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PURPOSE. The purpose of this study was to characterize age-related changes in anterior
human vitreous with 3-D swept source optical coherence tomography (SS-OCT) and
evaluate associations with axial length (AL) and contrast sensitivity function (CSF).

METHODS. There were 49 phakic eyes in 49 patients (40.0 ± 19.3 years) had 3-D volu-
metric scanning of the lens and retrolental vitreous with SS-OCT at 1050 nm. OCT-
derived indices of vitreous optical density (VOD), vitreous opacification ratio (VOR),
and lens optical density (LOD) were correlated with AL and double-pass assessment
of retinal point spread function (Objective Scatter Index [OSI]). CSF was measured
using an adaptive-optics visual simulator (area under log-log contrast sensitivity func-
tion [AULCSF]).

RESULTS. Vitreous SS-OCT detected gel vitreous, liquefied lacunae, Berger’s space, retro-
lental laminae, and fibrous opacifications. VOD, VOR, and LOD showed high reproducibil-
ity (intraclass correlation coefficients 0.968, 0.975, and 0.998, respectively). VOD was
highly correlated with VOR (Pearson’s R = 0.96, P < 0.000001). VOD, VOR, and LOD
correlated with age (R = 0.48, 0.58, and 0.85, P < 0.001 for each). VOR and LOD corre-
lated with OSI (R = 0.36, P = 0.0094, and R = 0.36, P = 0.0096, respectively). VOR
correlated negatively with AULCSF (R = −0.53, P < 0.00009), which was related to OSI.
Myopic eyes had higher OSI than nonmyopic eyes (P = 0.0121), consistent with corre-
lation between OSI and AL (R = 0.37, P = 0.0091). Multivariable regression confirmed
these findings.

CONCLUSIONS. SS-OCT visualized microstructural features of anterior human vitreous,
where opacification is associated with increased light scattering and CSF degradation.
SS-OCT enables high-resolution optical evaluation of vitreous opacities.

Keywords: vitreous, optical coherence tomography (OCT), aging, contrast sensitivity,
opacification

The vitreous body is a hydrophilic gel located between
the crystalline lens and retina, constituting the largest

volumetric component of the human eye. In youth, vitre-
ous is optically transparent, composed mostly of water, with
a very low concentration of macromolecules (collagen and
hyaluronan) providing structural support to the globe and
stability during rapid eye movements and strenuous physi-
cal activity.1 Optical transparency of the vitreous body is the
result of specific organization of these molecular compo-
nents. As a repository for anti-oxidants and a pathway for
nutrients utilized by the crystalline lens, ciliary body, and
retina, vitreous is important in ocular physiology, especially
as it relates to intra-ocular oxygen metabolism.2,3

Aging of the vitreous body is characterized by fibrous
degeneration with gel liquefaction.4,5 Fibrous vitreous lique-
faction results from molecular changes causing dissocia-
tion of collagen from hyaluronan, forming liquid vitre-

ous (water molecules bound to hyaluronan) and cross-
linking of collagen into visible fibers.6,7 In the presence
of myopia, these changes appear earlier in life, and in
direct proportion to the degree of axial myopia.8,9 Conse-
quently, vitreous structure becomes more heterogeneous
with the formation of liquefied pockets called lacunae
and aggregation of collagen fibrils into larger fibers that
present clinically as opacities, which cause the disturb-
ing visual phenomenon of “floaters.”4,10 Fibrous vitreous
liquefaction not only introduces structural heterogeneity,
but also promotes posterior vitreous detachment (PVD), a
common cause of increased intra-ocular light scattering11

and floaters, at times with degradation of contrast sensitiv-
ity function.11–13 At this point, the condition attains clinical
significance and is called “vision degrading myodesopsia.”14

Apart from age, other factors contributing to fibrous vitreous
liquefaction/degeneration include diabetic vitreopathy,15
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inflammation,16 and myopic vitreopathy,9 the latter asso-
ciated with increased incidence of PVD. Persistent vitreo-
retinal adhesion can induce anomalous PVD resulting in
vitreo-macular traction syndrome, retinal tears, and detach-
ment,7 at times splitting of the posterior vitreous cortex
(vitreoschisis),17 contributing to premacular membranes
with macular pucker and macular hole formation.5,14,18

Anterior vitreous opacification can also occur, particu-
larly after surgical interventions of the posterior lens.19–21

What is not known, however, is whether anterior vitreous
changes are associated with central/posterior fibrous lique-
faction/degeneration and vision degrading myodesopsia.

The optical properties of the vitreous body that make it
transparent, render vitreous as one of the most challeng-
ing of all ocular structures to visualize. Attempts to date
were mostly limited to slit-lamp biomicroscopy, ophthal-
moscopy, B-scan ultrasonography, and magnetic resonance
imaging.10,22–28 Optical coherence tomography (OCT) is an
imaging modality that has become a standard method in the
diagnosis of retinal disorders.29 Current clinical OCT tech-
nology uses either a broadband light source and a spec-
trometer (spectral-domain OCT [SD-OCT]) or a wavelength-
tunable light source and a high-speed point detector (swept
source OCT [SS-OCT]). Due to the high sensitivity of OCT
compared with other optical imaging technologies, OCT
has demonstrated effective visualization of the posterior
vitreous,30–32 but not the central or anterior vitreous. The
approach called enhanced vitreous imaging (EVI) enables
better insight into vitreous degeneration and posterior vitre-
ous detachment,33–37 but still has limitations in imaging the
entire vitreous body. Recent advances in tunable lasers and
high-speed electronics enable imaging of the entire length
of the eye.38 To date, OCT imaging of the anterior vitreous
has been limited to studies of Berger’s space in cases associ-
ated with posterior lens capsule surgery (e.g. capsulorhexis
and capsulotomy).21,39,40

The aim of this study is to image the retrolental (ante-
rior) vitreous with 3-D high-resolution SS-OCT, and to study
the associations of those changes with age, axial length, and
vision, specifically contrast sensitivity function. We describe
micro- and macroscopic structural features of aging retro-
lental vitreous as well as the vitreo-lenticular interface,
and perform quantitative analysis of retrolental vitreous
opacification in relation to the loss of transparency of the
crystalline lens. Furthermore, we investigate associations
between intra-ocular light scattering in the crystalline lens
and in the retrolental vitreous with the contrast sensitivity
function.

METHODS

This cross-sectional observational study was approved by
the Institutional Ethics Committees at the University of
Murcia (Murcia, Spain) and at the Nicolaus Copernicus
University (Torun, Poland) and adhered to the tenets of
the Declaration of Helsinki. Each participant was informed
about the nature of the study, and informed consent was
obtained prior to the measurements. In the cases of enrolled
children, written informed consent was given by the parents
or guardians. The protocol excluded subjects with previ-
ous eye surgery. No eye dilation was induced during the
measurements, which were conducted under dimmed room
lighting to avoid possible pupil constriction.

Ocular Biometry, Eye Aberrations and
Measurement of Intraocular Scattering

Ocular biometry was performed with optical biometer based
on optical low-coherence reflectometry (Lenstar, Haag-Streit
AG, Switzerland). The wavefront aberrations of the eye and
contrast sensitivity measurements were obtained with a clin-
ical adaptive optics visual simulator (VAO, Voptica S.L.,
Spain).41,42 Objective scatter index (OSI) was determined
from double-pass retinal point spread function (PSF) images
(OQAS HD Analyzer, Visiometrics, Spain).43,44

OCT Imaging

OCT imaging was performed with a prototype SS-OCT
instrument operating at the central wavelength of 1050 nm
(bandwidth 110 nm) and at the sweep rate of 50 kHz.45

The power of the probing light beam at the cornea (1.9
mW) did not exceed American National Standard Institute
(ANSI) standards. The measured axial and transverse reso-
lutions in air were 9 μm and 43 μm, respectively. The light
source and optical detection characteristics enabled mini-
mization of the signal drop with depth. The interface of the
system was designed to achieve high sensitivity of 103 dB
and low sensitivity drop with depth (−6 dB at 11 mm and
−20 dB at 22 mm), which was crucial to detect photons scat-
tered by vitreous. Similar to enhanced depth imaging for
choroidal visualization in standard SD-OCT systems,46 the
objective lens of the SS-OCT instrument was moved closer
to the eye so that the focal plane of the scanning beam was
positioned slightly behind the posterior surface of the crys-
talline lens to maximize light collection efficiency from the
anterior vitreous (Fig. 1A). Moreover, we set the length of
the reference arm to place the vitreous close to zero delay
line (ZDL) in OCT images (Fig. 1B). Thus, optimization of
instrument speed, detection system interface, focal plane,
and tuning of the reference arm length augmented instru-
ment sensitivity to allow for high-resolution in vivo vitre-
ous imaging. The signal in OCT cross-sections was displayed
in logarithmic scale to account for the large dynamic range
of light backscattered from anterior segment structures and
vitreous. In particular, the contrast window was adjusted to
enhance vitreous visualization in the same way for all OCT
images.33

OCT Data Postprocessing and Quantitative
Analysis

Three SS-OCT data sets were acquired for each subject’s
eyes. The 3-D volumetric data sets of the anterior segment
and retrolental vitreous contained 300 × 300 A-scans and
covered the area of 8 × 8 mm2 of the pupil plane. Acquisition
time of the single cubic scan was less than 2 seconds. Motion
correction of involuntary eye movements was performed
in axial and transverse directions in postprocessing. First,
the axial eye motion was detected by delineating the poste-
rior lens capsule interface using the Sobel filter of Gaus-
sian blurred cross-sections. Differences of detected motion-
corrupted interface and best paraboloid fit were used to
correct for axial eye motion. Next, transverse motion correc-
tion was based on masking the pupil area and shifting the
B-scans to obtain circular shape of the pupil. Subsequently,
crystalline lens interfaces were segmented in a motion-free
data set to define two regions of interest: crystalline lens
(the space between the anterior and posterior capsules of
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FIGURE 1. Imaging/quantitative analysis of retrolental vitreous and assessment of contrast sensitivity. (A) Schematic representation of the
region of interest for the study. The red rectangle indicates the region evaluated with SS-OCT that includes the iris, the crystalline lens, and
the retrolental vitreous. (B) Example of a cropped volumetric OCT dataset 8 × 8 × 8 mm3 (300 A-scans × 300 B-scans × 1200 pixels): ZDL
= zero delay line. (C) Central cross-sectional image with colored morphological structures: CL = crystalline lens, I = iris, AV = anterior
vitreous. Scale bar = 1 mm. (D) Zoomed cross-section of the anterior vitreous with hypo-reflective liquefied region. (E) En face maximum
intensity projection (MIP) of the anterior vitreous from 2-mm thick slab behind the posterior lens capsule. The depth of the signal was color
coded. T = temporal, N = nasal, S = superior, I = inferior. Scale bar = 1 mm. (F) Contrast sensitivity function presented in log-log scale.
AULCSF = area under the log-log contrast sensitivity function highlighted in red. This was from a 48 year old subject, OD.

the lens, blue in Fig. 1C) and anterior vitreous (the 2 mm
thick slab behind the posterior lens capsule, pink in Fig. 1C).
OCT signals (in linear scale) were averaged in both regions
of interest to determine vitreous optical density (VOD) and
lens optical density (LOD). Zoomed OCT images demon-
strated vitreous opacifications (Fig. 1D). Accordingly, the
region of anterior vitreous was also thresholded (>78 dB) to
yield hyper-reflective (hyperlucent) regions corresponding
to opacities. The total number of thresholded voxels normal-
ized to the total volume of the anterior vitreous defined vitre-
ous opacification ratio (VOR). This parameter yields values
between zero (no opacification above set threshold) and one
(totally opacified). All proposed parameters were calculated
automatically from 3-D OCT data sets using custom designed
software prepared in Python programming language, and
three measurements from each eye were averaged. Further-
more, the anterior vitreous slab was used to generate maxi-
mum intensity projection, in which the depth of the maxi-
mum intensity voxel below posterior lens interface was color
coded (Fig. 1E).

Assessment of Contrast Sensitivity Function

The contrast sensitivity function (CSF) was determined
based on the fringes with a calibrated contrast presented
to the subject by a previously described visual simulator.47

The CSF was plotted versus target spatial frequency in log-
log scale (Fig. 1F), and the area under the log-log contrast
sensitivity function (AULCSF) was calculated.

Statistical Analyses

Although both eyes were measured in each subject, one eye
in each subject was randomly selected for statistical analy-
ses to avoid the bias of the bilateral eye correlation. Statis-
tical analysis included reproducibility assessment, correla-
tion analysis, and regression. The reproducibility of defined
parameters (i.e. VOD, VOR, and LOD) was evaluated using
one-way analysis of variance with a random-effects model
and expressed with intraclass correlation coefficient (ICC).
The ICC was tested for statistical significance and 95% confi-
dence interval (95% CI) of ICC was determined. Pearson’s R
correlation coefficient was calculated for extracted parame-
ters and statistical significance (P value) threshold was set
at α = 0.05.

The data were also stratified by axial length (AL), and
two subgroups were selected to determine any differences
in measured and calculated parameters: nonmyopic eyes (AL
< 23 mm) and myopic eyes (AL > 25 mm). The normality
of distribution was tested using Shapiro-Wilk normality test.
The differences between normally distributed variables were
analyzed with the t-test for independent samples. When the
data were not normally distributed, the differences were
tested using the Mann-Whitney test.

To identify independent associations between measured
and calculated parameters and to compensate for confound-
ing, forward stepwise linear regression analysis was
conducted with R 4.0.2 (R Foundation, Vienna, Austria).
Variables with non-normal distributions (the Shapiro-Wilk
test and histogram inspection) were transformed using the
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FIGURE 2. Characteristic features of retrolental vitreous in 3-D SS-OCT images. Cross-sectional images and projection images of the anterior
vitreous. (A) From a 17 year old subject, OD. (B) From a 29 year old subject, OS. (C) From a 40 year old subject, OS. (D) From a 47 year
old subject, OD. (E) From a 47 year old subject, OS. (F) From a 58 year old subject, OD. (G) From a 71 year old subject, OS. (H) From
a 78 year old subject, OD. Dashed lines represent section direction. White arrows indicate laminar structures. The red arrow indicates the
Berger’s space. The yellow arrows denote fiber-like opacities. The yellow asterisks indicate lacunae with liquid vitreous. The white asterisks
correspond to the gel vitreous. T = temporal, N = nasal, S = superior, I = inferior. Scale bar = 1 mm.

Tukey’s ladder of powers (rcompanion version 2.3.25).
Linear models were fitted with forward stepwise variable
selection using MASS 7.3–51.6 and β coefficients were
obtained with lm.beta 1.5-1. Adjusted R-squared (aR2) were
also calculated. To minimize collinearity, only the follow-
ing variables were included: VOD, VOR, LOD, age, AL, and
AULCSF.

RESULTS

This study included 49 phakic eyes of 49 subjects (25 men
and 24 women; mean age = 40.0 ± 19.3 years, age range =
9–78 years). The mean sphere was −1.0 ± 2.2 D (range =
−9 D to +3.75 D), and the mean cylinder was −0.60 ± 0.55
D (range = −2 D to 0 D). The mean axial eye length was
23.90 ± 1.05 mm (range = 22.06 mm to 26.16 mm).

SS-OCT successfully obtained volumetric scans of the
entire anterior segment, including retrolental vitreous in all
subjects. Figure 2 demonstrates cross-sections and corre-
sponding vitreous projection images of the anterior vitre-
ous in subjects of different ages. A number of anterior
vitreous microstructural features could be distinguished on
OCT imaging. The signal above the background can be
referred to as gel vitreous, which results from the presence
of light-scattering vitreous macromolecules (white aster-
isks in Figs. 2G, 2H). Laminar structures were visible in
33 out of 49 eyes (67%). OCT images revealed that the
laminae had different shapes: flat, plicated, or irregularly
corrugated (white arrows in Figs. 2A, 2E–2H, respectively),
and do not occupy the entire pupil area. In the case
presented in Figure 2A, the space between the crystalline
lens and the lamina forms Berger’s space (red arrow in Fig.
2A). Moreover, numerous hyper-reflective spots in OCT
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TABLE 1. Pearson’s Correlation and P Value Between the Studied Parameters

The 95% confidence intervals are reported in the square brackets.
AULCSF, area under log-log contrast sensitivity function; AL, axial eye length; OSI, Objective Scatter Index; VOD, vitreous optical density;

VOR, vitreous opacification ratio; LOD, lens optical density.
Asterisks indicate statistical significance.

cross-sectional images represent opacities in the retrolental
vitreous (e.g. yellow arrows in Figs. 2B, 2D). Better insight
into opacity architecture can be obtained from projec-
tion images, which reveal that those “spots” are actually
networks of fibers. In some cases, the fibrous opacifica-
tions surround extremely hyporeflective zones (with the
signal at the level of background), which can be identi-
fied as the lacunae of liquefied vitreous (yellow asterisks in
Figs. 2B–D, 2F–H).

Quantitative analysis of the OCT data was based on calcu-
lating three indices that assess scattering in vitreous (VOD)
and the crystalline lens (LOD), as well as the degree of vitre-
ous opacification (VOR). ICCs calculated for VOD, VOR, and
LOD were 0.968 (95% CI = 0.950–0.981), 0.975 (95% CI =
0.960–0.985), and 0.998 (95% CI = 0.997–0.999), respec-
tively. Statistical significance of ICC was obtained for all
values of ICC (P < 10−64).

The images in Figure 2 are ordered according to subject
age. Visual inspection of the images shows increasing light
scattering in both the anterior vitreous and the crystalline
lens with age. The results of correlation analysis are summa-
rized in Table 1, and selected correlation plots are shown
in Figure 3.

Statistically significant correlations were found between
OCT-based parameters (VOR, VOD, or LOD) and age (R
= 0.58, 0.48, and 0.85, respectively, P < 0.001), mean-
ing that structural changes within the crystalline lens and
anterior vitreous are strongly related with age (Figs. 3A–
C). However, the plots in Figures 3A and 3C show that a
nonlinear regression (applied as locally estimated scatter-
plot smoothing method [LOESS]) better describes this rela-
tion (as indicated by residual standard error: in Fig. 3A 1.415
for linear model versus 1.297 for LOESS; in Fig. 3C 0.083 for
linear model versus 0.076 for LOESS). The mean signal of
the crystalline lens (LOD) was usually 2 to 3 times higher
than that of the anterior vitreous (VOD). In addition, the
VOD correlated very strongly with the VOR (R = 0.96, P <

10−6). The results also indicate a strong correlation between
OCT signals in the lens (LOD) and the vitreous (VOD or
VOR), with R = 0.70, P < 10−5 (Fig. 3D) and R = 0.75, P <

10−5, respectively. It is important to note that we detected
no correlation of AL with either VOD or VOR (R = 0.14,
P = 0.33 and R = 0.15, P = 0.29, respectively). The OSI
correlated with VOR (R = 0.36, P = 0.0094) and LOD (R =
0.36, P = 0.0096) but not with VOD (R = 0.27, P = 0.0554;
Fig. 3E).
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FIGURE 3. Correlation plots of vitreous and lens densities with age and each other. There are statistically significant positive correlations
between age and vitreous density (VOD) (A), lens optical density (LOD) (B), and vitreous opacity ration (VOR) (C); A and C with locally
estimated scatterplot smoothing (LOESS) with a span of 1 to obtain curves optimally fitting the data (dotted curves). Vitreous density also
correlated positively with lens density (D), and objective scatter index (OSI) (E), as well as negatively correlated with contrast sensitivity
function (AULCSF) (F), meaning that with increasing vitreous density (VOR) there was degradation of contrast sensitivity function. 95%
confidence interval bands are shown in grey.

TABLE 2. Assessment of Differences of Measured Parameters in Myopic and Nonmyopic Eyes

Parameter Nonmyopic Eyes AL < 23 mm (n = 10) Myopic Eyes AL > 25 mm (n = 6) P Value

Age, y 32.4 ± 22.1 41.5 ± 12.2 0.3721
Sphere (D) 0.72 ± 1.36 -4.75 ± 1.87 0.0017*

AL (mm) 22.29 (22.11–22.85) 25.72 ± 0.43 0.0014*

VOD (au) 32.05 ± 0.71 32.71 ± 2.04 0.3571
VOR 0.06 ± 0.04 0.083 (0.031–0.092) 0.5622
LOD (au) 71.1 ± 14.5 76.3 ± 14.4 0.4970
OSI 0.4 (0.3–0.4) 1.23 ± 0.80 0.0121*

AULCSF 2.36 ± 0.17 2.17 ± 0.20 0.0619

Data are given as mean ± standard deviation or median (Q1–Q3). AL, axial eye length; VOD, vitreous optical density; VOR, vitreous
opacification ratio; LOD, lens optical density; OSI, Objective Scatter Index; AULCSF, area under log-log contrast sensitivity function.

* Asterisk indicates statistically significant difference.

The AULCSF demonstrates rapid CSF degradation with
spatial frequency (lower AULCSF indicates CSF degradation).
The results revealed that AULCSF negatively correlated with
all other parameters and that association with vitreous opaci-
fication (VOR) was the most pronounced (R = −0.53, P = 9
× 10−5), as shown in Figure 3F.

Myopic eyes had higher OSI than nonmyopic eyes (P
= 0.0121), which is consistent with observed correlation
between OSI and AL in the entire study population (R
= 0.37, P = 0.0091; see Table 1). No statistically signif-
icant differences in VOD, VOR, LOD, or AULCSF were
detected between myopic and nonmyopic subgroups (Table
2), however, this may be due to the small sample sizes (n
= 10 nonmyopic and 6 myopic subjects) in these subgroup
analyses.

Regression analysis was performed to control for
confounding effects and assess independent variables. Multi-
variable regression confirmed a strong independent asso-
ciation between age and lens opacification (LOD; adjusted
R2 = 0.77, P = 9.10 × 10−13, and age β = 0.64, P = 2.66
× 10−8). Vitreous opacification (VOD) was linked to lens
opacification (LOD) alone and not age (VOD aR2 = 0.39, P
= 7.76 × 10−5, LOD β = 0.88, P = 1.37 × 10−4) and a simi-
lar result was obtained for vitreous opacification ratio (VOR
aR2 = 0.48, P = 3.49 × 10−6, and LOD β = 0.84, P = 8.33
× 10−5). However, a model including untransformed data
suggested that age might also independently associate with
anterior vitreous opacification (VOD). Furthermore, AULCSF
was linked to OSI (AULCSF aR2 = 0.30, P = 1.76 × 10−3, and
OSI β = −0.34, P = 3.11 × 10−2).
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DISCUSSION AND CONCLUSIONS

Extensively detailed, in vivo SS-OCT imaging of retrolental
(anterior) vitreous uncovered the rich and underexplored
landscape of its morphology. We demonstrate age-related
structural alterations of not only the anterior vitreous, but
also the vitreo-lenticular interface, and quantify positive
correlation between the vitreous and lens opacifications.
Previous studies using dark-field slit microscopy qualita-
tively characterized age-related changes in vitreous struc-
ture,4 whereas ultrasonography established this relationship
quantitatively.13 To date, OCT imaging of the anterior vitre-
ous has been confined to the identification of Berger’s space
in a series of case reports,20,21,39,40 and was never used to
perform quantitative analysis of vitreous structure here or
anywhere in the vitreous body. Although alterations in the
posterior vitreous and at the vitreo-retinal interface can be
imaged by OCT, even a change as profound as posterior
vitreous detachment cannot be accurately diagnosed with
conventional OCT imaging.48 Furthermore, the study of the
anterior vitreous was previously hindered by technological
problems, which we resolved in this investigation.

In the present study, several features of OCT were used
to overcome limitations of other diagnostic methods to
assess the anterior vitreous. First, slit-lamp examination only
provides a 2-D cross-sectional view, and not a 3-D scan.
Second, the near infrared light source used in SS-OCT instru-
mentation (∼1 μm) does not induce pupillary constriction
and allows scanning large pupil areas at high resolution
without mydriatic drops. Third, whereas B-scan ultrasonog-
raphy has advantages over OCT in terms of the imaging
range that permits investigation of the full depth of the
vitreous body, ultrasound has limited resolution, and the
measurement requires contact of the instrument with the
eye, or at least the eyelid. Volumetric 3-D SS-OCT imag-
ing supports different data visualization strategies, such as
rendering, cross-sections, and projections, which enhances
diagnostic utility. Moreover, the OCT data can be further
processed to perform objective quantification of structural
density.

Our research revealed that SS-OCT can visualize micro-
structural details, including Berger’s space and diverse lami-
nar or fibrous structures. The anterior vitreous body was
optically homogenous in younger age and became progres-
sively more heterogeneous above 60 years of age. Gel and
liquefied fractions of the vitreous could be easily distin-
guished in OCT images.Macromolecules (primarily collagen,
but possibly also hyaluronan conjugated with other extra-
cellular matrix components) scattered light in gel vitreous,
whereas liquefied vitreous was observed as hypo-reflective
lacunae in OCT images. Three-dimensional high-resolution
imaging also enabled comprehensive identification of age-
related opacification in the retrolental vitreous. Projection
images (see Fig. 2) revealed characteristic fibrous (linear)
opacifications at the borders between gel and liquid vitre-
ous (lacunae), which might be associated with collagen
aggregates. Identical forms of opacities were previously
observed in the posterior vitreous.49 Laminar structures (see
Figs. 2A, 2E–2H) may be remnants of the anterior embry-
onic hyaloid vasculature, which forms an anastomosis with
the tunica vasculosa lentis. Another possibility is that the
multi-laminar appearance indicates that the anterior vitre-
ous cortex is similar in morphology to the posterior vitre-
ous cortex.17 Our results confirm the membranous struc-
tures of the anterior vitreous observed in the cadaver eyes

using photographic imaging with inorganic salts as contrast
agents.50

Spatially resolved mapping of light scattered in the ante-
rior vitreous and the lens allowed assessment of relations
between these two structures. Hence, we introduced three
indices describing the optical properties of the anterior
vitreous and the crystalline lens. VOD, VOR, and LOD are
based on appropriate processing of the OCT image signal
that corresponds to light back-scattered from the anterior
vitreous and the crystalline lens. These parameters could
be related to previous analyses of vitreous opacities using
quantitative ultrasound.27 However, the reproducibility of
OCT-based parameters outperformed the reproducibility of
ultrasound-based quantification, although in both cases 3-D
data sets were used for analysis.

In vivo investigation of light scattering in the crystalline
lens has previously been conducted using Scheimpflug
imaging (densitometry) and OCT and were related to
cataract formation and lens aging processes.51–54 More
recently, dynamic light scattering was found to be a useful
tool to detect the α-crystallin fraction in the lens, which was
correlated with the progression of nuclear cataract.55,56 In
the present study, the average light intensity scattered in the
crystalline lens, as defined by LOD, increased with age with a
very strong correlation (R = 0.85), which confirms the well-
known effect of age-related loss of lens transparency. Our
results also showed a positive correlation between age and
the OCT signal in the anterior vitreous.

Anterior vitreous biomarkers (VOD and VOR) were corre-
lated with age. VOD can be interpreted as the average
signal from vitreous. In contrast, VOR evaluates vitreous
heterogeneity, which is mostly related to the presence of
highly scattering opacities. At the same time, VOD and
VOR were correlated with the coefficient close to one (R =
0.96), suggesting that despite different underlying method-
ologies, these parameters can be used interchangeably. We
found no significant association between vitreous param-
eters and axial length, although myopic eyes had higher
OSI than nonmyopic eyes (P = 0.0121), consistent with
previous findings using ultrasound.9 This contrasts with a
recent study of the central and posterior vitreous in patients
with myopic vitreopathy and Vision Degrading Myodesopsia
that found greater vitreous echodensity by ultrasound with
increasing axial length.9 Thus, it may well be that whereas
age-related vitreous degeneration affects the entire vitreous
body, including the anterior vitreous, myopic vitreopathy
spares the anterior vitreous. Future studies should test this
hypothesis.

OSI is a biomarker assessing how intra-ocular light scat-
tering affects the retinal PSF. In this study, there was moder-
ate correlation between OSI and VOR or LOD. The mutual
contribution of various ocular components to intra-ocular
scattering has not been studied, but this result suggests
that vitreous may contribute to light scattering considerably
and that its smaller reflectivity (relative to the lens) may be
offset by a much larger size. Previous studies showed that
the patients with vitreous floaters have increased straylight,
which is reduced significantly by vitrectomy.11 It is not likely
that anterior vitreous is important in this regard, because
studies showed that preserving the retrolental vitreous
during limited vitrectomy nonetheless normalized contrast
sensitivity function in 139 cases.57 Rather, our striking find-
ings on the quantitative analysis of the anterior vitreous
most probably represent an index of concurrent structural
abnormalities in the central and posterior vitreous, which
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are the more likely sources of disturbing light scattering with
CSF degradation. On the other hand, VOR contains infor-
mation on hyperlucent opacification in the anterior vitre-
ous that might be more important for PSF degradation than
general transparency of the vitreous body. Future studies
that separately evaluate the contributions of different parts
of the vitreous body to light scattering should elucidate
this issue. To this end, further research should be directed
toward development of an OCT system for full vitreous body
imaging through compensation of ocular refraction. It is also
important to note that OSI is obtained from small angle PSF
because the ring between 12 and 20 arcminutes is taken into
account while calculating OSI.44 It is possible that scatter in
the vitreous affects a wider angle of the PSF, which is not
included when OSI is calculated.

Several studies have been reported showing the impact
of intra-ocular scattering on vision. In particular, recent
investigations demonstrated that CSF is degraded by poste-
rior vitreous detachment12 and internal vitreous density,13,27

both influenced by myopia and age.9,13 Although OCT-
derived parameters introduced in this study can be regarded
as descriptors of the optical properties of ocular struc-
tures, CSF includes both optical and psychophysical factors
in subjective vision performance. Accordingly, there were
negative correlations of AULCSF with other parameters
(i.e. increased degradation of CSF with increasing vitre-
ous density). This is in agreement with previous stud-
ies of cases with Vision Degrading Myodesopsia where
echodensity extracted from ultrasound images and Weber
CSF were considered.27 Their correlation coefficients were,
however, higher than obtained in our study, perhaps because
those studies imaged the central and posterior vitreous,
whereas the present study imaged only the anterior vitre-
ous. Indeed, opacities in the central and posterior vitre-
ous body may be the structures most responsible for retinal
image degradation, once again an important topic for future
investigation.

Limited field of view was a limitation of this study
because there was no mydriasis prior to imaging sessions.
Nonetheless, the effective scan captured useful information
on the vitreous from the zone inside the pupil (the iris
prevents deeper light propagation). This becomes more chal-
lenging in older subjects who usually have smaller pupil
diameter. In addition, we were not able to identify Wieger’s
ligament due to the limited field of view.

In conclusion, characterization of microstructural features
of the anterior vitreous was enabled by high-resolution 3-
D SS-OCT imaging. Age-related opacification of the ante-
rior human vitreous renders it progressively less homoge-
neous and more light scattering. Quantitative analyses found
that vitreous indices associated with the age, but not more
robustly than the lens. SS-OCT appears as a useful diagnostic
tool for high-resolution optical evaluation of vitreous opac-
ities.
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