD-OCT imaging of RP patients (e.g.,
as in Escher et al., 2012). We will also adapt the model to
consider animal retinas for which the photoreceptor distribution
has been well characterised (e.g., rats, mice and pigs, Chandler
et al., 1999; Gaillard et al., 2009; Ortín-Martínez et al.,
2014).

In conclusion, we have formulated and solved a mathematical
inverse problem to determine the rate of mutation-induced
rod loss and TF threshold concentration profiles required to
explain the spatio-temporal patterns of retinal degeneration
observed in human RP. Inverse profiles were calculated for a
set of qualitatively distinct degeneration patterns, achieving a
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close match with the target cone degeneration profiles. Predicted
inverse profiles await future experimental verification.
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