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Objective: To assess outer retinal layer maturation dur-
ing late gestation and early postnatal life using optical
coherence tomography and histologic examination.

Methods: Thirty-nine participants 30 weeks’ postmen-
strual age or older were imaged using a handheld opti-
cal coherence tomography system, for a total of 102
imaging sessions. Foveal images from 16 participants (21
imaging sessions) were normal and evaluated for inner
retinal excavation and the presence of outer retinal re-
flective bands. Reflectivity profiles of central, parafo-
veal, and parafoveal retina were extracted and were com-
pared with age-matched histologic sections.

Results: The foveal pit morphologic structure in infants
was generally distinguishable from that in adults. Reflec-
tivity profiles showed a single hyperreflective band at the
fovea in all the infants younger than 42 weeks’ postmen-
strual age. Multiple bands were distinguishable in the outer
retina at the peri fovea by 32 weeks’ postmenstrual age and
at the fovea by 3 months’ postterm. By 17 months’ post-
natal, the characteristic appearance of 4 hyperreflective

bands was evident across the foveal region. These fea-
tures are consistent with previous results from histologic
examinations. A “temporal divot” was present in some in-
fants, and the foveal pit morphologic structure and the ex-
tent of inner retinal excavation were variable.

Conclusions: Handheld optical coherence tomography
is a viable technique for evaluating neonatal retinas. In
premature infants who do not develop retinopathy of pre-
maturity, the foveal region seems to follow a develop-
mental time course similar to that associated with in utero
maturation.

Clinical Relevance: As pediatric optical coherence to-
mography becomes more common, a better understand-
ing of normal foveal and macular development is needed.
Longitudinal imaging offers the opportunity to track post-
natal foveal development among preterm infants in whom
poor visual outcomes are anticipated or to follow up treat-
ment outcomes in this population.
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HE FOVEA CENTRALIS IS A

feature of all anthropoid

primate retinas. The fo-

veal avascular zone (FAZ),

increased cone density, and
excavation of inner retinal neurons char-
acterize the foveal region. The most sa-
lient feature of the human fovea is the shal-
low pit that is left behind by the lateral
displacement of the inner retinal layers (fo-
vea is Latin for pit). Before and during fo-
veal formation, cones become tightly
packed, elongate, and migrate centrip-
etally."” The processes of cone packing and
pit development in humans have been ex-
amined in histologic studies."” Whereas
the site of the future fovea can be identi-
fied as early as 12 weeks’ postmenstrual
age (PMA) using morphologic criteria®®
and molecular cues,”*!? the pit itself does
not emerge until after the FAZ is defined
at around 24 to 26 weeks’ PMA. Subse-

quent gestational changes include cen-
trifugal migration of inner retinal neu-
rons, resulting in progressive reduction of

CME available online at
www.jamaarchivescme.com
and questions on page 1250

the ganglion and bipolar cell layers at the
fovea. During the last trimester, photore-
ceptors are immature at the foveal center
compared with those at parafoveal and
parafoveal locations.”? During this pe-
riod, the retinal pigment epithelium (RPE)
also develops interdigitations with the im-
mature outer segments."* Postnatally, the
foveal pit contour continues to be modi-
fied by cellular migration, reaching ma-
turity at roughly 18 months’ postterm.>
Photoreceptor elongation and displace-
ment into the fovea also continue postna-

ARCH OPHTHALMOL/VOL 130 (NO. 10), OCT 2012

1291

WWW.ARCHOPHTHALMOL.COM

©2012 American Medical Association. All rights reserved.
Downloaded From: https://jamanetwork.com/ on 08/21/2022



tally, and the results of studies'? indicate that foveal cone
density reaches the lower range reported for adults by
age 4 years. The exact relationship between the foveal
pit development and the photoreceptor mosaic matura-
tion remains unclear.>!'*!

Optical coherence tomography (OCT) enables visu-
alization of the retinal lamina and the organization of the
outer retina.’**® Previously, the use of OCT had been lim-
ited to cooperative and fixating individuals. However, the
recent availability of handheld systems enables imaging
of pediatric populations, with clinical applications that
include pediatric abusive head trauma'®?° and retinopa-
thy of prematurity (ROP).?"* Recent work from one group
has aimed to increase the efficiency of pediatric OCT, pro-
viding some insights into normal development.*** Ad-
vances in OCT image acquisition,**" with reinvestiga-
tion by anatomists,'”*® have raised questions about the
initial anatomical assignment of layers observed with
OCT 1018226 Defining the correlation between OCT bands
and photoreceptor structure is important for understand-
ing foveal development.

Using handheld OCT, we examined postnatal fea-
tures of foveal development in a series of pediatric pa-
tients."*7822 Across individuals of different ages, we
compared emerging retinal layers in OCT with those in
age-matched histologic sections. We used these com-
parisons and information available in the literature'”'®
to define reflectance bands in pediatric OCT images. We
also examined the variability in the foveal pit morpho-
logic structure among this pediatric population. A bet-
ter understanding of what is visualized by OCT will en-
able reliable interpretation of in vivo developmental data
and will facilitate the identification of normal vs patho-
logic features in a clinical setting.

B METHODS

PARTICIPANTS

Research on humans followed the tenets of the Declaration of
Helsinki and was approved by institutional review boards at the
Medical College of Wisconsin and at Children’s Hospital of Wis-
consin. Informed consent was obtained from parents of all the
minors after explanation of the nature and possible conse-
quences of the study. One adult participant provided his own
consent. Thirty-nine participants (26 male and 13 female) 30
weeks PMA or older were recruited from local communities sur-
rounding the Medical College of Wisconsin. Thirty-five partici-
pants were recruited from the neonatal intensive care unit at Chil-
dren’s Hospital of Wisconsin for an examination using anesthesia,
as well as 4 participants at the Medical College of Wisconsin Eye
Institute. For imaging, eyes were dilated and accommodation sus-
pended using a combination cyclopentolate hydrochloride—
phenylephrine hydrochloride ophthalmic solution. Artificial tears
were used in all the participants (saline drops or a combination
of polyethylene glycol-propylene glycol). For the infants, a eye-
lid speculum was used during imaging to keep the eye open.
Imaging was performed after clinical evaluation in all the cases.
To be considered healthy for this study, at no time could par-
ticipants have developed cystoid macular edema (CME) or have
had ROP worse than stage 2, consistent with previously used cri-
teria.” One of us (D.M.C.) assessed the progression of ROP, and
the presence of CME on OCT images was determined by con-
sensus of 4 graders (A.M.D., D.M.C., C.D.S., and P.G.).

HANDHELD PROBE SPECTRAL-DOMAIN OCT

Optical coherence tomography was performed using a hand-
held probe spectral-domain OCT system (HHP-SDOCT; Biop-
tigen). Reference arm position and instrument focus were ini-
tially set on the basis of information provided by Maldonado
etal,”® with additional adjustments performed if required to im-
prove image quality. The nominal image size for all the par-
ticipants was 8 X 8 mm, with an image density of 1000 A-
scans per 100 B-scans (except for participant DC_0368, for
whom the nominal image size was a 6 X 6-mm cube). The set-
ting assumes an axial length of 24 mm; however, given the
shorter axial length of our population, the actual image length
is less (approximately 6 mm). Individual variation in axial length
would further alter the image length for each participant. This
provides a slightly different lateral resolution for each indi-
vidual; however, this image size was selected to cover the maxi-
mum amount of retinal area (allowing visualization of the macula
and the edge of the optic nerve in a single image). Images were
exported in an audiovisual interleaving format using on-
instrument software (Bioptigen In Vivo Vue Clinic; Biopti-
gen), and frames containing photographs of the macula were
extracted.

HISTOLOGIC EXAMINATION

Histologic images were selected from a database assembled from
human and macaque retinal histologic sections collected by one
of us (J.M.P.) and by Anita Hendrickson, PhD, at the Depart-
ment of Biological Structure, University of Washington, Se-
attle. Montages were assembled from high-resolution images
obtained using a digital camera (HP; Carl Zeiss) through an 25X
objective lens (Carl Zeiss), at a final optical magnification of
312.5X, between January 1, 1995, and January 27, 2012, at the
University of Washington or at the Australian National Uni-
versity, Canberra. Sections were montages created by one of
us (J.M.P.) using available software (Photoshop CS5; Adobe
Systems Incorporated). Macaque tissue was paraffin embed-
ded, while all the human samples were embedded in methac-
rylate; both sample types were stained with Richardson stain.

AGE-MATCHED AND LAYER-MATCHED
HISTOLOGIC SECTIONS AND OCT IMAGES

Optical coherence tomography images were age matched with
3 histologic images of human retinas at 35 weeks' PMA, 41 weeks’
PMA, and 13 years’ postterm. Because of the rarity of human
donor retinas between 25 and 40 weeks’ PMA, we selected im-
ages from macaque retinas at fetal day 131 as approximately
equivalent to the human retina at 32 weeks’ PMA. To establish
a valid comparative time point, we used the cecal period (CP)
(the period between conception and eye opening) as a unit of
development. The CP is 196 days (28 weeks) long in humans
compared with 123 days (almost 18 weeks) in macaques. Ini-
tial formation of the fovea is dependent on the definition of the
FAZ, which occurs at around 85% CP in macaques but occurs
slightly later in humans at approximately 90% CP (Table).
Thirty-two weeks’ PMA (224 days postconception) in hu-
mans is 44 days after the definition of the FAZ, which is equiva-
lent to 22% CP in humans. Twenty-two percent CP in ma-
caques is 27 days; 27 days after the definition of the macaque
FAZ is 133 days postconception. The fetal day 131 retina is the
closest approximation to 32 weeks’ PMA among the humans
available in our data set. Optical coherence tomography data
from an infant of 35 weeks’ PMA were compared with histo-
logic sample data from a human donor of 35 weeks’ PMA. Op-
tical coherence tomography data from an infant of 40 weeks’
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Table. Initial Formation of the Fovea Is Dependent on the Definition of the Foveal Avascular Zone (FAZ)

Approximate Definition

(138% CP)

Fovea Eye Opening Birth of the FAZ Comparative Time Point

Human 196 d Postconception (100% CP) 280 d Postconception 180 d Postconception (90% CP) 224 d Postconception (22% CP)
[28 wk PMA] (143% CP) [40 wk PMA] [25-26 wk PMA] [44 d after definition of the FAZ]

Macaque 123 d Postconception (100% CP) 172 d Postconception 100-105 d Postconception 133 d Postconception (22% CP)

(85% CP) [27 d after definition of the FAZ]

Abbreviations: CP, cecal period; PMA, postmenstrual age.

PMA were compared with histologic sample data from a hu-
man donor of 41 weeks’ PMA. Finally, OCT data from an adult
aged 28 years and from a child aged 17 months were com-
pared with histologic sample data from a human aged 13 years.
For comparisons of OCT images and histologic section data,
we assigned 5 bands (numbered from O to 4) to the outer retinal
layers. Bands 1 through 4 were assigned based on recent work
by Spaide and Curcio,?® with an additional band 0 at the inter-
face between the outer plexiform layer and the outer nuclear
layer, which includes the photoreceptor pedicles and synapses.
Band 1 was assigned to the external limiting membrane (ELM).
Band 2 was assigned to the inner segment ellipsoid.** Bands 3
and 4 are composed of the photoreceptor and RPE microvilli
interface and the RPE and Bruch membrane, respectively.

QUALITATIVE ANALYSIS

The lateral scales for OCT image data and histologic sample
data were adjusted to facilitate comparisons at specific loca-
tions. Histologic images were calibrated from the original cor-
responding grid images, while OCT images were corrected based
on age-specific axial length estimates previously reported.** Lon-
gitudinal reflectivity profiles (LRPs) were generated from OCT
images using available software (ImageJ; National Institutes of
Health).* To increase the ratios of signal to noise and to fa-
cilitate band assignment, gray-scale reflectivity values from 5
consecutive lateral positions were averaged to construct each
LRP. The LRPs were analyzed for the presence or absence of
each of 5 outer retinal bands in the fovea (central 0.5 mm, ap-
proximately 1.5° visual angle), parafovea (0.5-mm to 1.0-mm
eccentricity, approximately 3° nasal), and perifovea (2-mm ec-
centricity, approximately 6° nasal). The congruency in band
assignment across OCT images, LRPs, and histologic sections
is shown in Figure 1.
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PARTICIPANTS IMAGED

As summarized in the eTable (available at: http:/www
.archophthalmol.com), we obtained clinically usable im-
ages in 72.4% (71 of 98) of examinations among awake
infants in the neonatal intensive care unit and in 100.0%
(4 of 4) imaged as part of an examination using anesthe-
sia. We defined clinically usable as a volume image in which
the foveal center and both slopes were visible with suffi-
cient image quality for the graders to determine the pres-
ence or absence of CME. These results are comparable to
those in other studies.?** The 75 clinically usable images
were acquired from 33 participants. Because the present
study was designed to assess normal foveal development,
participants whose findings were deemed abnormal (those
with development of CME, occurrence of greater than stage

Figure 1. Foveal layer assignment in the human retina. A, Shown is an
optical coherence tomography image of a 28-year-old retina (JC_0002).

B, A 17-month-old retina (WW_0585) is compared with histologic images at
parafoveal (1) and foveal (2) locations. A1 and B1 show the assignment of
outer retinal layer bands 0 through 4, illustrated with gray lines connecting
the optical coherence tomography image, longitudinal reflectivity profile, and
histologic image for the parafoveal area. Band assignments in the foveal
region are shown in A2 and B2.

2 ROP, or requirement of an intervention for ROP) were
excluded from subsequent analysis. Five of 33 partici-
pants were excluded because they developed stage 3 ROP
or required an intervention for ROP, while 12 were ex-
cluded because they developed CME. Foveal images from
the remaining 16 participants (15 male and 1 female) were
considered normal for this study. The 21 images from these
individuals are shown in Figure 2, with multiple im-
ages obtained from 3 participants (2 images from DC_0499
and 3 images each from DC_0576 and DC_0688).
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Figure 2. Spectrum of the foveal pit morphologic structure observed with
optical coherence tomography. Shown are foveal images from all
examinations meeting the inclusion criteria. Images are single frames
extracted from a macular volume. Considerable variability exists at the stage
of 32 weeks’ to 33 weeks’ postmenstrual age (PMA). By age 17 months, the
retina appears adultlike. Another notable feature is that some individuals
have a diplike structure located temporal to the macula (DC_0604 at 33
weeks’ PMA, DC_0576 at 34 weeks’ PMA, and DC_0688 at 37 weeks’ PMA).
We refer to this structure as a “temporal divot.”

PHOTORECEPTOR AND
FOVEAL PIT MATURATION

As expected from histologic data, the foveal pit was pres-
ent in images obtained from the youngest participant, an
infant of 32 weeks’ PMA.?>* Across the series of partici-
pants imaged, we observed variability in the foveal pit
morphologic structure even among age-matched indi-
viduals (Figure 2). For example, the foveae of the 3 young-
est participants (32 weeks’ PMA) differ in appearance
(Figure 2, top row); participant DC_0572 has a deeper
depression than the other infants of 32 weeks’ PMA, as
well as the infants of 33 weeks’ PMA in the second row.
In this series, the foveal pit continues to deepen and widen
through 43 weeks’ PMA but is still immature at this point,
having a distinct inner nuclear layer lining the floor of

the pit. The participant of 52 weeks’ PMA (DC_0593) is
the youngest to show complete excavation of all inner
retinal layers.

In all the participants younger than 43 weeks’ PMA,
only 2 hyperreflective bands were detected in the fovea.
However, multiple hyperreflective bands were detected
in the perifoveal region in even the youngest partici-
pants. In contrast to previous data,” we found the outer
retina to be adultlike at 17 months’ postnatal in terms

of the characteristic appearance of 4 hyperreflective
bands.

MACAQUE FETAL DAY 131
TO HUMAN 32 WEEKS’ PMA

In an OCT image at 32 weeks’ PMA (Figure 3), a dis-
tinct band, which we refer to as band 0, crosses the fo-
vea. After examining a range of specimens, we conclude
that band 0 reflects the layer of cone pedicles. A thicker
hyperreflective band is present at the level of the RPE and
the RPE X photoreceptor interaction, which we refer to
as band 3/4. This is consistent with the appearance of the
histologic image, which shows that the foveal photore-
ceptor nuclei are only a single layer deep but have short
axons that separate the cone pedicles from the layer of
nuclei. The foveal photoreceptors have short inner and
outer segments that are barely distinguishable from the
RPE. In the parafovea, the OCT image shows an in-
crease in the separation between these 2 hyperreflective
bands, indicative of increased elongation of photorecep-
tor cells in the parafovea compared with the fovea. This
is consistent with the features seen in the macaque fetal
day 131 histologic section, which shows that parafoveal
cones have smaller soma diameters and longer axons com-
pared with foveal cones (Figure 3C1 and C2). This dif-
ference would account for the increased separation be-
tween the hyperreflective bands in the parafovea. In the
perifovea, a broadening of the outermost band is ob-
served in the OCT image, seen as a double peak in the
LRP profile (Figure 3C1). Comparison with the histo-
logic image at this location indicates that, in addition to
being more elongated than at the fovea, the photorecep-
tors in the perifovea have better developed inner and outer
segments. Elongation of the outer segments results in the
increased separation of the ELM from the RPE and ac-
counts for the appearance of an additional band (band
1/2) in the perifoveal OCT image.

A feature of the OCT images from DC_0368 and
DC_0499 but not DC_0572 (all 32 weeks’ PMA) is the
presence of an upward inflection in band 0 in the fovea.
Such differences show that the enormous variability in
foveal anatomy seen in adults likely has its origins early
in development.

COMPARISON OF HUMAN HISTOLOGIC
SECTIONS AND OCT IMAGES
AT 35 WEEKS’ PMA

An OCT image at 35 weeks’ PMA (Figure 4B) shows
increased excavation of the central fovea, which still in-
cludes all the retinal layers. This interpretation is con-
sistent with the features of the histologic section from a
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Figure 3. Comparison of foveal development and layer assignment in @ macaque at fetal day (Fd) 131 (A) and in a human of 32 weeks’ postmenstrual age
(DC_0368) (B). Gray lines 1 through 3 represent perifoveal, parafoveal, and foveal locations, respectively. Insets C1 through C3 at the bottom are comparisons of
histologic and optical coherence tomography images, with layer assignment for perifoveal (C1), parafoveal (C2), and foveal (C3) locations. At the perifoveal
location, bands 0, 1/2, and 3/4 are present, whereas only bands 0 and 3/4 are present at the parafoveal and foveal locations.

human donor of 35 weeks’ PMA (Figure 4A). The OCT
image shows only 2 hyperreflective bands in the fovea
(bands 0 and 3/4), consistent with histologic images show-
ing foveal photoreceptors lacking well-formed outer seg-
ments that result in opposition of the ELM to the RPE
(Figure 4C3). Although the histologic image shows that
photoreceptors in the parafovea have somewhat more
elongated cell bodies and rudimentary inner and outer
segments, little increase is seen in the distance between
the ELM and the RPE, consistent with the parafoveal OCT
image showing only 2 hyperreflective bands (Figure 4C2).
However, the perifoveal OCT image shows an addi-
tional band in the nasal outer retina (Figure 4C1). At a
comparable location in the histologic section, photore-
ceptor inner and outer segments are more elongated than
at the fovea (Figure 4C3), resulting in the better sepa-
ration of the ELM from the RPE. This is consistent with
the presence of an additional hyperreflective band in the
OCT image, just emerging in the LRP, which most likely

corresponds to band 1/2.% Closer to the disc, the sepa-
ration of band 1/2 from band 3/4 is more distinct. This
is consistent with more advanced development of pho-
toreceptors close to the disc at this age.

COMPARISON OF HUMAN HISTOLOGIC
SECTIONS AND OCT IMAGES
AT 41 WEEKS’ PMA

Both OCT images and histologic sections at 41 weeks’
PMA show foveae in all the retinal layers (Figure 5A
and B). Although the histologic section demonstrates a
broader, flatter fovea than the OCT image (probably ow-
ing to individual variation), both show a layer of cone
pedicles (band 0 on the OCT image) at approximately
50% depth of the fovea (Figure 5C3). In the parafovea,
the histologic section shows that the cell bodies of pho-
toreceptors are more tightly packed than in the fovea; dis-
tinct inner segments and rudimentary outer segments are
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35 wk PMA

Figure 4. Comparison of foveal development and layer assignment. A, Histologic section from a human donor of 35 weeks’ postmenstrual age (PMA). B, Infant of
35 weeks’ PMA (DC_0688) imaged with optical coherence tomography (B). Gray lines 1 through 3 represent perifoveal, parafoveal, and foveal locations,
respectively. Insets C1 through C3 at the bottom are comparisons of histologic and optical coherence tomography images, with layer assignment for perifoveal
(C1), parafoveal (C2), and foveal (C3) locations. At the perifoveal location, bands 0, 1/2, and 3/4 are present, whereas only bands 0 and 3/4 are present at the
parafoveal and foveal locations. The retina at 35 weeks’ PMA shows moderate edema in the central fovea, which causes buckling of the retina (between C2 and

C3) and blisterlike distortion of the innermost layer.

present such that the ELM and the RPE are separated by
only a few microns (Figure 5C2). The OCT image at the
parafovea is similar to that at the fovea, with only 2 hy-
perreflective bands present (bands 0 and 3/4). How-
ever, in the perifovea, the photoreceptor inner seg-
ments are more prominent than those in the fovea or
parafovea, and the outer segments are better developed,
these 2 changes result in a separation of the ELM and
the RPE of approximately 42 pm at this location (Figure
5C1). Consistent with this advancing maturation, the OCT
shows 4 distinct bands in the perifovea, which seem to
correspond to the cone pedicles (band 0), ELM (band 1),
inner segment ellipsoid (band 2), and RPE and outer seg-
ment associations (band 3/4).

The maturation sequence of foveal, parafoveal (1-mm
eccentricity), and perifoveal (2-mm eccentricity) photo-
receptors is shown in Figure 6, to which notional
hyperreflectivity bands have been assigned. The
sequence shows that the layer of cone pedicles is distinct
at each location from about 30 weeks’ PMA onward, and
its position in the retinal profile makes this the most
likely source of hyperreflective band 0. The foveal
sequence (top row) suggests that the ELM begins to dis-
tinctly separate from the RPE only in the postnatal
period and that the separation of bands 1 through 4 is
unlikely to be observed until maturation of the foveal
cones is almost complete. In developing retinas, the
separation of the features associated with the hyperre-
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Figure 5. Comparison of foveal development and layer assignment in a histologic section from a human donor of 41 weeks’ postmenstrual age (PMA) (A) and in
an infant of 38 weeks’ PMA (DC_0576) (B). Gray lines 1 through 3 represent perifoveal, parafoveal, and foveal locations, respectively. Insets C1 through C3 at the
bottom are comparisons of histologic and optical coherence tomography images, with layer assignment for perifoveal (C1), parafoveal (C2), and foveal (C3)

locations. At the perifoveal location, bands 0, 1, 2, and 3/4 are present, whereas only bands 0, 1/2, and 3/4 are present at the parafoveal location and bands 0 and

3/4 at the foveal location.

flective bands is better in the perifovea than in the para-
fovea, and both are better than that in the fovea. In the
adult retina, the separation of bands 1 through 4 is most
distinct in the fovea.

B covient [

Foveal maturation and photoreceptor elongation can be
studied in vivo using spectral-domain OCT among young
infants, including those of premature age. Our imaging
success rate of 72.4% in the neonatal intensive care unit
is comparable to previous findings for similar popula-
tions® but is lower than that found by Vinekar et al >*3!
who reported 100% success in 79 eyes using a different

imaging system. Although the effects of CME and reti-
noschisis were not directly addressed in our study, they
were present in 38.9% of the population, which differs
from earlier data.”*** Uncooperative neonates and the use
of an unsupported imaging arm provided challenges not
encountered in adult imaging. Our methods differed some-
what from those by Maldonado et al****; we used an eye-
lid speculum and scleral depressor and chose to use a stan-
dard image size and off-line lateral correction based on
age rather than change the image size.

This study provides further in vivo evidence that
foveal development proceeds ex utero, consistent with
other findings.?* In addition, we observed variation in
the foveal pit morphologic structure among age-
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Figure 6. Time course of photoreceptor maturation at foveal (top row), parafoveal (middle row), and perifoveal (bottom row) locations. Images are labeled with
band assignments as seen on optical coherence tomography. The retina at 35 weeks’ postmenstrual age (PMA) shows moderate edema in the central fovea, which
causes buckling of the retina and blisterlike distortion of the innermost layer; however, these tissue artifacts do not interfere with layer identification. Arrows
indicate the presence of a distinct band (not layer thickness). Band 0 corresponds to the outer plexiform layer; band 1, the external limiting membrane; band 2, the
inner segment ellipsoid; band 3, the retinal pigment epithelium < photoreceptor interdigitations; and band 4, the retinal pigment epithelium. Fd 131 indicates fetal

day 131 in a macaque.

matched individuals in our study population. Two
examples of this variability are seen in the infants of 32
weeks’ and 33 weeks’ PMA. In the 3 samples from
infants of 32 weeks’ PMA, variability is seen in photore-
ceptor layer thickness (distance from peak 0 to peak 3/4,
which comprises the outer nuclear layer and the photo-

receptor inner segment and outer segment, if present).
In 2 participants, the photoreceptor layer thickness
decreases closer to the fovea, consistent with histologic
data.**!'* However in 2 participants at this age, a promi-
nent upward tilt in band 0 is observed at the fovea, sug-
gesting elongation of the central-most cones. Another
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difference was that the infants of 33 weeks’ PMA had
shallower foveal depressions than the infants of 32
weeks’ PMA. Participant DC_0604 had a residual gan-
glion cell layer at the fovea, while the other participants
of 32 weeks’ and 33 weeks’ PMA did not. These develop-
mental differences indicate that the enormous variability
seen in adults originates during the earliest stages of
foveal development.***

We also observed irregularities in the curvature of the
retina in our study sample. Several eyes (ie, DC_0572,
DC_0604, and DC_0688 in Figure 2) showed a sharp bend
and an abrupt upward inflexion of the retina temporal
to the parafovea in participants between 30 weeks” and
40 weeks’ PMA; we refer to this as a “temporal divot.”
The bend appears to be at the temporal edge of the dome
in the ganglion cell layer, formed by migrations of these
cells®; the upward inflexion of the retina may reflect the
contour of the sclera of a small eye. Irregularities in the
contour of the developing eye are common in histologic
preparations, commonly attributed to artifact due to reti-
nal shrinkage and mechanical distortion. However, the
presence of irregularities in vivo suggests a physiologi-
cal explanation; one possibility is that retinal growth is
not perfectly matched to scleral growth developmen-
tally. The relationship of the retina to the sclera during
the late stages of development could be addressed through
longitudinal OCT studies.

Previous histologic findings suggest that the fovea con-
tinues to mature for several years after birth.> Our data
indicate that morphologic development of the fovea may
be complete by around 17 months, at least in some in-
dividuals. Maldonado et al® suggested that the retina is
not fully mature at 15 months, citing an individual who
lacked the separation of band 3/4, although the image
was not shown. It is possible in the 2-month window from
15 months to 17 months that the photoreceptors un-
dergo rapid elongation, rendering band 3 (RPE X pho-
toreceptor interaction) separate from band 4. Alterna-
tively, better image quality may reveal the separation of
band 3 and band 4 in our neonates. Nevertheless, our find-
ings and those by Maldonado et al** indicate that elon-
gation of central photoreceptors in human retina occurs
on a more abbreviated timescale than previously re-
ported' and may be complete as early as age 18 months.
Further exploration of normal ex utero development will
facilitate the identification of anatomical aberrations in
a clinical setting.
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Archives Web Quiz Winner

ongratulations to the winner of our May quiz, Anita Agarwal, MD, Vanderbilt Eye Institute, Van-

derbilt School of Medicine, Nashville, Tennessee. The correct answer to our May challenge was en-
dogenous endophthalmitis caused by Salmonella. For a complete discussion of this case, see the Research
Letters section in the June Archives (Rachitskaya AV, Flynn HW Jr, Davis JL. Endogenous endophthalmi-
tis caused by Salmonella serotype B in an immunocompetent 12-year-old child. Arch Ophthalmol. 2012;
130[6]:802-804).

Be sure to visit the Archives of Ophthalmology website (http://www.archophthalmol.com) and try your
hand at our Clinical Challenge Interactive Quiz. We invite visitors to make a diagnosis based on selected
information from a case report or other feature scheduled to be published in the following month’s print
edition of the Archives. The first visitor to e-mail our web editor with the correct answer will be recognized
in the print journal and on our website and will receive a 1-year complimentary online subscription to
Archives of Ophthalmology.
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