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PURPOSE. To characterize scattering and hyperreflective features in the foveal avascular
zone of people with multiple sclerosis (MS) using adaptive optics scanning laser ophthal-
moscopy (AOSLO) and to evaluate their relationship with visual function and MS disease
characteristics.

METHODS. Twenty subjects with MS underwent confocal reflectance and non-confocal
split-detection AOSLO foveal imaging. Peripapillary retinal nerve fiber layer thickness was
measured using optic nerve optical coherence tomography. Blood pressure, intraocular
pressure (IOP), and best-corrected high-contrast visual acuity (HCVA) and low-contrast
visual acuity (LCVA) were measured. AOSLO images were graded to determine the pres-
ence and characteristics of distinct structures.

RESULTS. Two distinct structures were seen in the avascular zone of the foveal pit. Hyper-
reflective puncta, present in 74% of eyes, were associated with IOP and blood pressure.
Scattering features, observed in 58% of eyes, were associated with decreased HCVA and
LCVA, as well as increased MS duration and disability, but were not associated with
retinal nerve fiber layer thickness. Hyperreflective puncta and scattering features were
simultaneously present in 53% of eyes.

CONCLUSIONS. Hyperreflective puncta were associated with parameters affecting
ophthalmic perfusion, but they were not associated with MS disease parameters. Scatter-
ing features were associated with parameters corresponding to advanced MS, suggesting
that they may be related to disease progression. Scattering features were also correlated
with reduced visual function independent from ganglion cell injury, suggesting the possi-
bility of a novel ganglion cell–independent mechanism of impaired vision in people with
MS.

Keywords: adaptive optics scanning laser ophthalmoscopy, multiple sclerosis, fovea

Multiple sclerosis (MS) is the leading cause of neurologic
disability in young adults,1 affecting nearly a million

individuals in the United States, and postmortem studies
have shown that 90% of people with MS have lesions in their
visual pathway.2 In people with MS, vision-specific qual-
ity of life (VS-QOL) is consistently below that of control
populations.3–5 VS-QOL and measures of central visual func-
tion, such as low-contrast visual acuity (LCVA), correlate
with optical coherence tomography (OCT) measures of reti-
nal ganglion cell (RGC) loss, which is common in people
with MS.6,7 RGCs and their axons progressively deterio-
rate in MS and sustain acute injury following optic neuri-
tis, a common MS relapse syndrome characterized by vision
loss.8–16 However, neither damage to the optic nerve, includ-
ing the loss of RGCs and their axons, nor cerebral involve-
ment in MS can account for foveal dysfunction measured
using multifocal electroretinography.17 Additionally, correla-
tion between OCT measures of retinal structure and visual
function is weak, suggesting that not all relevant mecha-
nisms of vision loss in MS have been identified.17,18 This

raises the possibility of foveal injury in MS that is not read-
ily detectable with current ophthalmic imaging such as OCT.
Therefore, in addition to en face OCT, we examined the
fovea of people with MS using reflectance confocal and non-
confocal split-detection (multiple-scattering) adaptive optics
scanning light ophthalmoscopy (AOSLO).

AOSLO reveals the retina non-invasively, with almost an
order of magnitude superior transverse resolution compared
with current non-adaptive optics ophthalmoscopes, such
as fundus cameras and OCTs. AOSLO has been used to
image the photoreceptor mosaic19–24 and superficial retinal
features in many conditions.25–30 The limited applications
of AOSLO to MS have reported foveolar reflective dots in
a single subject that were not specific to MS25 and normal
foveal cone photoreceptor densities in three patients with
prior optic neuritis and chronic central vision loss.31 Cone
photoreceptor loss visualized with adaptive optics optical
coherence tomography (AO-OCT) was also reported in an
MS patient who also had other autoimmune diseases.32 In
this work, we report foveal AOSLO imaging of subjects
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with relapsing–remitting (RR) and secondary progressive
(SP) MS to search for and characterize pathology that might
contribute to central vision dysfunction.

MATERIALS AND METHODS

Subjects

Subjects with RRMS or SPMS were recruited from the Stan-
ford Multiple Sclerosis Center. All subjects met the McDonald
criteria for RRMS at some point in their disease course.33

Additional inclusion criteria for current RRMS subjects
included no evidence of disease activity on clinical (i.e., no
relapses and no disability progression over 6 months) and
radiographic (i.e., no new lesions or enhancing lesions on
magnetic resonance imaging) grounds. The RRMS patients
who had converted to SPMS were identified using validated
criteria.34 Exclusion criteria included history of optic neuritis
in both eyes (one eye was acceptable), neurological disease
other than MS and ophthalmic disease other than refractive
error, and cataract or optic neuritis more than 1 year prior in
one eye. These were assessed based on subject interview and
chart review. The research followed the tenets of the Decla-
ration of Helsinki. Informed written consent was obtained
from all subjects after explanation of the study goals and
possible consequences. The study protocol was approved by
the institutional review board at Stanford University School
of Medicine.

Subject demographics (age, sex, race/ethnicity) were self-
reported, and MS disease parameters were extracted from
the medical record. MS disease parameters included pheno-
type (RR or SP), current and past MS disease-modifying
therapies, years since first symptom of MS, and history
of optic neuritis in each eye. Disability, classified using
the Kurtzke Expanded Disability Status Scale (EDSS)3 with
scores ranging from 0 to 7, was provided by the treating
neuro-immunologist. Study testing as described below was
performed during one or two visits to the Mary M. and Sash
A. Spencer Center for Vision Research at the Byers Eye Insti-
tute at Stanford.

Visual Assessment

Intraocular pressure was assessed using a Tono-Pen
(Reichert Technologies, Depew, NY, USA). Blood pressure
was measured using an automated cuff. Best-corrected high-
contrast visual acuity (HCVA) and 2.5% LCVA were measured
for each eye using the Early Treatment for Diabetic Retinopa-
thy Study (ETDRS) protocol and Sloan charts.35

OCT Imaging

OCT circular B-scans centered on the optic nerve were
obtained using a Spectralis OCT (Heidelberg Engineering,
Heidelberg, Germany). Retinal ganglion cell atrophy was
derived from these scans as the average thickness of the reti-
nal nerve fiber layer (RNFL) around the optic nerve using the
manufacturer-supplied analysis software. Additional OCT
volumetric scans centered on the fovea were obtained using
the Spectralis OCT and the Avanti OCT (Optovue, Inc.,
Fremont, CA, USA). Finally, multiple horizontal Spectralis
OCT B-scans through the foveal center (defined by fixation)
were acquired, averaged, and then inspected for evidence
of foveal hypoplasia by three raters (AH, AD, HEM) using
criteria described in the literature.36–38 To evaluate inner

limiting membrane (ILM) abnormalities, the automatically
segmented ILMs in the Avanti OCT foveal volumes were also
inspected for segmentation errors (none was found). En face
OCT images were constructed with slabs 6 μm above and 15
μm below the ILM. Three raters (AH, AD, HEM) blinded to
AOSLO results, reviewed the scans for evidence of superfi-
cial retinal abnormalities such as epiretinal membranes.

Ocular Biometry

Axial length (IOLMaster; Carl Zeiss Meditec, Dublin, CA,
USA) was obtained in all subjects but one for scaling of
AOSLO retinal images.39 In the only subject where the axial
length was not obtained, the average axial length of the 38
eyes was calculated (23.7 μm) and used to scale the retina.
This subject had no refractive error.

Adaptive Optics Imaging and Image Analysis

Subjects’ pupils were dilated with one drop of 1% tropi-
camide and one drop of 2.5% phenylephrine ophthalmic
drops. Simultaneous confocal and non-confocal split-
detection AOSLO image sequences of 150 frames
(reflectance, 790-nm wavelength) of both the superficial
retina and the photoreceptor layers within the foveal center
were acquired. One or more minimally distorted images
were subjectively identified in each image sequence and
used as a registration template. A minimum of five images
per sequence were then registered against the template
and averaged to create high signal-to-noise ratio images.40

These registered images, approximately 1.5 degree of visual
angle across, were manually tiled to cover the entire foveal
avascular zone (Photoshop; Adobe Inc., San Jose, CA, USA)

Foveal Structure Classification

Review of AOSLO images revealed two types of abnor-
mal structures in the foveal avascular zone—namely, hyper-
reflective puncta and scattering features. After developing
consensus criteria to describe these structures (see Results),
three reviewers (AH, AD, HEM) involved in the develop-
ment of these criteria, along with two others (NS, who has
AOSLO experience; LL), independently rated the images of
each eye for the presence or absence of these structures.
Subsequently, the five reviewers discussed images for which
there was less than 80% agreement and reached consen-
sus. Confocal and split-detection inner retina images and
confocal photoreceptor images were viewed simultaneously
during the rating process. Split-detection images provided
the sharpest capillary and scattering feature edges and were
subsequently used for tracing structures. Confocal images
of the superficial retina were used to corroborate identifi-
cation of structures. Images of co-localizing darker regions
(shadows) on the photoreceptor mosaic were also used to
judge the presence of scattering features. The structures
were manually counted using Fiji (ImageJ; National Insti-
tutes of Health, Bethesda, MD, USA).41,42 The foveal avas-
cular zone (FAZ) and the scattering features were manu-
ally traced on split-detection images of the superficial retina
using Fiji, and then binary masks of these traced areas were
created in Fiji.42 The area of the foveal scattering features
and FAZ were calculated from these binary masks as the
sum of the area of the corresponding pixels (MATLAB; Math-
Works, Natick, MA, USA). MATLAB was used to calculate
Feret’s diameter for each scattering feature from the binary
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masks as the distance between the two farthest points on
the feature.

Statistical Analysis

The proportion of eyes with each type of structure and the
correlation between eyes in each subject were determined.
The distribution of each structure within eyes was character-
ized by number, total area, and fractional FAZ coverage. Pear-
son’s correlation and linear regression were used to compare
feature distribution between eyes of the same subject.

Visual outcomes (HCVA, LCVA) were studied as a function
of number of each kind of structure using linear general-
ized estimating equation (GEE) models accounting for intra-
subject correlation between eyes. Multiple variable models
considered covariates likely to be associated with visual
function, including the RNFL, as a measure of ganglion cell
atrophy and age. To address the mechanism of vision loss
we considered number, total area, and coverage of the foveal
scattering features.

The number of foveal structures was studied using
negative binomial distribution GEE models accounting for
intrasubject correlation between eyes. Associations with
demographic parameters, ophthalmic parameters, and MS
disease parameters were considered. For this analysis, race
was collapsed to white non-Hispanic and non-white non-
Hispanic based on the distribution. Medication associations
were studied for medications in which ≥20% of subjects had
exposure. This is an exploratory analysis due to the large
number of possible covariates considered.

These calculations were performed using SPSS Statistics
26 (IBM, Inc., Armonk, NY, USA), with P≤ 0.05 as the thresh-
old for statistical significance.

RESULTS

Subjects

Twenty participants (13 RRMS, 7 SPMS) were imaged with
AOSLO (Table 1). Two additional subjects agreed to partic-
ipate but did not have a successful AOSLO imaging due to
cataract (n = 1) and high axial length precluding focusing
(n = 1). One eye from each of two imaged participants was
excluded for poor image quality, leaving 38 eyes for final
analysis; of these, seven eyes (18%) had a history of optic
neuritis. Ranges for the eyes in the final analysis included
the following: HCVA, 63 to 95 letters; LCVA, 1 to 69 letters;
peripapillary RNFL, 66 to 132 μm; axial length, 21 to 26 mm;
FAZ area, 0.16 to 0.51 mm2; and IOP, 14 to 32 mm Hg. Both
eyes of one subject had continuation of ganglion cell layers
in the fovea consistent with subclinical foveal hypoplasia;
one of these eyes also had a fragmented FAZ.36–38 No other
subjects had foveal hypoplasia. Nineteen eyes had epiretinal
membranes on en face OCT, with none impacting the fovea.

Hyperreflective Puncta

One of the two types of foveal structures identified in this
study is microscopic hyperreflective puncta, located in the
superficial retina in the center of the fovea (corresponding
to the bottom of the foveal pit (Fig. 1). By rater consen-
sus, 28 eyes (74%) had at least one hyperreflective punc-
tum. The presence of these structures is confounded by the
foveal reflex in en face OCT images and cross-sectional OCT
B-scans (Figs. 1A, 1E), but they appear highly reflective in

TABLE 1. Distribution of Subject-Level Characteristics of MS
Subjects Who Completed AOSLO Imaging (n = 20)

Characteristic Distribution

Age (y), median (range) 47 (28–74)
Female gender, n (%) 16 (80)
Race/ethnicity, n (%)
White, non-Hispanic 14 (70)
White, Hispanic 1 (5)
Asian 4 (20)
Black, non-Hispanic 1 (5)

Past optic neuritis in one eye, n (%) 7 (35)
MS phenotype, n (%)
RRMS 13 (65)
SPMS 7 (35)

MS duration (y), median (range) 12 (1–35)
EDSS, median (range) 2 (0–7.5)
Past and present MS modifying therapies, n (%)
1 5 (25)
2 6 (30)
3 4 (20)
4 4 (20)
5 1 (5)

MS modifying therapy (ever; current), n (%)
None 0 (0); 2 (10)
Glatiramer acetate 11 (55); 1 (5)
Interferon 6 (30); 1 (5)
Fingolimod 6 (30); 4 (20)
Dimethyl fumarate 8 (40); 2 (10)
Natalizumab 5 (25); 1 (5)
Rituximab 1 (5); 0 (0)
Ocrelizumab 9 (45); 8 (40)
Alemtuzumab 1 (5); 1 (5)

Arterial pressure (mm Hg), mean (range) 104.2 (88.7–132.7)

confocal AOSLO images (Fig. 1B). Hyperreflective puncta do
not appear in the corresponding non-confocal AOSLO split-
detection images (Fig. 1C) or confocal AOSLO images of
the photoreceptor mosaic (Fig. 1D). Similar structures have
been previously described in subjects both with and with-
out ophthalmic disease.25 In some eyes imaged in this study,
these hyperreflective puncta appear to form a curvilinear
pattern resembling a string of pearls which, to the best of our
knowledge, has not been previously described (Fig. 2A). This
pattern was not distinguishable from the foveal reflex in OCT
images (Figs. 2B, 2C). The hyperreflective puncta measured
1 to 6 μm in diameter and ranged from 0 to 279 puncta per
eye, with their distribution skewed toward the lower amount.
Among the 18 subjects with both eyes imaged, hyperreflec-
tive puncta were seen in both eyes (10 subjects), one eye
(six subjects), and neither eye (two subjects). The number of
hyperreflective puncta was correlated between eyes within
individuals (r = 0.85; P < 0.0005, linear regression). The
number of hyperreflective puncta was not associated with
the presence of epiretinal membranes (P = 0.367). The
subject with subtle foveal hypoplasia in both eyes had hyper-
reflective puncta in the eye with a normal FAZ. There were
no hyperreflective puncta in the eye with a fragmented FAZ.

Scattering Features

The second type of foveal structure is microscopic scatter-
ing features, which are textured, irregularly shaped struc-
tures visible in confocal AOSLO superficial retinal images
of the central fovea (Figs. 3B, 4A, 4D, 4G, 5A, 5C). By rater
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FIGURE 1. Hyperreflective puncta in the FAZ of people with MS. Hyperreflective puncta, small white reflective structures in the FAZ, are
not distinguishable from the foveal reflex in en face OCT images (A), but they are visible in confocal AOSLO images of the superficial retina
(B). Hyperreflective puncta are not visible in split-detection AOSLO images of the superficial retina (C), and there are no associated changes
on confocal AOSLO images of the corresponding photoreceptor mosaic (D). Hyperreflective puncta are not distinguishable from the foveal
reflex in cross-sectional OCT B-scans (E). Yellow arrows demarcate the approximate location and size of the superficial retinal images (A–C),
and black arrows demarcate the approximate location and size of the photoreceptor mosaic (D). Scale bar: 100 μm (A–D); 200 μm (E).

consensus, 22 eyes (58%) had scattering features. The well-
defined outer borders of the scattering features are visible
in non-confocal AOSLO split-detection imaging at the same
depth (Figs. 3C, 4B, 4E, 4H, 5B, 5D). Some of these scat-
tering features exhibit circular sections within their borders
(Fig. 5B). Although the goal of the study was not to examine
the photoreceptors, when viewing the corresponding confo-
cal reflectance AOSLO images of the photoreceptor mosaics
we observed co-localizing dark regions with a shape simi-
lar to that of the scattering features (Fig. 3D). Of the 22
eyes with scattering features, five eyes had photoreceptor
mosaics that were poor image quality or unavailable. Of
the remaining 17 eyes, 82% (14 eyes) had correlated dark
regions with co-localizing scattering features (1 to 182 scat-
tering features per eye, with total area coverage ranging
from 294–81,000 μm2 per eye), and three eyes did not (two
to five scattering features per eye, with total area cover-

age ranging from 325–15,000 μm2 per eye). Other than
these dark regions, the photoreceptor mosaics were qual-
itatively normal. The scattering features can be identified
in en face OCT images in five out of 22 subjects (23%) in
a pattern spatially similar to AOSLO confocal images (Figs.
3A, 4F) but were not distinguishable from the foveal reflex
in the remaining subjects (77%) (Figs. 4C, 4I). The scattering
features were also not distinguishable from the foveal reflex
in OCT B-scans (Fig. 3E). To our knowledge, these scattering
features have not been previously described in the literature
in MS or any other ophthalmic or neurological disease. The
scattering features ranged from 0 to 182 features per eye;
their Feret’s diameters ranged from 5.3 to 122.6 μm, and their
area ranged from 12.9 to 5504 μm2 per feature (Fig. 5C).
This corresponded to a total area of 0 to approximately
81,000 μm2 per eye, and FAZ coverage of 0.05% to 16.1%.
Among 18 subjects with both eyes imaged, scattering
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FIGURE 2. Range of hyperreflective puncta in the foveal pit of a person with MS. (A) Confocal AOSLO image highlights the center of the FAZ
of the superficial retina for better visualization of a moderate number of hyperreflective puncta, as well as hyperreflective puncta resembling
a string of pearls (white arrow). (B) Corresponding en face OCT image of the fovea and foveal reflex and (C) cross-sectional OCT B-scan,
where hyperreflective puncta are not distinguishable from the foveal reflex. Yellow arrows are demarcating the approximate location and
size of the superficial retinal images (A, B). Scale bar: 50 μm (A); 100 μm (B); 200 μm (C).

features were seen in both eyes (six subjects), one eye (eight
subjects), and neither eye (four subjects). The number of
scattering features was correlated between eyes, although
there were prominent outliers (r = 0.92; P < 0.0005, linear
regression). The number of scattering features was also asso-
ciated with the presence of epiretinal membranes (P =
0.004). The subject with subtle foveal hypoplasia had two
scattering features in the eye with a normal FAZ and none
in the eye with a fragmented FAZ.

Overall, 20 eyes (53%) had both hyperreflective puncta
and scattering features (Figs. 4G, 5C), eight eyes had only
hyperreflective puncta (21%), two eyes had only scattering
features (5%), and eight eyes (21%) had neither. The number
of hyperreflective puncta and scattering features were asso-
ciated (P < 0.005, GEE) (Fig. 5F).

Associations Between Microscopic Structures and
Vision

HCVA, a measure of visual acuity, was associated with the
number of hyperreflective puncta (P = 0.03, linear GEE
accounting for age, RNFL) (Fig. 6A). Likewise, HCVA was
associated with the number of scattering features, the total
area of scattering features, and the FAZ coverage of scatter-

ing features (P < 0.0005, GEE) (Fig. 6B). In unadjusted anal-
ysis, HCVA was also associated with age (P < 0.0005, GEE)
but was not associated with retinal atrophy (P = 0.13, GEE,
RNFL), FAZ size (P = 0.06, GEE), or IOP (P = 0.48, GEE). In a
multiple variable model, HCVA remained linearly associated
with number, total area, and coverage of scattering features
(P< 0.0005 for all, GEE accounting for age, RNFL). This asso-
ciation persisted in multiple variable models accounting for
MS duration. The total area of scattering features was not
associated with retinal atrophy (P = 0.37, GEE) (Fig. 6C).

LCVA, a measure of visual acuity and contrast sensitivity
that has shown promise as a visual outcome measure for
MS,43 was not associated with the number of hyperreflective
puncta (P = 0.38, GEE accounting for age, RNFL). However,
LCVA was linearly associated with number, total area, and
coverage of scattering features (P < 0.0005, P = 0.002, and
P = 0.055, respectively; GEE) (Fig. 6D). In unadjusted anal-
ysis, LCVA was not associated with age (P = 0.69, GEE),
RNFL (P = 0.21, GEE), FAZ size (P = 0.60, GEE), or IOP (P
= 0.083, GEE). In a multiple-variable model, LCVA remained
linearly associated with number, total area, and coverage of
scattering features (P < 0.0005, P = 0.002, and P = 0.019,
respectively; GEE accounting for age, RNFL). This associa-
tion persisted in multiple variable models accounting for MS
duration.
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FIGURE 3. Scattering features in the FAZ of people with MS.White arrows highlight examples of scattering features in an en face OCT image
of the fovea (A) and a confocal AOSLO image of the superficial FAZ (B). (C) Corresponding split-detection AOSLO image of the superficial
retina with scattering features (white arrows highlight examples) and (D) corresponding confocal AOSLO image of the photoreceptor mosaic
with dark regions (shadows) (white arrows highlight examples) that co-localize with the scattering features. (E) Cross-sectional OCT B-scan
shows that the scattering features are not distinguishable from the foveal reflex. Yellow arrows demarcate the approximate location and size
of the superficial retinal images (A–C), and black arrows demarcate the approximate size and location of the photoreceptor mosaic (D).
Scale bar: 100 μm (A–D); 200 μm (E).
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FIGURE 4. Range of scattering features in the FAZ of people with MS. AOSLO images of the superficial retina of three different eyes show
few scattering features (A–C), moderate scattering features (D–F), and many scattering features along with hyperreflective puncta (G–I). The
left column contains AOSLO confocal images, and the middle column contains the corresponding AOSLO split-detection images. The right
column contains en face OCT images highlighting the fovea. Scale bar: 100 μm.

Associations Between Microscopic Structures and
MS Disease Characteristics

Exploratory analyses among the number of AOSLO foveal
structures and subject demographics, multiple sclerosis
disease characteristics, and ophthalmic parameters showed
that the number of hyperreflective puncta was not associated
with MS duration, severity, current MS treatment, or previous
medications (Table 2). Hyperreflective puncta number was
also not associated with ganglion cell injury (RNFL thick-
ness) but was associated with IOP, blood pressure, and axial
length (Table 2).

The number of scattering features was associated with
multiple parameters of advanced MS disease, including age
(Table 2, Fig. 7A). Furthermore, the number of scattering
features was associated with having been treated with more
medications overall (Table 2, Fig. 7B). Scattering features
were associated with current ocrelizumab treatment, previ-
ous fingolimod treatment, and past or present dimethyl

fumarate treatment. Additionally, the number of scattering
features was associated with larger FAZ area and the pres-
ence of epiretinal membranes, and it was inversely asso-
ciated with ganglion cell injury. The number of scatter-
ing features was not associated with variables impacting
ophthalmic perfusion. FAZ area was not associated with
measures of MS severity, including duration and disability
(P = 0.32 and P = 0.74, respectively; GEE models account-
ing for age).44 In models of number of scattering features
accounting for epiretinal membrane presence, the number
of scattering features remained associated with MS duration
(P < 0.0005) and disability (EDSS, P = 0.02).

DISCUSSION

We showed the presence of two types of superficial retinal
structures in people with MS, which we term hyperreflective
puncta and scattering features. To the best of our knowl-
edge, this study is the first to assess foveal superficial retinal
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FIGURE 5. Shape and size distribution of the scattering features. (A) Confocal and (B) split-detection AOSLO superficial retina images of
large scattering features show inner structural detail. (C) Confocal and (D) split-detection AOSLO superficial retina images show smaller,
clustered scattering features. Hyperreflective puncta are also seen in (C). Scale bar: 25 μm. (E) Histogram shows size distribution (Feret’s
diameter, in μm) of the scattering features across all eyes. (F) Distribution and relationship between number of scattering features and
number of hyperreflective puncta. Each marker represents one eye, and the marker symbol indicates MS phenotype, either RRMS (circle)
or SPMS (cross).

changes correlating with visual impairment in these subjects
using AOSLO imaging.

The hyperreflective puncta have been previously
reported in subjects both with and without neurological
and ophthalmic disease using AOSLO imaging. Scoles et
al.25 found “punctate reflective structures” that measured 3
to 5 μm in diameter (n = 51). We found the hyperreflec-
tive puncta in our study to have a similar size. We did not
find an association between hyperreflective puncta number
and MS disease characteristics, supporting the hypothesis
of previous investigators that these hyperreflective puncta
are not a consequence of disease. Scoles et al.25 reported
that punctate reflectivity lining the superficial surface of the
foveal pit was more common in normal subjects over 30
years of age. We did not find an association between hyper-
reflective puncta number and increasing age, although our
youngest subject was 28 years. Overall, these data suggest
that we are likely observing the same features that have
been described in the literature. Interestingly, we did see
associations between hyperreflective puncta and ophthalmic
parameters (IOP, mean arterial pressure, and axial length)
that hint at a possible contribution of the local ophthalmic
environment. Although not unique to MS, vascular disease is
known to be associated with worse MS outcomes.45 Because
hyperreflective puncta are correlated with perfusion and
blood pressure, they may be an imaging biomarker for
vascular risk factors, the modification of which may modu-
late MS disease activity.

Scoles et al.25 also observed hyperreflective puncta in and
near structural lesions on the inner surface of the retina
or just deep in the ganglion cell layer in subjects with
rubella retinopathy and achromatopsia. We observed the
puncta to be spatially adjacent to the scattering features in
our subjects; only two eyes with scattering features lacked

puncta (5%), whereas eight eyes with puncta lacked scatter-
ing features (21%), suggesting that the presence of puncta
might precede scattering features. Interestingly, Scoles et
al.25 noted that the puncta they observed in normal subjects
did not shift noticeably over 18 months, but the puncta asso-
ciated with other structural lesions did change location. This
observation deserves future study, particularly in the MS
subjects that have both hyperreflective puncta and scattering
features.

To our knowledge, we are the first to report the presence
of scattering features at the level of the superficial retina
in the FAZ of people with MS or any other disease. These
textured features are visible in both reflectance confocal and
split-detection AOSLO images and are visible in approxi-
mately 23% of en face OCT images; consequently, we were
not able to predict the presence of scattering features in
AOSLO images based on the en face OCT images or vice
versa. Scattering features are associated with several mark-
ers of advanced MS disease including disability, advanced
disease phenotype (SPMS), exposure to more MS disease-
modifying therapies, and longer disease duration. Because
age is tightly correlated with MS progression, its association
with scattering features can also be considered to support
these features as markers of advancing MS, although a study
including age-matched healthy controls is needed to confirm
this observation. Although a medication effect is possible,
we believe that the association between the number of
scattering features and ocrelizumab is due to this medica-
tion being utilized in people with more advanced disease.
The negative association between scattering features and
fingolimod exposure is interesting, as this class of medi-
cations (S1P inhibitors) has clinical effects on the macula,
including thickening and in some cases cystoid macular
edema.46 Interestingly, the number of scattering features is
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FIGURE 6. Relationship between AOSLO FAZ features and vision in people with MS. (A) Number of hyperreflective puncta compared with
HCVA (ETDRS, number of letters seen). (B) Total area of scattering features (μm2) compared with HCVA (ETDRS, number of letters seen).
(C) Total area of scattering features (μm2) compared with peripapillary RNFL thickness (μm), a measure of ganglion cell atrophy. (D) Total
area of scattering features (μm2) compared with LCVA (number of 2.5% contrast letters seen). Each marker represents a single eye. Marker
style represents the MS phenotype of the subject, either RRMS (circle) or SPMS (cross).
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TABLE 2. Association Among Number of Features, Subject, and Eye Variables (Negative Binomial GEE Models Accounting for Within-Subject
Correlation Between Eyes)

Hyperreflective Feature Number (P) Scattering Feature Number (P)

Demographics
Older age* 0.12 <0.0005
Female gender 0.535 <0.0005
Non-white, non-Hispanic race <0.0005 0.14

Multiple sclerosis
Longer MS duration* 0.53 <0.0005
Higher disability* 0.99 0.001
SPMS phenotype 0.59 <0.0005
MS medication exposure (number) 0.80 <0.0005

Current medication
Not fingolimod 0.77 <0.0005
Ocrelizumab 0.30 0.0002

Medication exposure
Not glatiramer 0.47 0.007
Interferon 0.17 0.69
Fingolimod 0.30 0.14
Dimethyl fumarate 0.98 0.001
Natalizumab 0.39 0.087
Ocrelizumab 0.50 0.004

Ophthalmic
Lack of optic neuritis 0.77 0.003
Thicker RNFL* 0.21 0.046
Bigger FAZ area* 0.49 <0.0005
Epiretinal membrane 0.37 0.004
Higher IOP* 0.027 0.007
Axial length* 0.011 0.51
Higher mean arterial pressure* <0.0005 0.23

*Indicates variables that were modeled as continuous; all other variables were modeled as dichotomous.

inversely associated with markers of ganglion cell injury in
MS, including RNFL thinning and optic neuritis. This find-
ing is unexpected based on other associations we found
with markers of advanced disease. This inverse association
raises the possibility that the basis of scattering features
may be related to a lack of atrophy of ganglion cells, possi-
bly through cause or effect. One possible explanation for
the association between both number and area of scatter-
ing features and the size of the FAZ is that the density of
scattering features in the FAZ is comparable across subjects.
However, coverage is also associated with FAZ size, suggest-
ing another possible mechanism in driving development or
lack of clearance of these features. Interestingly, FAZ size
was not associated with markers of advanced MS.

Importantly, the number and area of the scattering
features were correlated with a decrease in visual acuity,
as measured by both HCVA and LCVA. This correlation
persisted after accounting for age, RNFL thinning, and MS
duration. These relationships, along with the lack of a corre-
lation between the presence of scattering features and RNFL
thinning, suggest that changes in visual acuity are inde-
pendent from the visual changes associated with ganglion
cell loss that are well described in MS. Teasing out the
relative contributions of ganglion cell injury and scatter-
ing features will require larger sample sizes. Although it is
possible that the presence of the features is a marker for
visual pathway injury mediating the vision loss, we find
evidence for a causal relationship in our results. The scat-
tering features often co-localize with dark regions in the
photoreceptor mosaic, suggesting that the scattering features
can cast shadows on the photoreceptors. This phenomenon
is similar to the shadow cast by retinal blood vessels, which

microperimetry has shown to be associated with decreased
retinal sensitivity.47 This leads us to hypothesize that these
shadows may be impacting vision in this critical part of the
retina. Given that 1 degree of visual angle corresponds to
approximately 300 μm on the retina, a 20/20 letter (5′ arc)
projects on 25 μm of retina with details projecting on 5 μm of
retina.48 Thus, the smallest scattering features are sufficient
to block part of a 20/20 letter, and the largest can block
multiple 20/20 letters. Simulated microscotoma work has
shown that random 2.5-μm microscotomas occupying >50%
of a 20/20 letter reduce correct identification below 75%.49

However, larger microscotomas of the sizes corresponding
to the scattering features have not been studied to date. The
threshold for single scotomas impeding reading corresponds
to the size of a saccade.50 For our BCVA task, we would
expect this threshold to be about one letter, which is less
than the size of the smallest scattering feature. Interrogating
of focal visual thresholds using AO microperimetry would
allow investigation of this hypothesis.51 Because we did not
record fixation, we are unable to assess the normality of the
cone distribution at the subjects’ fixation location,52,53 but
this could be an important area of future research. However,
it is interesting to note that the scattering features were not
preferentially located in the central fovea but rather were
spread throughout the FAZ.

The cross-sectional AOSLO imaging in this study did
not allow us to test whether the discovered structures are
living cells or inanimate deposits. Both occur in the FAZ,
where cellular constituents are limited to photoreceptors
and Müller microglia,54 except in one subject who had
subclinical foveal hypoplasia.36–38 Consequently, the hyper-
reflective puncta, which do not appear to be specific to
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FIGURE 7. Relationship among scattering features, MS, and demo-
graphic parameters. (A) Subject age compared with number of scat-
tering features. Each marker represents one eye. Marker symbol
indicates subject gender, either female (circle) or male (diamond).
(B) Number of past or present MS medications (disease-modifying
therapies) compared with the number of scattering features. Each
marker represents one eye. The marker symbol indicates the MS
phenotype, either RRMS (circle) or SPMS (cross).

MS, have been hypothesized to be Müller cell endfeet,55 as
these are present at the superficial retina, or melanin gran-
ules.25 On the other hand, the scattering features may relate
to inflammation or degeneration in MS. One possibility is
that the scattering features are microglia, which contribute
to homeostasis in the healthy retina but can also respond to
pathological conditions.56 The retina also has a population
of resident CD11b+ dendritic cells that can become acti-
vated under inflammatory conditions and may migrate to
the FAZ.57 Another possibility is immune cells that infiltrate
the tissue during neuroinflammatory conditions.58 For exam-
ple, Castanos et al.59 recently imaged hyaloctyes, the resident
macrophages of the vitreous, on the surface of the ILM using
OCT. Hyalocytes have been described to have roles in retinal
pathology.60,61 However, as previously described, the scatter-
ing features are irregularly shaped, some with internal circu-
lar substructures along with extending processes, but they
do not have classic dendriform morphology. Possibilities for
inanimate deposits may be damage resulting from inflamma-
tion, as inflammation in the retina has been shown to result
in phagocytosing microglia along with swollen and degen-
erating neurites in Henle’s fiber layer, which is the approx-
imate location of the abnormal structures in our AOSLO
superficial retinal images.62 Longitudinal imaging will aid
in making the distinction between cellular and inanimate
structure composition. If the features are living cells brought
to the foveal pit due to a perturbed microenvironment or
are resident microglia, we would expect them to shift their

location and morphology over the course of time. Ex vivo
work including immunohistochemistry also offers promise
for elucidating the composition of the structures.

Our study has several limitations, including the sample
size, which limited the extent of statistical associations,
particularly the number of variables, that could be consid-
ered simultaneously in multiple-variable models. Addition-
ally, as our study did not have healthy controls, it is difficult
to draw conclusions about the age-related findings.

In summary, we report microscopic foveal structural
changes in the superficial retina of people with MS.
Hyperreflective puncta do not appear to be specific to
MS. Their number was associated with parameters related
to ophthalmic perfusion but was not associated with
MS disease parameters. Scattering features in the fovea,
however, were associated with parameters corresponding
to more advanced MS disease, suggesting that they may
be related to MS progression. Interestingly, the scattering
features were not associated with ganglion cell atrophy but
were associated with visual function, suggesting a ganglion
cell–independent role in decreased vision in people with MS.
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