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Purpose: To analyze the macular function of eyes with macular-foveal capillaries (MFC),
a condition characterized by the absence of the foveal avascular zone (FAZ), identified by
optical coherence tomography angiography.

Methods: Eight eyes with MFC at optical coherence tomography angiography and
normal visual acuity were consecutively recruited. Eight eyes of healthy subjects were
enrolled as healthy controls. All eyes underwent optical coherence tomography, optical
coherence tomography angiography, best-correct visual acuity, low-luminance visual
acuity, contrast sensitivity measurement, colour vision tests, and both mesopic and
scotopic microperimetry.

Results: Best-corrected visual acuity, low-luminance visual acuity, contrast sensitivity,
and colour vision tests did not differ between the two groups. At mesopic microperimetry,
both foveal retinal sensitivity and mean mesopic retinal sensitivity of the central 1° were
statistically inferior in MFC versus control eyes (P < 0.0001 and P < 0.0001, respectively).
At scotopic microperimetry, a dense foveal scotoma, normally present in control eyes, was
completely lacking in MFC eyes. Scotopic foveal retinal sensitivity was statistically superior
in MFC versus control eyes (P = 0.009).

Conclusion: The absence of the foveal dense scotoma in scotopic conditions underlines
that the foveal rod-free zone is not present when capillaries are present in this area. An
anomalous foveal distribution of photoreceptors, with both rods and cones present in this

area, may be postulated in MFC eyes.
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Fovea centralis, also known as fovea, is character-
ized by a slope of the inner retina layers (foveal pit),
as a result of the outward displacement of ganglion,
bipolar, and amacrine cells during development, at the
center of the foveola.!:? In the foveola, cone photo-
receptors and Miiller cells are the only cellular sub-
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types, with full lack of both inner retinal layers and
rods (rod-free zone).! The foveola is centered in
a small region where retinal vasculature is completely
absent: the foveal avascular zone (FAZ). But, FAZ
may be sometimes absent: a peculiar anatomical con-
dition referred as macular-foveal capillaries (MFC).
The term MFC, proposed by Yeung et al* in 1973
and more recently also used by Cicinelli et al,’ de-
scribes the complete or partial absence of the physio-
logic FAZ, which is instead crossed by intraretinal
vascular nets that communicate with the surrounding
retinal capillary networks. Macular-foveal capillaries
may be observed even in subjects without macular
dystrophies and normal visual acuity.>® However,
visual acuity quantification (which is a high contrast
visual function) has many drawbacks and cannot be
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considered a complete visual function test. Micro-
perimetry is a noninvasive method used to analyze
retinal fixation and macular sensitivity in a topo-
graphic-related manner. The introduction of mesopic
and more recently scotopic microperimetry, in
research and clinical practice, allows to better investi-
gate macular cone and rod function respectively,
strictly related to macular morphology.”-8

The aim of this study was to extensively investigate
foveal function in eyes with MFC detected at optical
coherence tomography angiography (OCTA) and with
normal best-corrected visual acuity (BCVA), using
low-luminance visual acuity (LLVA), contrast sensi-
tivity and colour tests, and both mesopic and scotopic
microperimetry.

Material and Methods

This study was compliant with the tenets of the
Declaration of Helsinki and approved by an insti-
tutional review board. Informed consent was ob-
tained from each patient. Patients with an incidental
finding of MFC at OCTA were consecutively
recruited between January 2017 and April 2017.
Inclusion criteria were as follows: presence of MFC
at the full retina OCTA enface image, refraction
between —6 and +6 diopters, adequate optical
coherence tomography (OCT) linear scans, ade-
quate OCTA enface images (signal strength index
more than 7), and normal BCVA. Exclusion criteria
were as follows: history of any ophthalmologic dis-
ease affecting visual function or impairing fixation
and any alteration of retina or choroid that could
modify OCT analysis. Healthy eyes without MFC
and normal FAZ appearance were enrolled as
healthy controls.

At enrollment, all included eyes underwent full
ophthalmic examination, including BCVA and LLVA
measurement, Pelli Robson contrast sensitivity test
and color Farnsworth—Munsell 100-hue color tests,
and both mesopic and scotopic microperimetry. Best-
corrected visual acuity and LLVA measurement, both
expressed as Snellen visual acuity ratios and the log-
arithm of minimal angle of resolution, were performed
using standard Early Treatment Diabetic Retinopathy
Study (ETDRS) charts using a standard protocol for
refraction and measurement of visual acuity. A neutral
density filter (Kodak Wratten Filter, Rochester, NY,
causing a reduction of 2.0 log unit in luminance)
was placed in front of the tested eye to perform LLVA.

Optical Coherence Tomography and Optical
Coherence Tomography Angiography

Optical coherence tomography and OCTA were
performed using Spectralis HRA + OCTA (Heidel-
berg Engineering, Heidelberg, Germany). The scan
protocol included the following: a single horizontal
scan (180° line scan, 9-mm length, automated real
time set at 100 frames) and an OCTA scan pattern of
10° % 10° (3.0 X 3.0 mm; 512 B-scans separated by 6
pm) both centered onto the fovea. The inbuilt soft-
ware automatically generated the enface OCTA im-
ages of the full retina (extending from the inner
limiting membrane to the Bruch membrane) and of
the superficial vascular complex (SVC) and deep
vascular complex (DVC), as automatically seg-
mented by the device: the SVC from the inner lim-
iting membrane to the inner plexiform layer and the
DVC from the inner plexiform layer to the outer
plexiform layer.

Microperimetry

Mesopic microperimetry was performed using
MP1 Microperimeter (MP1; Nidek Technologies,
Gamagori, Japan) using the following parameters:
ared ring fixation target, 2° in diameter, with a white
monochromatic background at 4 abs; stimulus size
Goldman III with projection time of 200 ms. A 4-2
double-staircase strategy and a customized grid of
57 points covering the central 20° centered on the
anatomical fovea was used with an automatic eye
tracker.

Scotopic microperimetry, which evaluates rod
function, was performed using MP1S Microperimeter
(MP1 scotopic Nidek Technologies), a modified
version of the MP1 Microperimeter. This technique
has been previously described in details.” Scotopic
microperimetry was performed after dark adaptation
for 30 minutes in a dark room (—0.1 lux). For the
purpose of this study, the following parameters were
used: a 1.0-log unit neutral density filter; a fixation
target consisting of a white circle, 3° in radius with
“fade-out protection mode” activated; background
luminance of 0.0025 cd/m?; stimulus size Goldman
IV with projection time of 200 ms; and 4-2 double-
staircase strategy and a customized grid of 57 points
covering the central 20°centered on the anatomical
fovea.” In both mesopic and scotopic tests, dense
scotomas were defined as tested loci that elicited no
response even at the highest tested stimulus (0 dB).
The following parameters were quantified: foveal ret-
inal sensitivity (RS) (consistent with the stimulus
located in the center of the grid), and mean RS of
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central 1° (containing the remaining stimuli located in
the central 1° area). Moreover, at scotopic micro-
perimetry, the presence of dense scotopic foveal sco-
toma normally present (consistent with the rod-free
zone) was also evaluated.

Statistical Analysis

Parameters have been summarized according to the
usual methods for descriptive statistics: The mean, SD,
and range (minimum and maximum values) have been
computed.

Age of the two groups has been compared by the
Wilcoxon—Mann—Whitney test.

Because of replication of measurement on both
eyes of all patients and controls, comparisons
between groups (Patients vs. Controls) have been
made by two-way analysis of variance mixed-effect
model (PROC MIXED) for repeated measures, with
the group and eye as “between” and “within” fac-
tors, respectively, and the compound symmetry
covariance structure for the measures in the two
eyes.

For all the analyses, statistical software SAS 9.3 has
been used. All statistical tests have been interpreted as
significant when P < 0.05.

Results

Eight eyes of five patients (three women and two
men) with MFC and eight control eyes of four
subjects (two women and two men) were studied.
The mean age of MFC and controls was 45.2 + 19.5
years and 25 + 1.63 years, respectively (P = 0.1761).
In all eyes, FAZ was not present both in the full retina
and in the DVC. In four eyes of two patients, FAZ
was detectable in the SVC but not in the DVC. No
history of prematurity or other ophthalmological con-
ditions that can be associated with foveal hypoplasia
and lack of FAZ (albinism, achromatopsia, aniridia,
nanophthalmos, and incontinentia pigmenti) was
found. A shallow foveal pit incursion of inner retinal
layers, outer nuclear layer widening, and outer seg-
ments lengthening, consistent with Grade 1 foveal
hypoplasia, according to the OCT-based grading sys-
tem, was detected in all MFC eyes® (Figure 1). A
normal foveal pit was present in all control eyes.
The central subfield thickness (CST, the average
thickness of the macula in the central 1-mm ETDRS
grid) was significantly higher in MFC eyes compared
with controls, as expected, because of the foveal pit
feature.

Both BCVA and LLVA did not differ between
the studied groups (P = 0.3246 and P = 0.3923,

respectively). At mesopic microperimetry, both
foveal RS and mean mesopic RS of the central 1°
were statistically different between the two groups
(16.71 = 0.55 dB vs. 19.87 £ 0.35 dB, P < 0.0001
and 16.01 = 1.29 dB vs. 19.54 = 0.71 dB P <
0.0001, in MFC vs. control eyes, respectively).
Retinal fixation was central and stable in all studied
eyes. At scotopic microperimetry, the physiological
dense foveal scotoma (corresponding to the rod-
free zone) was normally present in control eyes.
Conversely, it was undetectable in all MFC eyes,
and a rod response was recordable at the fovea
(Figure 2). Scotopic foveal RS was statistically dif-
ferent between the groups (5.13 + 3.04 dB in MFC
vs. 0.0 £ 0.0 dB in control eyes, P = 0.009). Sco-
topic RS in the remaining central 1° was slightly
superior in the MFC eyes than in controls (8.01 +
3.82 dB vs. 4.59 + 4.3 dB, P = 0.163) (Table 1).
Colour vision and contrast sensitivity were normal
in both groups.

Discussion

Macular-foveal capillaries, an anatomical foveal
condition characterized by the absence of FAZ due
to the presence of foveal capillaries, have been
reported not only in individuals with a multitude of
ocular diseases (including albinism, aniridia, achro-
matopsia, nanophthalmos, Prader—Willi syndrome,
and retinopathy of prematurity) but also in subjects
with normal visual acuity.'®-!# In this study, using
mesopic and scotopic microperimetry, we docu-
mented the presence of an abnormal foveal mesopic
and scotopic function in eyes with MFC and normal
visual acuity without any associated ocular diseases.
No other visual function test differed between MFC
and control eyes. Moreover, in all MFC cases, Grade
1 foveal hypoplasia was detected. Recently, Yo-
koyama et al® found MFC in 1.5% of 267 normal
eyes with normal visual acuity. A low grade of
foveal hypoplasia was present in all their cases.® The
presence of the FAZ is an essential condition for the
normal foveal development.'? In animal models,
during development, the FAZ is defined before the
foveal pit formation.!> In the human eye, the foveal
area is never vascularized throughout its develop-
ment, and a complete circle of vessels, encompass-
ing the mature FAZ, is present at 37-week gestation
(WG).? It has been hypothesized that Miiller cells
and/or local antiangiogenetic factors (mainly ex-
pressed by ganglion cells of the incipient fovea) may
early prevent the formation of blood vessels in this
area.>'%!7 Foveal pit formation is directly linked to
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Fig. 1. A and B. Optical
coherence  tomography and
OCTA in a MFC eye. The linear
OCT scan, centered onto the
fovea, shows a Grade 1 of
foveal hypoplasia (A). The en-
face OCTA of the full retina
(extending from the inner limit-
ing membrane to the Bruch
membrane) of the same eye
shows the absence of the FAZ
(B).

the presence of a normal FAZ; a foveal depression
does not develop when retinal vessels are present.!”
Pit formation begins shortly after 24 to 25 WG with
outward displacement of ganglion cells and bipolar
and amacrine cells in the inner retina. By 13 months
to 15 months of age, pit formation is completed with
a single layer of photoreceptors in the pit center.'8
Changes in the outer retina mainly occur after birth,
with a centripetal displacement of photoreceptors,
packing, and elongation of both inner- and outer-
cone segments.?!7-18

Histologic studies report that at 20 to 27 WG, rods
are absent across the central 1,500 wm to 1,800 pm,
forming the rod-free zone. At 28 to 37 WG, when

Fig. 2. A and B. Scotopic mi-
croperimetry in an eye with
normal FAZ appearance (A) and
in a MFC eye (B). The tested
stimuli on the retina are repre-
sented in different colors ac-
cording to each scotopic
sensitivity value. A dense foveal
scotoma (empty red squares),
normally present in the normal
eye, is not detectable in the
MEC eye.

a distinct foveal pit with an outward displacement of
the inner retinal layers is detectable, the rod-free zone is
narrower, with rods present outside 600 um from the
pit center.'®1° Immunolabeled studies suggest that FAZ
is centered onto the rod-free zone throughout develop-
ment.> A rod-free zone is a precondition for the devel-
opment of a foveal pit, and it is hypothesized to be
produced by inhibition of the rod development from
late retinal progenitor cells.!!7 Several soluble factors,
both stimulatory and inhibitory, seem to be involved in
rods differentiation.?® Owing to the absence of rods in
the foveal region, a scotopic response is not usually
detectable in this area. In this study, a rod response in
the foveal area (analyzing rod function) was detected
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Table 1. Macular Function in Macular-Foveal Capillaries Eyes and Control Eyes

Mesopic Microperimetry

Scotopic Microperimetry

Visual Acuity (Retinal Sensitivity) (Retinal Sensitivity) OCT and OCTA Analysis
FAZ Identification
Foveal e
BCVA Snellen LLVA Snellen Foveal Central 1° Foveal Central 1° Hypoplasia Full

Patient Age Eye (Letters) (Letters) (Decibel) (Decibel) (Decibel) (Decibel) CST Grade Retina SVC DVC
1 26 RE 20/16 (89) 20/25 (82) 17 16.8 9 121 352 1 No Yes No
LE 20/16 (90) 20/25 (83) 16 13 7 124 348 1 No Yes No
2 69 RE 20/16 (90) 20/25 (79) 17.2 16.7 2 1.5 299 1 No No  No
3 52 RE 20/20 (84) 20/25 (82) 17 16.7 4 4.5 311 1 No No  No
4 24 RE 20/16 (93) 20/16 (89) 16.2 16 6 9.3 319 1 No Yes No
LE 20/13 (95) 20/16 (9) 0 17 16.8 2 10.2 321 1 No Yes No
5 55 RE 20/25 (80) 20/32 (78) 17.3 16.5 9 8.3 311 1 No No  No
LE 20/25 (81) 20/25 (80) 16 15.6 2 5.8 313 1 No No  No

MFC eyes 452 +19.5 20/20 (87.8 +5.5) 20/25(829+4.4) 16.71 055 16.01 +1.29 513 +3.04 8.01+3.82 321.75 + 18.66

(mean + SD)

1 27 RE 20/13 (95) 20/25 (82) 20 18.1 0 2 283 NA Yes Yes Yes
LE 20/13 (94) 20/16 (89) 20 20 0 0.6 284 NA Yes Yes Yes
2 25 RE 20/16 (89) 20/20 (85) 20 20 0 2.1 244 NA Yes Yes Yes
LE 20/16 (89) 20/20 (85) 20 19.2 0 14.3 252 NA Yes Yes Yes
3 25 RE 20/16 (90) 20/20 (84) 20 20 0 2.9 262 NA Yes Yes Yes
LE 20/16 (89) 20/20 (84) 19 19 0 4 264 NA Yes Yes Yes
4 23 RE 20/16 (90) 20/25 (82) 20 20 0 6.3 253 NA Yes Yes Yes
LE 20/16 (89) 20/25 (83) 20 20 0 4.5 254 NA Yes Yes Yes

Control eyes 25 + 1.63 20/16 (906 + 2.2) 20/20 (84.3 +2.3) 19.87 +0.35 19.54 + 0.71 0+0 459 +43 262 + 14.63

(mean + SD)
P 0.1761 ns ns <0.0001 <0.0001 0.009 0.163 0.0019

DVC, deep vascular plexus; ns, not significant; SVC, superficial vascular plexus.

TV L3 OLLOTId * SISATVNYV SA™EVTIIAVD TVIAOL-IVINIVIN



6 RETINA, THE JOURNAL OF RETINAL AND VITREOUS DISEASES ¢ 2019 « VOLUME 00 « NUMBER 00

in vivo MFC eyes, by means of scotopic microperim-
etry. Scotopic microperimetry is a new visual function
technique that allows for the quantification of rod sen-
sitivity in dark-adapted eyes in a dark environment,
correlating it to the fundus features. Its usefulness has
been recently documented in both acquired and congen-
ital maculopathies.?!-??> The lack of FAZ, foveal pit, and
rod-free zone has been described, using light and elec-
tron microscopy, in a case of oculocutaneous albi-
nism.?? In this case, both photoreceptors were present
in the macular region, with cones equal or slightly
superior in number to rods.?? Therefore, we hypothesize
an anomalous foveal distribution of photoreceptors in
MEFC eyes. However, it is believed that the develop-
ment of the foveal outer retina is partially independent
from that of the inner retina; our results suggest that
a possible link may exist between foveal capillaries and
photoreceptor differentiation in the fovea.!” Moreover,
when SVC and DVC were analyzed separately, FAZ
was absent in DVC in all MFC eyes but was detectable
in the SVC of just two patients (Figure 3). These data
suggest that the presence of central foveal retinal capil-
laries in the DVC may be relevant (compared to SVC)
to foveal development and, therefore, to physiologic
foveal function.

Prematurity was excluded in all our patients.
Several studies reported a reduced or absent FAZ
with the persistence of inner retinal layers in the
foveal region of premature infants. Although the

S
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Fig. 3. A-H. Scotopic microperimetry (A and E) and OCTA (B-D, F-H) in two MFC eyes of two patients. A dense foveal scotoma (empty red squares),

photoreceptor topographic layout starts very early,
with a complete rod-free zone visible since 26 WG,
centrifugal migration of the inner retinal layers
occurs only after vascular maturation (37-40 WG).
Therefore, preterm birth and the accompanying
change in retinal oxygen tension may influence only
FAZ formation and subsequent displacement of
inner retinal layers away from the incipient fovea,
but not the topographic distribution of photorecep-
tors, which already occurred.'®?#25 Even if no
apparent paucity of foveal cones has been detected
in adults with mild ROP by means of an adaptive
optics Fourier-domain OCT, according to our re-
sults, further studies aimed at investigating the func-
tion of both photoreceptors (rods and cones) may be
useful to better identify the distribution of photore-
ceptors in this area.?>

The small sample size is the main limitation of this
study, but MFC is an unusual finding in healthy
population (1.5% of normal eyes).°

In conclusion, this study shows the absence of the
normal scotopic scotoma at the fovea of patients
with congenital MFC and normal visual acuity,
suggesting that the foveal rod-free zone may be
absent when capillaries develop in this area. Addi-
tional studies may be useful to better understand the
exact correlation between the lack of the FAZ,
foveal pit, and photoreceptors differentiation during
development.

normally present in the normal eye, is not detectable in both MFC eyes (A and E). The enface OCTA of the full retina (extending from the inner limiting
membrane to the Bruch membrane, B, F) and of the deep vascular complex (extending from the inner plexiform layer to the outer plexiform layer, D, H) of both
eyes shows the absence of the FAZ. Conversely, the enface OCTA of the superficial vascular complex (extending from the inner limiting membrane to the inner
plexiform layer, C, G) shows the absence of FAZ in the first eye (C) and its presence in the second one (G).
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