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The world’s population is growing older, with persons over
the age of 65 being the fastest-growing age group. According
to data from World Population Prospects 2019 [1], one in 11
people in the world was over the age of 65 in 2019 (9%), and
this number is expected to increase to one in six (16%) by
2050 since life expectancy is also expected to increase from
current 72.6 years to 77.1. In 2018, for the ﬁrst time in
history, persons aged 65 or above outnumbered children
under ﬁve years of age.
Aging is a natural process that aﬀects the function of
many organs, including the eyes, having both structural and
functional consequences for the visual system, aﬀecting all
ocular structures and causing a variety of eﬀects. Improving
quality of life as well as reducing age-related disability is of
increasing importance for health systems. Determining the
mechanisms behind age-related conditions and healthy
ageing may help creating tools to improve early detection of
involutive changes and prognosis, delay the onset of disease,
and allow the optimization of resources through the treatment at earlier stages of the condition.
The eye is usually considered a window for ﬁndings of
systemic disease, due to its high metabolic demands to keep
transparency on its media, its sensitivity to vascular compromise, and the possibility of observing the diﬀerent
structures in a noninvasive manner. When age-related
changes turn into age-related conditions, they manifest into
eye disease, such as age-related macular degeneration
(AMD), cataract, or pseudoexfoliation (PEX) syndrome.

Several signalling pathways have been implicated in the
aging process. In the paper titled “Repressed Wnt Signaling
Accelerates the Aging Process in Mouse Eyes,” Y. Zhang
et al. suggest that disruption of Wnt signalling homeostasis
in the eye is associated with accelerated aging.
One of the important aspects to understand is the anatomical change in the diﬀerent ocular structures occurring
with healthy aging and how they diﬀer from age-related
disease. In the paper titled “Panoramic Observation of
Crystalline Lenses with 25 MHz Ultrasonography,” W. Xue
and H. Zou use 25 MHz B-scan ultrasound to assess change
in the entire lens contour and the radii of curvatures of the
central anterior and posterior lens surfaces. They conﬁrm
that the lens grows equatorially and axially with age while its
central anterior lens surface steepens and its posterior
central surface curvature does not change.
Age-related overproduction or overaggregation of elastic
microﬁbrillar components on the lens results in PEX. The
role of its inheritance has been explored in the past in
diﬀerent populations, and several genes were found likely to
play a role in PEX, such as clusterin. In the paper titled “CLU
Polymorphisms in Patients with Pseudoexfoliation Syndrome in Polish Population,” H. Lesiewska et al. investigate
this possible association in the Polish population concluding
that clusterin variants may contribute to the risk of PEX.
Various retinal degenerative processes, such as AMD,
concur with selective outer retinal degeneration. In the paper
titled “Outer Retinal Layers’ Thickness Changes in Relation

2
to Age and Choroidal Thickness in Normal Eyes,” M. K.
Abdellatif et al. identify and correlate age-related changes in
outer retinal layers’ thickness and choroidal thickness in
normal eyes using spectral-domain optical coherence tomography and investigate factors aﬀecting these changes.
They report signiﬁcant thinning of retinal pigment epithelium/outer-segment layer thickness with increasing age.
Similarly, in the paper titled “Distribution of Choroidal
Thinning in High Myopia, Diabetes Mellitus, and Aging: A
Swept-Source OCT Study,” F. A. Bartol-Puyal et al. analyse
the distribution of choroidal thinning in high myopia, diabetes mellitus, and aging, showing diﬀerent thinning
pattern that may help identifying conditions. They report the
choroidal thickness pattern in young healthy individuals as
resembling a mountain range; with age, a mountain peak; in
high myopia, an inverted gorge; and in aged type 2 diabetic
patients, gathered hills. The thicker the zone is in healthy
subjects, the thinner it becomes with any pathology.
Age-related anatomical changes as described have
functional consequences. Age-related changes in the eye
may arise from several sources and aﬀect visual function in
diﬀerent ways. Diﬃculty in adaptation to light level changes
is a common complaint associated with ageing, particularly
regarding night driving, and with signiﬁcant impact in
quality of life. Photostress is one of the methods that test
adaption of the visual system and might be, therefore, useful
to determine functional diﬀerences due to impairment of
photopigment regeneration. In the paper titled “An Alternative Psychophysical Diagnostic Indicator of the Aging
Eye,” J. D. Rodriguez et al. explore the use of photostress
with the addition of ﬂickering stimuli, less dependent on
refractive error or straylight, for assessing the health of the
aging retina. They report that photostress recovery of ﬂicker
sensitivity under mesopic conditions agrees with subjectreported complaints in reduced luminance conditions after
exposure to bright lights, such as night driving, highlighting
the potential usefulness of the method for the clinical assessment in diseased eyes.
Finally, older persons generally have greater susceptibility to infections than younger adults. Aging is associated
with immune dysfunction, especially in cell-mediated immunity, and elderly persons also suﬀer from a variety of
chronic disorders, some of which aﬀect the integrity of host
resistance to infections.
Elderly individuals have an increased susceptibility to
skin infections due to age-related anatomical, physiological,
and environmental factors. The skin of the elderly is
structurally and functionally diﬀerent from that of other age
groups. Mites are found on almost all normal adult skin.
Demodex is a host-speciﬁc obligate parasite, and clinical
observations based on large samples are important for exploring the relationship between its presence and clinical
signs. In the paper titled “The Prevalence of Demodex folliculorum and Demodex brevis in Cylindrical Dandruﬀ
Patients,” J. Zhong et al. carry out a large sample study in
China designed to determine the prevalence of Demodex
and the eﬀect of host-related factors such as gender, age, and
eyelid inﬂammation on this prevalence. They report higher
prevalence in Demodex spp. in older subjects and greater
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prevalence on subjects with cylindrical dandruﬀ than
healthy subjects. Furthermore, in subjects with cylindrical
dandruﬀ, the number of Demodex spp. was reported as
positively correlated with age and exacerbated the severity of
eyelid congestion, providing, therefore, a good clinical
reference.
We know that signiﬁcant challenges remain in understanding the full extent of structural and functional changes
in the eye which results from ageing. Some of these changes
are outlined in this special issue. We hope that these
stimulate ideas which will further advance our understanding of the ageing eye.
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Purpose. To visualize and assess in vivo the age-related changes in crystalline lens size and contour. Methods. Seventy-nine healthy
volunteers, 39 females and 40 males, with a mean age of 41.53 + 11.32 years (range: 21 to 60 years) were enrolled in this study. -e
axial lens thickness (ALT), equatorial lens diameter (ELD), and anterior (Ra) and posterior (Rp) lens surface radii of curvatures of
the subjects’ left eyes were measured with a 25 MHz ultrasound probe. Results. -e mean ALT and ELD were
4.178 mm + 0.288 mm and 9.209 mm + 0.214 mm, respectively. -ere was a statistically signiﬁcant increase in both ALT
(slope � 11 μm/year, r � 0.88, p < 0.01) and ELD (slope � 6 μm/year, r � 0.60, p < 0.01) with age. Ra negatively correlated, and Rp
did not change with age. Conclusion. -ere were no statistically signiﬁcant relationships between any studied values and gender.
Independent of gender, the lens grows equatorially and axially with age while its central anterior lens surface steepens and its
posterior central surface curvature does not change.

1. Introduction
Understanding the normal functioning of the human lens
and its role in the development of refraction, accommodation and presbyopia requires a thorough knowledge
of how lens size and contour change with age. -e central
1 mm-to-6 mm zone of the lens within the pupillary area is
easily visualized. Axial lens thickness (ALT), central lens
radius of curvature, can be measured using anterior
segment optical coherence tomography or Scheimpﬂug
photography. Although these devices have proven to
provide high resolution and valid in vivo images of the
lens of the eye, none of these devices can visualize the
contour of the lens equator because the iris blocks the
penetration of light. Although 50 MHz ultrasound biomicroscopy can visualize a small portion of the lens
equator, only magnetic resonance imaging (MRI) has
been able to visualize the entire contour of the lens

including its equator [1–3]. However, MRI has low resolution and is infrequently used in the ﬁeld of ophthalmic
clinical observation because it is time-consuming and
expensive.
In this study a 25 MHz B-scan ultrasound device was
used to visualize and assess the age-related changes in the
entire lens contour including ALT and ELD and the radii of
curvatures of the central anterior and posterior lens
surfaces.

2. Materials and Methods
2.1. Subjects. -is healthy volunteer prospective study was
completed within 1 year (January 1, 2014, to December 1,
2015). -e inclusion criteria were the following: Chinese
Han race; 21–60 years of age; no history of systematic
diseases, such as hypertension, diabetes, or other diseases; best-corrected visual acuity 6/6 or higher in both
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eyes; and a refractive error between − 3.00 D and +3.00 D
and otherwise normal ophthalmic examination. Children
or teenagers were not enrolled because of their intolerance to corneal-contact examinations. Volunteers
with eye diseases, such as cataracts, glaucoma, retinal
diseases, or strabismus, and in whom the equator of the
lens was not clearly identiﬁable with the 25 MHz B-scan
ultrasound probe were excluded. All volunteers received
a routine eye examination without mydriasis that included best-corrected visual acuity, auto-refraction (RM8900, Topcon, Tokyo, Japan), biomicroscopy, and ophthalmoscopy. -is investigation complied with the
Declaration of Helsinki and was approved by the Institutional Ethical Board at the Shanghai General Hospital, Shanghai Jiao Tong University. All examination
procedures were clearly explained to the subjects, and
informed consent was obtained.
2.2. Ultrasonography. A 25 MHz B-scan ultrasonography
device (AVISO Diagnostic Ultrasonography, Quantel
Medical, France) was used to visualize the entire contour of
the lens. In previous studies, this device has been shown to
make highly reliable repeatable measurements [4]. -e
axial and lateral resolutions of the 25 MHz B-scan ultrasonographic probe are estimated to be 60 μm and 120 μm,
respectively. Two experienced ophthalmologists (HZ and
WX) conducted the following procedures. Each subject was
placed in the supine position on an examination table in
natural light. After a topical anesthetic drop was administered to the left eye, the 25 MHz B-scan probe ultrasound
probe with an attached water bladder was gently placed
vertically onto the center of the left cornea. Starting from
the 12 o’clock position, the probe was rotated once 360°.
-e gain, dynamic range, time-gain compensation, contrast, and intensity of the ultrasound were adjusted to
ensure maximum visualization of the entire left lens including its equator while the subject stared with the right
eye at a 3 m high ceiling. An ultrasound image was frozen
when the whole equator of the lens was clearly observed, as
shown in Figure 1. -e caliber of the ultrasound device was
used to measure 3 times the ELD, anterior (ALTa), and
posterior (ALTp) lens thicknesses as shown in Figure 2. In
addition, a 10 MHz A-scan ultrasonographic probe
(AVISO Diagnostic Ultrasonography, Quantel Medical,
France) was used to measure ALT. -e 10 MHz probe was
gently placed in contact with the center of the left cornea
while the subject ﬁxated at the light within the center of the
probe.
2.3. Analysis. -e central 1 to 3 mm of the lens anterior and
posterior surfaces were assumed to be spherical, and the
radius of the central anterior lens surface was calculated
using the following formula:
Ra � 

ELD2
 + 0.5 ∗ ALTa .
8 ∗ ALTa

(1)

LIN 25 <>
lilong

OS QM Aviso V: 4.0.2-23 August 2014
Gain = 100 dB Dyn = 70 dB Tgc = 0dB

C2 = 9.15 mm
C1 = 4.09 mm

Figure 1: A 25 MHz ultrasonographic image of the left eye of a 40year-old female. -e gain was set to 100 dB, the dynamic range to
70 dB, and the time gain compensation to 0 dB. -e entire contour
of the lens, including the equator anterior and posterior surfaces,
was clearly visible. Using the calipers, yellow lines, shown in the
image, the axial lens thickness and equatorial lens diameter were
calculated as 4.09 mm (C1) and 9.15 mm (C2), respectively.

ALTa

ALTp

ELD

Figure 2: A schematic drawing of a lens. ELD represents the
equatorial lens diameter, ALTa represents the anterior part of axial
lens thickness, and ALTp represents the posterior part of the axial
lens thickness.

-e curvature of the central anterior surface (Ka) was
calculated as the reciprocal of Ra. -e radius (Rp) and
curvature (Kp) of the central posterior lens surface were
calculated with the same method.
2.4. Statistics. Consistency between the ALT results measured by 25 MHz B-scan and 10 MHz A-scan ultrasonography were analyzed using an intragroup coeﬃcient (ICC).
Correlations between ALT and ELD were evaluated using
Pearson’s correlation analysis. -e relation between studied
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Table 1: Dimensions by gender of 79 crystalline lenses measured with a 25 MHz B-scan ultrasonic probe.
Axial lens thickness (mm)
Equatorial lens diameter (mm)
Radius of anterior lens surface (mm)
Radius of posterior lens surface (mm)
Curvature of anterior lens surface (mm)
Curvature of posterior lens surface (mm)

Males
4.190 ± 0.285
9.216 ± 0.193
10.513 ± 0.977
4.980 ± 0.128
0.096 ± 0.009
0.201 ± 0.005

Females
4.167 ± 0.295
9.202 ± 0.236
10.485 ± 0.985
4.982 ± 0.143
0.096 ± 0.009
0.201 ± 0.006

Student’s t-test
0.35
0.293
0.125
0.083
0.123
0.059

p value
0.727
0.77
0.901
0.934
0.902
0.953

Note. Data are presented as mean ± standard deviation.

values and gender were assessed with the Student’s t-test. A
statistical package (SPSS V10.0, Chicago, IL, USA) was used
for database setup and analysis. -e level of statistical signiﬁcance was set at p < 0.05.

3. Results
3.1. Subjects. One hundred and ﬁfty-seven healthy volunteers were screened; however, 78 subjects were excluded
because their lens equators were too fuzzy to identify; i.e.,
only 79 subjects (50.3%) met the inclusion criteria. Of the 79
enrolled subjects, 40 (50.63%) were male and 39 (49.37%)
were female. -e average age was 41.53 ± 11.32 years old.
-ere were 17 (21.5%) subjects in the 21-to-30-year-old age
group, 20 (25.3%) in the 31-to-40-year-old age group, 21
(26.6%) in the 41-to-50-year-old age group, and 21 (26.6%)
in the 51-to-60-year-old age group. -e refractive error of
the left eye of these 79 subjects was between − 2.00 D and
+2.50 D.
3.2. Measurements. -e mean (standard deviation) of the
25 MHz B-scan ultrasonographic ALT, ELD, Ra, Ka, Rp, and
Kp was 4.178 mm (+0.288 mm), 9.209 mm (+0.214 mm),
10.499 mm (+0.975 mm), 0.096/mm (+0.009/mm), 4.981 mm
(+0.135 mm), and 0.201/mm (+0.005/mm), respectively.
-ere were no statistically signiﬁcant gender diﬀerences in
these measurements as shown in Table 1.
-e 10 MHz A-scan ultrasonography measured ALT was
4.168 mm (+0.291 mm). An intragroup correlation analysis
of the ALT measured by the 25 MHz B-scan and 10 MHz
A-scan probes showed that the two techniques were highly
statistically signiﬁcantly consistent (ICC � 0.962, p < 0.01).
-e ALT, ELD, Ra, Ka, Rp, and Kp using 25 MHz B-scan
ultrasonography of the 79 eyes are shown in Table 2.
3.3. Correlations. A positive correlation was found between
age and ALT and ELD (slope � 11 μm/year and 6 μm/year,
Pearson’s correlation coeﬃcient, r � 0.880, p < 0.01 and
r � 0.600, p < 0.01, respectively). -ere was a negative correlation between age and Ra. -ere was no statistically
signiﬁcant correlation between age and Rp or Kp (p > 0.05) as
shown in Figure 3.

4. Discussion
In the present study, a panoramic observation of the entire
crystalline lens contour was obtained with a 25 MHz

B-scan ultrasonography. -is technique has relatively
high axial and lateral resolutions estimated to be 60 μm
and 120 μm, respectively. -e accuracy of the measurements in the present study was conﬁrmed by the highly
statistically signiﬁcant correlation between the 25 MHz
B-scan and 10 MHz A-scan probe ALT measurements.
However, even though the technique has good resolution,
50% of subjects screen failed because the lens equator
contour was ambiguous. Possible reasons for the diﬃculty
in imaging the equatorial region in these screened failed
subjects were poor ﬁxation with their right eyes or that
their pupils were naturally more dilated resulting in a
thicker peripheral iris causing a decrease in penetration of
the ultrasound.
In the 79 enrolled subjects, there was a statistically
signiﬁcant non-gender-related and age-related increase in
both ALT and ELD and a decrease in Ra; however, Rp did
not change with age. Other studies have also conﬁrmed an
age-related increase in ALT [2, 5, 6, 7]. For example, and
similar to the present study, Atchison et al. found with
A-scan ultrasonography an age-related ALT increase of
0.0235 mm/year in 106 emmetropes aged 18 to 69 years [2].
And with optical coherence tomography (Lenstar LS900,
Haag-Streit Diagnostics, Köniz, Switzerland), Adnan et al.
also reported a similar age-related increase in ALT of
0.020 mm/year [6].
-e observed age-related increase in ELD is consistent
with in vitro ELD [8, 9] and in vivo MRI measurements
[2, 3]. Using Scheimpﬂug photography, Dubbelman and
Heijde found that the radius of curvature of the central 3 mm
zone of the anterior lens surface decreases with age
according to the following equation: Ra � 12.9–0.057 ∗ age
[10]. Similar to the present study Atchison et al. found that
there was not a statistically signiﬁcant decrease in Rp.
Consistent with the present study, previous studies found
that the age-related decrease in Ra was not gender dependent
[2, 10].
Some inherent limitations of the present study should
be noted. First, the observed subjects were in a single race
over a limited age range. Second, since all subjects were
asked to stare at the 3 m high ceiling, it was assumed that
during all measurements the subjects were not or only
minimally accommodating. Consistent with this assumption, the mean Ra � 10.5 mm (range: 8.97 to 11.82 mm).
-ird, in the present study, it was assumed that the lens is
axisymmetric; however, Atchinson et al. found with MRI
that the horizontal and vertical lens equatorial diameters
slightly diﬀer [2].
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Table 2: Mean axial lens thickness, equatorial lens diameter, radius, and curvature of the anterior and posterior lens surfaces of each of the
79 eyes measured by 25 MHz B-scan ultrasonography.
Age
(years)
21
23
24
25
26
27
28
29
31
32
33
34
35
36
37
38
39
40
41
42
43
44
46
47
48
49
50
52
53
54
55
56
57
58
59
60

Number

Axial lens thickness
(mm)

Equatorial lens diameter
(mm)

1
2
2
2
3
2
3
2
2
2
2
1
2
2
2
4
2
1
1
3
3
1
3
2
4
1
3
4
2
2
2
2
3
3
2
1

3.54
3.765
3.775
3.865
3.873
3.78
3.787
3.805
4.07
3.955
3.98
3.98
3.955
4.175
4.085
4.103
4.085
4.14
4.45
4.34
4.36
4.23
4.207
4.235
4.258
4.29
4.37
4.358
4.395
4.455
4.565
4.475
4.687
4.433
4.46
4.65

8.9
8.78
8.8
9.015
9.14
8.865
9.083
9.2
9.23
9.3
9.23
8.97
9.165
9.17
9.165
9.108
8.945
9.11
9.48
9.313
9.263
9.47
9.203
9.395
9.253
9.52
9.237
9.315
9.45
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Figure 3: Scatter plots of ALT, ELD, radius, and curvature of the central anterior and posterior lens surface versus age for the entire 79
healthy left eyes using 25 MHz B-scan ultrasonography.

5. Conclusions

Data Availability

ALT and ELD increase with age while the Ra decreases and
the Rp does not change. Gender does not appear to aﬀect the
size or contour of the lens. -e age-related increase in ELD is
consistent with Schachar’s theory of presbyopia [11] and
probably plays a role in altering the stress on the lens
resulting in cortical cataracts [12].

-e data used to support the ﬁndings of this study are
available from the corresponding author upon request.
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Purpose. Impaired adaptation to changes in lighting levels as well as mesopic visual function is a common complaint in those over
the age of 65. )e use of photostress is a well-established method to test the adaption rate and the response of the visual cycle. In
this study, we test visual function recovery to mesopic luminance stimuli following a long duration photostress in young and
elderly subjects. If successful in strongly diﬀerentiating aging macular function, these methods may also be useful in the study of
pathologies such as age-related macular degeneration. Methods. A group of 12 older normal subjects (mean age 75.1 ± 4.79) and a
control group of 5 younger normal subjects (mean age 26.2 ± 4.19) were subjected to macular photostress using the OraLux
photostress system. )e OraLux system provides a diﬀuse light source bleaching 84% of cone photopigment while maintaining an
exposure safety factor of 200 times less than the maximum safe exposure. After each photostressing session, macular recovery was
tracked using a foveal, variable contrast, ﬂickering stimulus of mean luminance in the high mesopic range. Recovery was tracked
for 300 seconds. )e endpoint was time to recovery to each individual’s baseline sensitivity as determined by two static sensitivity
trials prior to photostress. Results. Proportional hazards analysis of recovery time yielded a statistically signiﬁcant diﬀerence
between the older group and the young group (HR � 0.181; p � 0.0289). )e estimated hazard ratio of 0.181 indicates that older
subjects return to baseline at less than one-ﬁfth the rate of younger subjects. )e hazards ratio remained statistically signiﬁcant
after adjusting for visual acuity (HR � 0.093; p � 0.0424). Conclusion. Photostress recovery of ﬂicker sensitivity under mesopic
conditions is a strong diﬀerentiator of aging macular function. )is agrees with subject-reported complaints in reduced luminance
conditions after exposure to bright lights such as night driving. )e qualitative similarity between the aging retina and changes in
early AMD suggests that ﬂicker recovery following photostress may be useful as a surrogate endpoint in AMD clinical trials.

1. Introduction
)e use of photostress is a well-established method to test
the adaption rate of the visual system and the response of the
visual cycle [1, 2]. )e regeneration of photopigment can be
impaired either due to retinal disease [3–6] or as a normal
consequence of aging [7]. In the elderly, diﬃculties in adaptation to changes in lighting levels as well as mesopic
luminance visual function are a common quality of life
complaint, particularly regarding night driving [8].

Age-related changes in the eye may arise from several
sources and aﬀect visual function. In particular, changes in
the cornea and lens have strong eﬀects on visual acuity. Agerelated changes in the retina are less well studied. )e use of
ﬂickering stimuli is less dependent on refractive error or
straylight and is useful for this purpose [9]. )e addition of
photostress with a ﬂicker endpoint is thus a possibly useful
stress test for assessing the health of the aging retina.
Retinal diseases may also result in diminished robustness
of the visual cycle and adaptation to changing light levels.
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Both age-related macular degeneration (AMD) and diabetic
retinopathy have been shown to be important examples
[5, 6, 10–14]. )e use of photostress in this context is as a
stress test of the visual cycle analogous to the widely used
cardiovascular stress test in order to more easily detect
pathology in the early disease state.
Both aging and AMD have been shown to result in rod
photoreceptor loss and diminished sensitivity in short
wavelength (blue) photoreceptors [15, 16]. )us, in addition
to improved understanding of adaptive visual processes in
the elderly, the study of the normal aging retina may yield
insight into retinal disease as well.
A considerable number of studies using photostress have
been reported since the initiation of this method. Studies
have included both normal aging subjects [17–26] and
subjects with retinal disease [5, 6, 10–14, 22]. A common
diﬃculty of many of these studies has been inconsistency of
the hardware apparatus used for the bleaching process [21].
Following the bleach process, recovery has been determined
using various outcomes, most commonly recovery of visual
acuity.
In recent studies, the introduction of computer-based
stimuli using central foveal disks or blobs with sinusoidal
time-varying ﬂickering stimuli has permitted much greater
ﬂexibility in testing methodology [9, 27, 28]. As a standalone endpoint, foveal ﬂicker sensitivity has shown declines
with age in both photopic and mesopic luminance levels
[9, 29]. In addition, recent studies of AMD subjects have
found that computer-based methods using variable contrast
ﬂickering stimuli are a particularly useful and eﬀective
endpoint [27, 28].
)e purpose of the present study is to improve the
understanding of photostress recovery using a time-varying
ﬂickering stimulus in an aged population. Results are
compared to a group of young subjects. Within the context
of clinical trials, these results may be useful to provide
control data for the clinical application of variable contrast
ﬂickering stimuli to pathological conditions such as AMD.

2. Methods
2.1. Subjects. Two groups of subjects were enrolled: young
subjects (early thirties and younger) and older subjects (60
years of age and older). All subjects were recruited from a
single general ophthalmology practice. All subjects provided
written informed consent, and study protocols were approved by a properly constituted Institutional Review Board
(Alpha IRB, San Clemente, CA). )e study was conducted in
accordance with the ethical principles of the Declaration of
Helsinki.
All subjects provided medical and ocular history and
were tested for ETDRS visual acuity at baseline and following photostress. Retinal imaging, including OCT and
dilated fundus photography, was used to conﬁrm absence of
retinal disease. All subjects, young and old, were required to
have no evidence or history of ocular disease or any medical
condition that the investigator felt put the subject at signiﬁcant risk, confounded the study results, or interfered
signiﬁcantly with study participation. All subjects were
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required to present with visual acuity of 20/25 or better in at
least one eye (the study eye). If diﬀerent, the eye with better
visual acuity was chosen as the study eye. If both eyes were
tested at equal visual acuity, the right eye was chosen as the
study eye. Data were collected on all qualiﬁed eyes.
2.2. Baseline Cone Function and Recovery. Baseline retinal
cone photoreceptor sensitivity was measured using a Python-based software program developed in-house for this
study. A foveal, ﬂickering sinusoidal time-varying stimulus
of approximately 2° visual angle was presented on a background of luminance intensity in the upper mesopic range.
)e luminance range chosen was based on the earlier work
of Collins and Brown in a study of an AMD population
[13, 14]. )e contrast between maximum stimulus brightness and background was the outcome variable. )e ﬂicker
frequency of the target stimulus was based on a range chosen
to bracket the sensitivity of the human visual system to this
stimulus [30]. Based on previous studies of AMD subjects
[27, 28], we investigated stimuli at several frequencies. )e
stimulus was viewed monocularly from a distance of one
meter. )e visual task was the subject identifying the
presence of the stimulus. All subjects were ﬁrst required to
complete a demonstration run to ensure that each subject
could properly identify the presence or absence of the
stimulus based on ten trials. Subjects were required to
correctly identify the presence or absence of the stimulus at
least 80% of the time. )e sensitivity of the subject to the
stimulus was ﬁrst determined before photostress as a
baseline based on two trials. After assessing baseline ﬂicker
threshold, photostress was applied as described below. Recovery was measured by the subjects identifying the presence
of the stimulus through the resulting afterimage. )e test was
terminated ﬁve minutes after exposure to the bleaching
lamp. )e study outcome was the time to return to baseline
sensitivity. A simple staircase procedure was used to track
recovery following photobleach.
During the photostress recovery process, ﬁxation lines
were presented to assist the subject in maintaining gaze on
the area of the screen in which the stimulus was presented. In
addition, a ﬁxation circle of diameter corresponding to the
bleaching area was presented. )e subject was instructed to
center the resulting afterimage within the circle.
A second measurement of ETDRS visual acuity was
made following photostress testing as a safety check. In
addition, subjects who had not returned to baseline after ﬁve
minutes were retested one hour following photostress to
conﬁrm recovery of visual function before visit termination.
2.3. Photobleach Procedure. )e photostress procedure was
performed using a custom-designed full-spectrum diﬀused
ﬂuorescent light source (Ora LUX) [31]. )e level of retinal
irradiance of the Ora LUX source yields at least 84% cone
photoreceptor bleach. )e center of the bleaching light was
aligned with the center of each subject’s gaze in the vertical
and horizontal directions as required. Subjects were
instructed to maintain their gaze on the center of the
bleaching light and to avoid squinting, but were allowed to
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3.2. Baseline Flicker Sensitivity. Mean normalized baseline
ﬂicker sensitivity (SD) was 0.11 (0.161) for the older group
and 0.05 (0.026) for younger. )e diﬀerence was not statistically signiﬁcant, p � 0.2077.

Product-limit recovery curves
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Figure 1: Kaplan–Meier recovery curves for the older group (blue)
and the younger group (red).

blink normally during the procedure. Compliance by the
subject was monitored by the technician. A safety analysis
found that the maximum exposure level of the Ora LUX light
source was 200 times less than maximum permissible exposure (at least 2000 times less actual damage level) based on
accepted safety standards for thermal and photochemical
mechanisms [32]. For additional safety in this sensitive
group, exposure is less than 90 seconds and distance greater
than 12 inches.
2.4. Statistical Methods. Unadjusted group means were
compared using pooled two-sided two-sample t-tests if the
folded F-test for equality of variances was not statistically
signiﬁcant at α � 0.05 level; otherwise, the Satterthwaite
approximation was used.
)e proportion of subjects that failed to return to
baseline within 5 minutes were calculated and compared
between groups using Fisher’s exact test. Failure rates using
all qualiﬁed eyes were compared using logistic regression
with a random subject factor to account for the correlation
between eyes. Recovery times were analyzed using proportional hazards regression and tested using a Wald test.
Proportional hazards analyses of all qualiﬁed eyes included a
random subject factor. Kaplan–Meier product limit estimation was used to generate recovery time curves.
Statistical analyses were conducted using SAS 9.4, with
PROC FREQ, PROC GENMOD, PROC PHREG, and PROC
LIFETEST.

3. Results
3.1. Demographics and ETDRS BCVA. )e mean age for the
older group was 75.1 ± 4.79 years (67.0–83.3) (4M, 8F). For
the young group, the mean age was 26.2 ± 4.19 years
(19.5–30.0) (2M, 3F). At baseline, mean ETDRS best-corrected visual acuity for the younger group was − 0.04 ± 0.055
and for the older group 0.17 ± 0.167. )e group means were
statistically diﬀerent based on the Satterthwaite t-test
(p � 0.0017).

3.3. Photostress Recovery. In the older group, 9 out of 12
(75%) study eyes failed to return to baseline within 5
minutes, compared to 1 out of 5 (20%) in the young group
(p � 0.1007) (Figure 1). In the analysis of failure rates using
all qualiﬁed eyes, the odds of failing to return to baseline are
1.92 in the older group compared to 0.25 in the young group
(OR � 7.69; p � 0.0203).
)e proportional hazards analysis of recovery time
yielded a statistically signiﬁcant diﬀerence between the older
group and the young group (HR � 0.181; p � 0.0289). )e
estimated hazard ratio of 0.181 indicates that older subjects
return to baseline at less than one-ﬁfth the rate of younger
subjects. Luminance (p � 0.2093) and frequency
(p � 0.3665) of the stimulus were not statistically signiﬁcant
and were removed from the model. )e hazards ratio
remained statistically signiﬁcant after adjusting for visual
acuity (HR � 0.093; p � 0.0424). In the all qualiﬁed eyes
analysis, the estimated hazard ratio was HR � 0.134
(p � 0.0046) and HR � 0.032 (p � 0.0022) after adjusting for
visual acuity.

4. Discussion
Previous visual psychophysical-based studies of photostress
recovery in both normal and AMD subjects have primarily
used visual acuity recovery as an endpoint [17–26]. Various
approaches have been used to apply photostress to the
subject’s visual system which has been identiﬁed as a signiﬁcant factor in test variability [21]. )e most important
diﬀerentiator between these approaches has been bleaches
using a photoﬂash stimulus of duration of several milliseconds and long-duration “equilibrium” bleach of several
seconds or more [33, 34]. For bleaching cone photoreceptors, an equilibrium bleach has been shown to be preferable
in order to deplete local stores of photopigment derived
from the retinoid present in the Müller cells [35]. Our
approach follows this methodology using a custom-designed
light source (Ora Lux) to provide a bleach of at least 84% of
cone photoreceptors while maintaining safe levels of exposure [31, 36].
Results of at least eight previous studies of healthy
subjects over a broad range of age, based on visual psychophysical outcomes, have been published [19–26]. Six of
these studies found a signiﬁcantly longer mean recovery
time in older subjects [19–24]. Reported recovery time of
oldest to youngest subjects varied considerably from as little
as 15% to over 90%. Since these studies used a recovery
endpoint of visual acuity, one must be cautious in a direct
comparison to the results presented here.
In early age-related macular degeneration, outer retinal
metabolism is known to be compromised [37]. Since the
detection of a ﬂickering stimulus imposes a higher metabolic requirement than does a static stimulus, ﬂicker
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detects functional change at an earlier stage of the disease
[38]. )e variable contrast ﬂickering stimulus investigated
here was selected based on the eﬀectiveness of showing
group diﬀerences between normal and AMD subject
groupings [9, 27, 28]. Based on previous results from the
literature [27, 28], we have investigated several target
frequencies and luminance levels. )ese changes are
designed to provide optimal diﬀerentiation between normal and AMD groups as well as improve reliability. Sensitivity to foveal ﬂickering stimuli has been shown to
decrease with age [9]. However, in this study, mean
baseline sensitivity between young and old was not found
to be statistically diﬀerent. Nevertheless, the addition of
photostress to the baseline stimulus resulted in an increased separation between groups which was found to be
signiﬁcant. Since retinal changes in AMD appear to share
some similarities to age-related changes, we would expect
that young normal and older normal subjects should show
easily detectable diﬀerences. )e diﬀerences found here in
this study suggest that this is the case.

5. Conclusion
In contrast to previous studies on photostress in normal
subjects, in which recovery endpoints based on visual
acuity were used, the recovery endpoint used here is a
ﬂickering foveal blob presented on a computer screen with
mesopic luminance background. Unlike visual acuity, this
endpoint is particularly useful for assessing the health of
the aging retina due to its relative insensitivity to defects in
the ocular media. )e combination of photostress and
ﬂicker constitute a retinal stress test which also stresses the
visual cycle and retinal metabolism. We ﬁnd that using a
mesopic ﬂicker recovery target followed by our high bleach
photostress system strongly diﬀerentiates aging macular
function. Inconsistent and nonstandardization of the
bleach process used in previous studies has been found to
result in high variability in outcomes [21]. )e use of a
consistent bleaching process in this study, bleaching a high
percentage of cone photoreceptors (84%), should allow for
reduced variability and more eﬃcient clinical trials.
Moreover, the ﬂicker endpoint described here extends
previous work by incorporating reduced luminance
background. )is is in accord with well-known diﬃculties
reported by both AMD and older normal subjects under
mesopic luminance levels. )is study shows that a ﬂicker
target with high bleach photostress methodology is sensitive to the retina/macular changes that occur as a result of
age. Perhaps this same methodology would diﬀerentiate
between age-related retinal changes and retinal changes
due to AMD. In clinical trials, visual function endpoints,
such as the variable contrast ﬂickering endpoint may
provide a useful supplement to current endpoints in studies
of early AMD.

Data Availability
)e data used in this study are contained in the supplementary data ﬁle.
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Purpose. To compare the macular choroidal thinning between young healthy, aged healthy, young high myopic, and aged type 2
diabetic (T2D) patients using the Early Treatment Diabetic Retinopathy Study (ETDRS) grid and three-dimensional (3D) maps.
Methods. A prospective study including 102 eyes of 51 healthy young subjects, 60 eyes of 30 healthy aged subjects, 24 eyes of 12
high myopic patients, and 110 eyes of 55 T2D patients. Choroidal thickness (CT) was examined with swept-source optical
coherence tomography Triton DRI (Topcon Corporation, Tokyo, Japan). -e choroid was automatically segmented using the
software algorithm, and mean CT values of a 6 × 6 mm macular cube were exported. 3D maps were created to represent CT, and its
values were compared using the ETDRS grid. Results. Mean age was 27.31 ± 3.95, 66.41 ± 7.54, 27.69 ± 3.89, and 66.48 ± 7.59 years
in young healthy, aged healthy, young high myopic, and T2D patients, respectively. CT was not shown to be uniform, as superior
and central zones were thicker. All ETDRS sectors were always thicker (p < 0.05) in young healthy individuals than in the others. It
was found that the choroidal sector which got thinner was inferior in case of age (103.28 μm decrease), inferior-nasal in high
myopia (86.19 μm decrease), and temporal in T2D (55.57 μm decrease). In addition, the choroid got thinner in those regions
where it was thicker in healthy subjects. Conclusions. 3D maps allow a further comprehension of choroidal changes. -e choroidal
pattern in young healthy individuals resembles a mountain range; with age, a mountain peak; in high myopia, an inverted gorge;
and in aged T2D, gathered hills. Not all choroidal regions are aﬀected in a similar way, as it depends on the pathology. -e thicker
the zone is in healthy subjects, the thinner it becomes with any pathology.

1. Introduction
With the advent of optical coherence tomography (OCT)
technology, the choroid has been precisely visualized for the
past few years. It has been proved to play an important role
in diﬀerent retinal disorders such as myopia, central serous
chorioretinopathy, and age-related macular degeneration.
Quantitative assessment of the choroid has allowed new
research ﬁndings to diﬀerentiate normal from pathological
processes within the choroid. It is known that choroidal
thickness (CT) varies with age [1–3], axial length (AL) [4–7],
day time [8–10], and race [11]. A choroidal thinning has
been found in pathologies such as myopia [12] and diabetes

mellitus [13–15], and a relevant thickening has been found in
the pachychoroid spectrum, which includes the polypoidal
choroidal vasculopathy [16].
Swept-source OCT (SS-OCT) is the last generation of
OCT, and it uses a laser source of a longer wavelength
(1050 nm) which penetrates deeper in the retinal and choroidal tissues than conventional laser sources used in previous spectral-domain OCT devices [17].
SS-OCT provides retinal and choroidal macular thickness geographically displayed as a false-color topographic
map, and it is numerically reported as averages in each of the
nine regions deﬁned by the Early Treatment Diabetic Retinopathy Study (ETDRS) [11]. -e ETDRS grid includes a
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central disc of 500 μm of diameter (foveal region) and an
inner and an outer ring; each one was divided into four
quadrants, with a diameter of 3000 μm and 6000 μm, respectively. -is grid is used for quantitative evaluations of
either retinal or choroidal thickness.
-is study aimed to evaluate the distribution of choroidal thinning in high myopia, diabetes mellitus, and aging
using the classic ETDRS grid from SS-OCT and a new
diﬀerent mapping.

2. Methods
2.1. Sample Selection. Over a 2-year duration (from November 2015 to November 2017), we performed a crosssectional SS-OCT study on four diﬀerent groups of patients:
young healthy subjects (group 1), senior healthy subjects
(group 2), young high-myopic patients (group 3), and patients with type 2 diabetes mellitus (T2D) (group 4). All
patients underwent a complete ophthalmic evaluation at the
Miguel Servet University Hospital in Zaragoza, Spain. -e
study protocol adhered to the tenets of the Declaration of
Helsinki and was approved by the Institutional Review
Board (Clinical Research Ethics Committee of Aragón
(CEICA)).
Exclusion criteria were a race diﬀerent from Caucasian,
any ocular pathology or previous treatment, amblyopia,
endocrine or neurological diseases, cancer history, corticosteroids, and immunosuppressive drugs.
Group 1 included young healthy volunteers between 18
and 35 years old and with an AL ≤ 25 mm. Group 2 included
senior healthy volunteers between 55 and 75 years old and
with an AL ≤ 25 mm. Group 3 included young healthy patients between 18 and 35 years old but with an AL ≥ 25 mm.
Group 4 included T2D patients between 55 and 75 years old,
with mild or moderate diabetic retinopathy (DR), without
macular oedema and without any previous ophthalmological treatment. Healthy individuals’ medical records were
examined in order to verify that all of them had no systemic
illnesses. T2D patients were diagnosed after the criteria of
the American Diabetes Association, and all of them were
negative for anti-glutamic acid decarboxylase antibodies.
2.2. Study Protocol. Patients underwent a deep ophthalmological examination which included best-corrected visual
acuity (BCVA), refraction, slit-lamp examination, intraocular pressure (IOP) with Goldmann applanation tonometry, optical biometry (IOLMaster 500, Carl Zeiss
Meditec, Jena, Germany), indirect funduscopy, and SS-OCT
Triton Deep Range Image (Topcon Corporation, Tokyo,
Japan).
SS-OCT scans were acquired through dilated pupils at
the same day time and by an experienced technician. A
macular 6 × 6 mm three-dimensional (3D) cube centered
on the fovea was analysed three times, but only the best
examination was selected for the analysis. Scans with low
quality (<40/100), motion artifacts, or decentration were
discarded. -e choroidal segmentation was automatically
performed using the on-board device software. In case of
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segmentation errors, manual corrections of individual Ascans were performed to ﬁt the choroidal boundaries
(from the outer edge of the hyper-reﬂective retinal pigment epithelial line to the inner edge of the sclera).
In every OCT image, the ETDRS grid was centered on
the fovea, and measurements of the nine choroidal subﬁelds
were obtained and compared between groups.
Besides the classic ETDRS grid, a fovea-centered map
composed of 30 × 30 cubes was generated with automatic
measurements of CT. -is map comprised 900
200 × 200 μm cubes. Mean CT in every cube was exported
and analysed. -e left eyes were converted into the right
eye format.
As a reference, young healthy subjects’ choroid (group 1)
was divided into diﬀerent zones according to the mean CT in
every macular cube (Figure 1). Zone 1 included those
macular points with a CT between 215 and 239 μm, zone 2
between 240 and 264 μm, zone 3 between 265 and 290 μm,
zone 4 between 290 and 314 μm, and zone 5 between 315 and
340 μm. -e 5 zones were then divided into nasal and
temporal, obtaining a total of 10 measurements. -e mean
CT of equivalent zones was calculated and compared between groups.
-e two-dimensional (2D) maps of the four study groups
were created with Microsoft Word (Microsoft Corporation),
and Microsoft Excel (Microsoft Corporation) was used for
the three-dimensional (3D) maps.
2.3. Statistical Analysis. Statistical analyses were performed
using IBM SPSS (version 23.0; IBM Corporation, Somers,
NY, USA) statistical software. All variables followed a
normal distribution as veriﬁed by the Kolmogorov–Smirnov
test. A two-tailed Student’s t-test was used to compare CT
between groups using both the classic ETDRS grid (9 regions) and the new choroidal distribution (10 regions). In
case of comparisons involving group 3, a Mann–Whitney U
test was performed due to the insuﬃcient number of cases.
For all analyses, p < 0.05 was considered as statistically
signiﬁcant.
2.4. Demographics. We enrolled 102 eyes of 51 healthy
young subjects (group 1), 60 eyes of 30 healthy aged
subjects (group 2), 24 eyes of 12 high-myopic patients
(group 3), and 110 eyes of 55 aged patients with diabetes
mellitus type 2 (group 4) with mild or moderate diabetic
retinopathy and without macular oedema. Mean age
outcomes in the four study groups are displayed in Table 1.
-ere were no diﬀerences between mean ages of groups 1
(young healthy) and 3 (young myopic) (p � 0.79) and
between groups 2 (aged healthy) and 4 (aged diabetic)
(p � 0.09). -ere were no diﬀerences between the bestcorrected visual acuity between groups 1 and 3 (p � 0.97),
but there were between groups 2 and 4 (p < 0.001). -ere
were no diﬀerences regarding intraocular pressure between groups 1 and 3 (p � 0.83), between 2 and 4
(p � 0.14), and between 1 and 2 (p � 0.08). -ere were
diﬀerences in AL between groups 1 and 3 (p < 0.001), but
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Figure 1: Choroidal zones in group 1 (young healthy individuals).
Table 1: Demographic and general ophthalmological factors.
Age (years)
BCVA (decimal scale)
IOP (mmHg)
AL (mm)
Number of eyes (patients)

Group 1 (young healthy) Group 2 (senior healthy) Group 3 (young high myopic) Group 4 (senior T2 DM)
27.31 ± 3.95
66.41 ± 7.54
27.69 ± 3.89
66.48 ± 7.59
0.99 ± 0.07
0.89 ± 0.13
0.99 ± 0.03
0.75 ± 0.23
16.07 ± 2.38
16.09 ± 2.56
16.81 ± 3.01
16.76 ± 2.96
23.68 ± 0.73
23.97 ± 1.39
25.83 ± 0.70
23.21 ± 0.92
102 (51)
60 (30)
24 (12)
110 (55)

BCVA � best-corrected visual acuity; IOP � intraocular pressure; AL � axial length.

there were not between groups 1 and 2 (p � 0.33) and
between groups 2 and 4 (p � 0.17).

3. Results
3.1. Choroidal Measurements. Average CT values are displayed in Table 2. When evaluating choroid with the ETDRS
grid, the thickest choroid was found in the inner temporal

(317.65 ± 72.30 μm), inner superior (240.35 ± 62.92 μm),
outer superior (247.78 ± 61.79 μm), and inner superior
(191.68 ± 76.31 μm) sectors in groups 1, 2, 3, and 4, respectively. When evaluating choroid with the new choroidal
division, the thickest choroid was found in zone 5 nasal
(320.93 ± 67.90 μm), zone 5 temporal (236.51 ± 60.98 μm),
zone 5 temporal (250.50 ± 56.96 μm), and zone 5 temporal
(189.76 ± 66.24 μm) in groups 1, 2, 3, and 4, respectively.
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Table 2: Choroidal thickness using the ETDRS grid.

ETDRS sector
Center
Inner temporal
Inner superior
Inner nasal
Inner inferior
Outer temporal
Outer superior
Outer nasal
Outer inferior
Sector of the new
Zone 1 nasal
Zone 1 temporal
Zone 2 nasal
Zone 2 temporal
Zone 3 nasal
Zone 3 temporal
Zone 4 nasal
Zone 4 temporal
Zone 5 nasal
Zone 5 temporal

Young healthy
(group 1)
Mean (μm)
SD
315.73
37.12
317.65
72.30
309.11
68.58
285.95
70.71
317.22
73.91
300.63
70.89
312.02
67.68
224.53
68.67
302.42
74.12
division
234.71
93.06
232.19
80.77
255.33
87.33
253.88
75.41
279.29
70.04
277.77
71.42
304.85
71.60
303.68
66.63
320.93
67.90
320.92
67.37

Aged healthy
(group 2)
Mean (μm)
SD
237.75
68.57
231.30
62.62
240.35
62.92
218.63
70.19
219.31
65.44
212.80
56.27
235.46
63.92
169.29
70.70
199.13
62.81
169.33
170.32
178.05
181.00
196.30
198.19
217.00
218.29
234.10
236.51

73.10
66.48
66.33
63.64
62.86
62.05
59.71
60.37
59.93
60.98

Young myopic
(group 3)
Mean (μm)
SD
239.00
60.30
246.10
60.85
240.79
60.04
201.57
59.60
231.03
62.13
240.70
58.47
247.78
61.79
150.73
51.19
228.59
56.20
175.31
184.43
189.50
196.54
206.77
214.47
229.41
235.26
246.21
250.50

77.57
79.29
69.62
70.98
64.19
62.26
57.96
56.23
58.39
56.96

Aged diabetic (group 4)
Mean (μm)
186.24
175.73
191.68
173.82
174.61
160.24
185.55
137.06
160.28

SD
69.89
67.17
76.31
75.09
68.70
59.38
68.34
71.78
63.21

137.57
137.93
142.66
141.28
154.60
155.73
172.11
174.23
185.62
189.76

71.43
62.21
64.57
59.14
64.39
60.61
64.49
62.90
66.61
66.24

Table 3: Choroidal thickness comparison between groups.
ETDRS region
Center
Inner temporal
Inner superior
Inner nasal
Inner inferior
Outer temporal
Outer superior
Outer nasal
Outer inferior
Sector of the new
Zone 1 nasal
Zone 1 temporal
Zone 2 nasal
Zone 2 temporal
Zone 3 nasal
Zone 3 temporal
Zone 4 nasal
Zone 4 temporal
Zone 5 nasal
Zone 5 temporal

Groups 1-2
CT reduction (μm)
77.98
86.36
68.77
67.30
97.89
87.83
76.58
55.25
103.28
division
65.38
61.88
77.27
72.89
82.99
79.57
87.85
85.39
86.83
84.40

p
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

Groups 1–3
CT reduction (μm)
76.73
71.54
68.32
84.38
86.19
52.93
64.25
73.80
73.83

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

Table 3 shows the CT comparison between groups using
ETDRS and the new division. CT was always signiﬁcantly
thicker (p < 0.01) in group 1 (young healthy) than in groups
2 and 3. Group 2 (aged healthy) always showed to have a
thicker choroid (p < 0.02) than group 4 (aged diabetic). p
values are shown in Table 3 too.
For a better understanding, Figure 2 shows a visual
representation of the thinning using the ETDRS grid. In this
ﬁgure, the darker, the more the choroid gets thinned.

59.40
47.76
65.83
57.34
72.52
63.29
75.44
68.42
74.71
70.42

p
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

Groups 2–4
CT reduction (μm)
51.52
55.57
48.66
44.81
44.70
52.56
49.91
32.22
38.85
31.76
32.38
35.39
39.72
41.69
42.47
44.89
44.05
48.48
46.76

p
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

3.2. Choroidal Maps Using the New Choroidal Division.
Figure 3 shows a colored 2D representation of CT in the four
study groups. Black lines were drawn following the results in
group 1 (young healthy) to allow an easier comparison. Figure 4
shows a 3D representation of CT in the four study groups. It
does not represent the real choroidal shape, as it is just a
mathematical representation of its thickness on a ﬂat surface.
Nevertheless, the combination of these 2D and 3D maps allows
better and easier understanding and visual comparison.
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Groups 1 and 2—ETDRS grid

Groups 1 and 2—new choroidal division

Groups 1 and 3—ETDRS grid

Groups 1 and 3—new choroidal division

Groups 2 and 4—ETDRS grid

Groups 2 and 4—new choroidal division

Figure 2: Mean choroidal thinning.

-e thickest choroidal region was always superocentral
to the fovea, showing a kind of ellipsoid shape. In young
healthy individuals (group 1), it resembled a mountain range
with its peaks and the valleys at both sides. In case of the
other groups, the choroid tended to be ﬂatter and the pattern
was not always preserved. -e aged healthy group (number
2) showed a higher reduction of CT in the inferior side,
resulting in a choroidal pattern which resembled a single
mountain peak. Something diﬀerent happened with the
young myopic patients (group 3), whose CT pattern stayed
similar to the young healthy patients (group 1) but with a
remarkable choroidal thinning on nasal and temporal sides.

It resembled an inverted gorge. Finally, aged diabetic patients (group 4) showed to have the ﬂattest choroid and its
pattern was close to aged healthy patients’ one (group 2), but
instead of mountain peak, it was more similar to gathered
hills.

4. Discussion
A thin choroid has been associated with ocular and systemic
disorders, and sometimes can be useful in the diﬀerential
diagnostic of some pathologies, such as between age-related
macular degeneration and polypoidal choroidal vasculopathy
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Figure 3: Two-dimensional representation of choroidal thickness.

[16]. One of the SS-OCT used so far for a deep comprehensive
choroidal study has been Triton DRI. Its repeatability and
reliability have been proved in healthy patients [18, 19] and in
choroid-thickness thinning pathologies [20]. It gives similar
measurements to the Zeiss Cirrus HD-OCT [21] (Carl Zeiss)
although results should not be interchangeable [18]. It has
been stated that automatic measurements reduce variability
[22] although there is still little possibility of scan artifacts [23].
-e most commonly used pattern is the ETDRS grid, as it
is in retina, too. Nevertheless, the composition and functions
of choroid has nothing to do with the ones of retina and its
thickness does not follow the same pattern [5, 6, 12]. Although retinal thickness is not the same among ETDRS
sectors, it does not diﬀer too much [24], and that is why the
ETDRS grid is an adequate useful pattern, whereas it might
not be for choroid. However, no choroidal division has been
proposed so far.
Choroid has usually been analysed with the ETDRS grid
or with horizontal lines. At a ﬁrst glance, the overall
thickness map does not diﬀer too much from the ones already published and mean CT values are similar, too. Some
authors have described higher values of CT in superior parts
[5, 6, 25] and the lowest in the outer macula area
[5, 6, 26, 27], as well as we have. -e fact of having analysed
together right and left eyes should not have biased our study,
as already stated by Chen et al. [28].
Shin et al. tried to make a choroidal map using radial
OCT scans of the choroid and with the ETDRS grid, but
they used a SD-OCT [26], and so the exact thickness

values may diﬀer. In our study, we found that the thickest
choroid was always located in the superocentral area and
the thinnest in temporal and nasal zones. With choroidalthinning pathologies, the resulting CT map tends to be
rather ﬂat. However, the choroidal pattern diﬀers
depending on the pathology. Young healthy individuals
show a mountain range pattern; aged healthy subjects, a
mountain peak pattern; young high myopic, an inverted
gorge pattern; and aged diabetic patients a gathered hills
pattern, as displayed in Figures 3 and 4. -is is why a 3D
representation of CT has an importance, as it gives more
information than ETDRS values alone.
-e thickness range of 25 μm for every color range in our
maps is acceptable, as it is higher than the possible internal
variation of the OCT but not so high that it remained
unaltered with aﬀecting pathologies. Rahman et al. stated
that a manually measured change greater than 23 μm in the
subfoveal ﬁeld may represent choroidal change when using
SD-OCT with enhanced depth imaging (EDI) and manual
measuring [22].
Although all the choroid and its sectors get signiﬁcantly
thinner with age, not all the sectors become equally affected. Baﬁq et al. studied CT variation with age using
manual measurements, and they found that the central
choroidal thickness increased with age, the most thinned
sector was the nasal outer one, and the second most
thinned was the inferior ones, what diﬀers to some extent
to our results [11]. -e outer inferior ETDRS grid sector is
the most thinned, and the outer nasal one is the less
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Figure 4: 3D maps of choroidal thickness.

thinned. As the latter has already been described as the
thinnest choroidal zone even in healthy subjects, it is easy
to understand that it is more diﬃcult to achieve an even
higher thinning.
On the contrary, high-myopic patients’ choroid does not
experience the same kind of thinning as with age. -eir most
thinned ETDRS sectors are the inferior and the nasal. Zhang
et al. already found that the temporal choroid becomes less
thinned than nasal, but they did not examine the superior or
inferior choroid [12].
Finally, aged patients with mild and moderate DR suﬀer
from a choroidal thinning which is softer in the outer nasal
ETDRS sector. -eir outer inferior ETDRS sector is aﬀected
from little thinning as well, but we should consider that this
sector was already thinned because of age and then an even
higher choroidal thinning would be rather diﬃcult to
achieve.
-us, it is noticeable that, under these pathologies, there
is a considerable ﬂattening, and in those zones where CT was
higher, choroidal thinning is also greater.

-e strengths of this study include study-naı̈ve patients
and SS-OCT automatic measurements performed at the
same day time. Furthermore, thickness maps seem easier to
evaluate the choroid than manual measurements or ETDRS
numerical values.
-e main limitations of this study are a low number of
young high-myopic patients and the small quantity of
choroidal-thinning pathologies evaluated. It would be of
interest how the whole macular choroid changes in other
situations.
In conclusion, choroidal-thinning pathologies aﬀect
choroidal regions in a diﬀerent way. -is fact gains relevance
especially in choroidal measurements because not all regions
are interchangeable and CT should be measured in the
proper place depending on the particular pathology.
-erefore, lineal OCT examinations are inadequate for
choroidal evaluation as superior and inferior macular regions remain unanalyzed. Second, choroidal thinning follows the following rule: the thicker the zone is in healthy
subjects, the thinner it becomes when aﬀected by any
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pathology. -ird, 3D representations of CT provide us with
visual information which helps us to make an easier and
faster general valuation. In general lines, the choroid in
young healthy individuals follows a mountain range pattern;
in aged healthy subjects, it follows a mountain peak pattern;
in young high-myopic patients, it follows an inverted gorge
pattern; and in aged diabetic patients, it follows a gathered
hills pattern. All these pathologies tend to make a ﬂat
uniform choroid.
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Purpose. To identify and correlate age-related changes in outer retinal layers’ thickness and choroidal thickness (CT) in the normal
eyes using spectral-domain optical coherence tomography (SD-OCT) and to investigate factors aﬀecting these changes. Study Design.
Observational cross-sectional study. Subjects and Methods. We studied 125 healthy Egyptians between 20 and 79 years old. Patients
were divided into 3 groups: group 1 (20–40 years), group 2 (40–60 years), and group 3 (>60 years). All patients had full ophthalmic
examination. SD-OCT was done to measure the 9 ETDRS macular grid sectors of retinal pigment epithelium and photoreceptor
outer segment (RPE-OS), outer nuclear layer and photoreceptor inner segment (ONL-IS), and choroidal thickness (CT) (by
enhanced depth imaging). Results. RPE-OS was signiﬁcantly thinner in group 3 than in the other 2 groups (central: P < 0.001).
Moreover, the 3 groups were signiﬁcantly diﬀerent from each other regarding the CT (central: P < 0.001); signiﬁcant thinning was
noticed in the choroid with age. )e 3 groups did not show signiﬁcant diﬀerence concerning the ONL-IS thickness. RPE-OS and CT
showed statistically signiﬁcant negative correlation with age (central RPE-OS: r � −0 C.345, P < 0.001, and central CT: r � −0.725,
P < 0.001) while ONL-IS showed statistically nonsigniﬁcant correlation with age (central ONL-IS: r � −0.08, P � 0.376). Multiple
regression analysis revealed that the most important determinant of central 1 mm RPE-OS thickness in this study was age
(β � −0.087, P � 0.010) rather than choroidal thinning (β � 0.001, P � 0.879). Conclusion. RPE-OS layer thickness shows signiﬁcant
thinning with increasing age, and with decrease in CT, however, age is the most determinant factor of this thinning.

1. Introduction
)e new optical coherence tomography (OCT) devices
provide high-resolution images of the retinal layers [1, 2].
)is allows precise segmentation of individual retinal layers
and provides thickness maps that could help in studying
diseases aﬀecting speciﬁc retinal layers [3].
Recently, the introduction of the enhanced depth imaging (EDI) technique to spectral-domain OCT by Spaide
has added the advantage of detailed choroidal imaging [4].
Previous reports have indicated that total retinal
thickness shows variations with age, but it is not well understood whether the diﬀerences in total retinal thickness
may be explained by variations in thickness of the inner or
outer retinal layers [5].

Earlier histological studies have suggested that there is a
decrease in cone pigment with age [6], which indicates a loss
and displacement of photoreceptors with age [7, 8].
Moreover, many studies have proved signiﬁcant
choroidal thinning with age [5, 9, 10], which could be of
great importance since the outer retinal layers do not have
a vascular network and rely on choriocapillaris, which
exhibits a slow blood velocity, in supplying the retinal
pigment epithelium (RPE) and outer retina with oxygen
and nutrients, thus maintaining normal retinal function
[11, 12].
Accordingly, variation in outer retinal layers’ thickness
with age could be either due to vascular insuﬃciency as a
result of choroidal thickness change or direct eﬀect due to
the aging process itself [6].
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Selective outer retinal degeneration (photoreceptor cells)
occurs in various retinal degenerative processes such as agerelated macular degeneration (AMD) and hereditary retinal
dystrophies, and diﬀerent therapeutic strategies have been
proposed to slow the progression of photoreceptor cell loss
in these cases [2]. Hence, studying the diﬀerent factors that
may aﬀect photoreceptor thickness in normal eyes (including age) may help to understand the pathology and
treatment response of these conditions.
)e aim of our study was to identify and correlate agerelated changes in outer retinal layers’ thickness and choroidal thickness in normal eyes using spectral-domain optical coherence tomography (SD-OCT) and to investigate
factors aﬀecting these changes.

2. Patients and Methods
)is cross-sectional observational clinical study was conducted between July 2018 and February 2019 in the Ophthalmology Department, Ain Shams University. It included
125 eyes of 125 healthy Egyptian individuals, and their ages
ranged from 20 to 79 years.
)e study was approved by the Research Ethical
Committee at the Faculty of Medicine-Ain Shams University, with informed consent obtained from every patient.
All patients had full ophthalmic examination including
best-corrected visual acuity testing with Snellen’s charts,
refraction, slit lamp biomicroscopy, dilated fundus ophthalmoscopy, axial length measurement using an A-scan
device (Echo Scan US-800, Nidek, Aichi, Japan), and intraocular pressure measurement by using a Goldmann
applanation tonometer at the outpatient clinic of the
Ophthalmology Department of Ain Shams University. Only
the right eye of every patient was examined.
Exclusion criteria included patients with systemic diseases that would aﬀect the retina or choroid as diabetes,
hypertension, renal diseases, infections, autoimmune diseases, and degenerative neuro-ophthalmological diseases.
Patients with any known ocular pathology and history of
previous ocular surgery, patients with glaucoma or intraocular pressure >18 mmHg, and patients with refractive
error >+4 or <−4 were all excluded from the study.

3. Spectral-Domain Optical Coherence
Tomography (SD-OCT)
Optical coherence tomography was performed by using the
Nidek RS-3,000 Advance SD-OCT (Retinascan RS-3000
Advance, Nidek Co. Ltd., Gamagori, Japan), with scan speed
53,000 A-scan/s. All patients were examined between 10 am
and 12 pm after mydriasis using Mydriacyl 0.5% eye drops.
Radial lines scan was used to measure the retinal pigment
epithelium and photoreceptor outer segment (RPE-OS) layer
thickness (extending from the inner segment/outer segment
(IS/OS) layer to the outer surface of RPE) and the outer nuclear
layer and photoreceptor inner segment (ONL-IS) thickness
(measured from the interface between the outer plexiform layer
(OPL) and the outer nuclear layer (ONL) extending to the IS/
OS layer). Macular thickness measurements were derived from
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the software (NAVIS-EX Image Filing software, RS-3,000
OCT, NIDEK, Gamagori, Japan) provided by the manufacturer; no manual manipulation of OCT data was performed in
the calculation. ETDRS chart was obtained, and the 9 ETDRS
subﬁelds were measured. )e ETDRS map standard retinal
subﬁelds are central, inner (superior, inferior, nasal, and
temporal), and outer (superior, inferior, nasal, and temporal).
)e central subﬁeld is bounded by the innermost 1 mm diameter circle. )e inner and outer subﬁelds are bounded by the
3 mm and 6 mm diameter circles, respectively (Figure 1).
)e choroid was imaged using the enhanced depth
imaging technique (EDI) by positioning the SD-OCT closer
to the eye to create an inverted image bringing the choroid to
the zero delay line, which is the point of maximum sensitivity on SD-OCT. )e image colors were made white on
black to make the interface between the choroid and the
sclera more distinct. )e sclerochoroidal interface was
drawn in the twelve radial lines manually. Choroidal
thickness (CT) was measured from the outer surface of RPE
to the manually drawn line. A CT map was automatically
obtained with an ETDRS chart including the central CT in
the innermost 1 mm circle and other ETDRS subﬁelds
(Figure 2). Drawing sclerochoroidal interface was performed
by two independent expert investigators, and the average
was taken. Only OCT scans with good signal quality were
included (signal-to-noise ratio ≥7).

4. Statistical Analysis
All data analyses were performed using the Statistical
Package for Social Sciences version 16.0 (SPSS© v. 16.0, SPSS
Inc., Chicago, IL, USA). Quantitative data were presented as
mean ± standard deviation (SD). Multiple group means were
compared using the ANOVA test. Tukey’s honestly significant diﬀerence (HSD) post hoc test was performed if an
overall signiﬁcance was found. Linear correlation coeﬃcient
was used for detection of correlation between two quantitative variables in one group. Regression analyses were done
to assess the diﬀerent factors that can aﬀect ONL-IS and
RPE-OS thickness in patients. )e reliability and reproducibility of manual choroidal thickness measurements
between the two investigators were measured using the
interclass correlation coeﬃcient (ICC). P values were considered statistically signiﬁcant if <0.05.

5. Results
)is study included 125 participants, with age ranged between
20 and 79 years old, with mean 47.32 ± 15.68 years old. Subjects
were divided into 3 age groups: group 1 (45 participants,
20–40 years old), group 2 (43 participants, 40–60 years old),
and group 3 (37 participants, age >60 years). )ere were 58
males (46.4%) and 67 females (53.6%) (Table 1).
Central 1 mm thickness as well as other 8 ETDRS
subﬁelds of the RPE-OS, the ONL-IS, and the choroid was
measured in the three groups as shown in Table 2.
Interclass correlation coeﬃcients (ICC) for CT measurements between the two investigators in the central 1 mm and
the 8 ETDRS subﬁelds (upper, lower, nasal and temporal
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Figure 1: (a) OCT radial scan. ETDRS map: (b) retinal pigment epithelium and photoreceptor outer segment (RPE-OS) layer thickness
(extending from the inner segment/outer segment (IS/OS) layer to the outer surface of RPE); (c) the outer nuclear layer and photoreceptor
inner segment (ONL-IS) thickness (measured from the interface between the outer plexiform layer (OPL) and the outer nuclear layer (ONL)
extending to the IS/OS layer); (d) choroidal thickness (CT) measured from the outer surface of RPE to the manually drawn sclerochoroidal
interface.

Macula radial scan was captured, 12 lines, in the enhanced
depth imaging mode
Manual drawing of the sclerochoroidal interface was
done in each of the 12 radial lines consecutively and
saved
Upper and lower boundries of the ETDRS map (that will
be displayed on radial scan printout) were chosen to be
RPE and manually drawn line, respectively
ETDRS map of the choroidal thickness was
automatically generated between the two chosen lines

Figure 2: Schematic diagram showing the different steps performed to obtain the choroidal thickness map.

quadrants in the inner and outer rings) were 0.994, 0.985,
0.964, 0.984, 0.988, 0.979, 0.982, 0.987, and 0.986 consecutively,
denoting excellent reliability of manual CT measurements.
On comparing the 3 groups, central RPE-OS as well as
other 8 ETDRS RPE-OS subfields was significantly thinner

in group 3 than in the other 2 groups (P < 0.001). Moreover,
a progressive significant choroidal thinning was evident in
the 9 ETDRS subfields among the 3 groups along with aging
(P < 0.001). The 3 groups did not show significant difference
concerning the ONL-IS thickness (Table 2).
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Table 1: Demographic and ocular characteristics of the 3 studied groups’ participants.

Age, years
Gender, M : F (N)
Refraction (spherical equivalent),
diopters
Axial length (mm)

Group 1
(mean ± SD)
29.85 ± 4.9

Group 2
(mean ± SD)
49.22 ± 6.1

Group 3
(mean ± SD)
66.35 ± 4.1

26 : 19

16 : 27

21 : 16

−0.69 ± 0.61

−0.80 ± 0.59

−0.65 ± 0.62

0.640

22.91 ± 0.37

23.02 ± 0.35

22.91 ± 0.28

0.251

P
<0.001
X2 � 1.33
P � 0.514

G1 vs
G2
<0.001

G1 vs
G3
<0.001

G2 vs
G3
<0.001

—

—

—

0.530

0.744

0.358

0.141

0.994

0.164

Bold numbers refer to statistically signiﬁcant values.

Table 2: Comparison of mean thickness (in μm) of 9 ETDRS subﬁelds for RPE-OS, ONL-IS, and choroid in the 3 studied groups.
RPE-OS
Central RPE-OS
Inner ring
Superior
Inferior
Nasal
Temporal
Outer ring
Superior
Inferior
Nasal
Temporal
ONL-IS
Central ONL-IS
Inner ring
Superior
Inferior
Nasal
Temporal
Outer ring
Superior
Inferior
Nasal
Temporal
CT
Central CT
Inner ring
Superior
Inferior
Nasal
Temporal
Outer ring
Superior
Inferior
Nasal
Temporal

Group 1 (mean ± SD)

Group 2 (mean ± SD)

Group 3 (mean ± SD)

P

G1 vs G2

G1 vs G3

G2 vs G3

74.76 ± 3.0

74.63 ± 3.33

71.05 ± 4.81

<0.001

0.87

<0.001

<0.001

67.62 ± 2.71
67.73 ± 3.28
67.98 ± 2.77
68.16 ± 2.99

68.05 ± 3.28
68.07 ± 3.48
67.56 ± 4.45
68.98 ± 3.61

65.19 ± 3.65
64.84 ± 3.33
64.78 ± 4.11
65.32 ± 3.57

<0.001
<0.001
<0.001
<0.001

0.54
0.64
0.61
0.26

0.001
<0.001
<0.001
<0.001

<0.001
<0.001
0.002
<0.001

65.04 ± 2.20
64.44 ± 2.34
64.91 ± 2.60
64.60 ± 1.95

65.79 ± 3.44
64.256 ± 2.84
63.69 ± 4.46
64.72 ± 3.62

62.46 ± 3.35
61.0 ± 3.46
61.24 ± 2.96
61.54 ± 3.70

<0.001
<0.001
<0.001
<0.001

0.25
0.76
0.10
0.86

<0.001
<0.001
<0.001
<0.001

<0.001
<0.001
0.002
<0.001

83.98 ± 10.3

84.00 ± 24.57

88.16 ± 11.51

0.45

0.99

0.27

0.27

69.69 ± 7.44
69.16 ± 8.89
70.62 ± 10.48
69.38 ± 8.73

71.86 ± 8.68
70.69 ± 9.218
73.09 ± 10.88
70.58 ± 8.79

69.29 ± 8.88
71.51 ± 9.58
68.57 ± 10.12
75.00 ± 9.05

0.321
0.497
0.160
0.014

0.223
0.434
0.273
0.525

0.83
0.25
0.38
0.005

0.17
0.69
0.06
0.03

61.13 ± 7.55
57.18 ± 7.37
58.53 ± 6.74
60.51 ± 8.29

62.26 ± 8.46
58.86 ± 8.55
59.26 ± 9.53
62.23 ± 8.77

61.621 ± 8.795
59.540 ± 8.102
58.757 ± 10.712
64.324 ± 8.913

0.816
0.383
0.930
0.143

0.525
0.327
0.708
0.352

0.790
0.186
0.911
0.049

0.732
0.706
0.806
0.283

356.16 ± 59.88

296.21 ± 41.26

255.14 ± 33.61

<0.001

<0.001

<0.001

<0.001

352.69 ± 56.17
345.73 ± 63.77
316.73 ± 50.67
338.80 ± 54.55

291.442 ± 32.22
279.48 ± 32.06
263.14 ± 32.13
280.51 ± 35.21

257.49 ± 33.04
254.97 ± 35.44
231.03 ± 33.68
243.70 ± 32.05

<0.001
<0.001
<0.001
<0.001

<0.001
<0.001
<0.001
<0.001

<0.001
<0.001
<0.001
<0.001

0.001
0.021
0.001
<0.001

338.07 ± 52.29
324.16 ± 61.13
273.18 ± 46.56
322.47 ± 52.19

276.05 ± 28.84
258.49 ± 33.55
235.49 ± 36.32
261.88 ± 39.01

244.86 ± 36.59
229.46 ± 51.99
207.73 ± 35.19
229.19 ± 31.94

<0.001
<0.001
<0.001
<0.001

<0.001
<0.001
<0.001
<0.001

<0.001
<0.001
<0.001
<0.001

0.001
0.011
0.002
0.001

CT: choroidal thickness. Bold numbers refer to statistically signiﬁcant values.

)e nine ETDRS subﬁelds of RPE-OS and CT showed
statistically signiﬁcant negative correlation with age (central
RPE-OS: r � −0 C.345, P < 0.001, and central T: r � −0.725,
P < 0.001), while ETDRS subﬁelds of ONL-IS did not show
any signiﬁcant correlation with age except the inner temporal subﬁeld (central ONL-IS: P � 0.376) (Table 3).
RPE-OS showed positive statistically signiﬁcant correlation with CT in all sectors of the ETDRS (central subﬁeld:

r � 0.273, P � 0.002); however, ONL-IS showed insigniﬁcant
correlation with CT (central subﬁeld: P � 0.409). No statistically signiﬁcant correlation was found either with refraction or with axial length or gender in the three layers
(Table 3).
Multiple regression analysis was carried out to detect
factors more likely associated with thinning of RPE-OS
layer. It revealed that the most important determinant of
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Table 3: Correlation of the 9 ETDRS subﬁelds mean thickness of RPE-OS, ONL-IS, and CT with age, gender, refraction, axial length, and
CT.
Correlation with
age
r
P value
RPE-OS
Central RPE-OS
Inner ring
Superior
Inferior
Nasal
Temporal
Outer ring
Superior
Inferior
Nasal
Temporal
ONL-IS
Central ONL-IS
Inner ring
Superior
Inferior
Nasal
Temporal
Outer ring
Superior
Inferior
Nasal
Temporal
CT
Central CT
Inner ring
Superior
Inferior
Nasal
Temporal
Outer ring
Superior
Inferior
Nasal
Temporal

Correlation with
gender
r
P value

Correlation with
CT
r
P value

Correlation with
refraction
r
P value

Correlation with
axial length
r
P value

−0.345

<0.001

−0.049

0.590

0.273

0.002

0.092

0.306

0.027

0.767

−0.253
−0.280
−0.287
−0.260

0.004
0.002
0.001
0.003

−0.119
−0.100
−0.062
−0.058

0.186
0.268
0.492
0.523

0.182
0.227
0.339
0.283

0.042
0.011
<0.001
0.001

0.069
−0.034
0.109
0.091

0.446
0.710
0.224
0.310

−0.025
0.102
−0.047
<0.001

0.779
0.256
0.601
0.997

−0.264
−0.396
−0.366
−0.311

0.003
<0.001
<0.001
<0.001

−0.107
−0.040
−0.075
−0.030

0.236
0.655
0.407
0.743

0.175
0.352
0.479
0.325

0.051
0.001
<0.001
<0.001

0.103
0.053
0.164
0.071

0.252
0.555
0.068
0.429

0.010
0.076
−0.087
0.010

0.915
0.397
0.336
0.915

0.08

0.376

0.019

0.833

−0.075

0.409

0.136

0.130

−0.124

0.167

0.062
0.143
−0.046
0.294

0.495
0.111
0.614
0.001

−0.173
−0.185
−0.132
−0.095

0.054
0.039
0.142
0.292

−0.024
−0.047
0.114
−0.237

0.791
0.599
0.207
0.008

−0.012
0.005
0.094
−0.037

0.893
0.953
0.297
0.681

−0.001
0.017
0.123
−0.047

0.994
0.853
0.171
0.604

0.073
0.164
0.057
0.222

0.417
0.068
0.530
0.013

−0.099
−0.144
−0.082
−0.014

0.271
0.109
0.361
0.120

−0.039
−0.124
−0.114
−0.135

0.665
0.168
0.206
0.133

0.027
−0.032
0.004
−0.071

0.766
0.725
0.962
0.433

−0.016
0.066
−0.030
−0.014

0.861
0.463
0.739
0.880

−0.725

<0.001

−0.013

0.255

—

—

0.166

0.064

−0.015

0.868

−0.727
−0.669
−0.672
−0.683

<0.001
<0.001
<0.001
<0.001

−0.101
−0.120
−0.119
−0.110

0.260
0.183
0.186
0.224

0.865
0.837
0.784
0.781

<0.001
<0.001
<0.001
<0.001

−0.003
0.015
−0.030
−0.018

0.976
0.871
0.744
0.840

0.054
0.057
0.017
−0.024

0.547
0.528
0.853
0.790

−0.729
−0.651
−0.566
−0.658

<0.001
<0.001
<0.001
<0.001

−0.072
−0.142
−0.177
−0.094

0.424
0.114
0.048
0.296

0.817
0.772
0.700
0.704

<0.001
<0.001
<0.001
<0.001

−0.003
0.045
0.000
0.020

0.976
0.621
0.998
0.822

0.065
0.075
0.054
−0.047

0.470
0.403
0.549
0.601

CT: choroidal thickness. Bold numbers refer to statistically signiﬁcant values.

central 1 mm RPE-OS thickness in this study was age
(β � −0.087, P � 0.010) rather than choroidal thinning
(β � 0.001, P � 0.879) (Table 4).
Regarding other RPE-OS layer ETDRS sectors, regression analysis revealed that upper and lower zones
thickness showed signiﬁcant regression with age rather than
CT (Table 4).

6. Discussion
New OCT technology has provided valuable quantitative
information that could greatly enhance our understanding
of outer retinal layers’ diseases and allow clinicians to
conﬁrm their improvement or progression [13, 14]. Moreover, OCTmay aid in evaluating the eﬃcacy of new therapies
by quantifying the photoreceptor cell layer in a reliable and

reproducible way [2, 15]. For instance, previous studies
using ultrahigh resolution OCT showed that the severity of
photoreceptor loss is associated with visual loss in retinitis
pigmentosa, [13] while other studies using SD-OCT showed
that by measuring the thickness of the outer nuclear layer in
the fovea, we can predict visual prognosis in retinal diseases
such as central serous chorioretinopathy [16], polypoidal
choroidal vasculopathy [17], and epiretinal membrane [15].
Earlier studies using SD-OCT [18–21] in healthy eyes
reported changes in the macular proﬁle in relation to factors
such as age, sex, and axial length [15]. )ickness of diﬀerent
retinal layers has shown variation according to age in variable studies as well [8, 14, 21, 22]. Studying this expected
variation in individual retinal layers using the new OCT
technology would be of great help in distinguishing pathological retinal changes from age-related ones.
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Table 4: Multiple regression analysis of diﬀerent factors aﬀecting the thickness of 9 ETDRS subﬁelds of RPE-OS and ONL-IS.
Regression with
Regression with
Regression with axial
Regression with CT
gender
refraction
length
B-coeﬃcient P value B-coeﬃcient P value B-coeﬃcient P value B-coeﬃcient P value B-coeﬃcient P value
Regression with age

RPE-OS
Central RPE-OS
Inner ring
Superior
Inferior
Nasal
Temporal
Outer ring
Superior
Inferior
Nasal
Temporal
ONL-IS
Central ONL-IS
Inner ring
Superior
Inferior
Nasal
Temporal
Outer ring
Superior
Inferior
Nasal
Temporal

−0.087

0.010

−0.664

0.355

0.001

0.879

0.691

0.218

0.213

0.838

−0.065
−0.060
−0.032
−0.033

0.023
0.031
0.297
0.256

−1.059
−0.793
−0.452
−0.438

0.088
0.227
0.525
0.510

−0.003
0.002
0.019
0.012

0.716
0.777
0.033
0.135

0.472
−0.067
0.778
0.610

0.327
0.895
0.161
0.240

−0.304
0.926
−0.561
0.070

0.729
0.319
0.578
0.941

−0.070
−0.064
−0.036
−0.039

0.011
0.007
0.120
0.128

−0.989
−0.307
−0.284
−0.212

0.095
0.586
0.641
0.727

−0.005
0.007
0.031
0.012

0.547
0.230
<0.001
0.081

0.658
0.310
0.960
0.404

0.158
0.479
0.042
0.396

0.088
0.557
−1.107
0.182

0.918
0.483
0.196
0.834

0.083

0.568

0.204

0.948

0.001

0.985

3.383

0.169

−5.519

0.227

0.022
0.090
−0.181
0.127

0.753
0.211
0.027
0.075

−2.866
−3.189
−4.218
−1.601

0.067
0.063
0.029
0.329

−0.001
0.005
−0.063
−0.016

0.939
0.786
0.010
0.418

0.112
0.390
2.045
−0.483

0.926
0.769
0.171
0.705

−0.059
0.481
3.819
−1.234

0.979
0.786
0.160
0.597

0.037
0.052
−0.023
0.116

0.604
0.401
0.721
0.085

−1.622
−2.344
−2.065
−2.082

0.291
0.119
0.226
0.192

0.001
−0.011
−0.029
−0.001

0.965
0.493
0.174
0.943

0.492
−0.063
0.241
−0.811

0.683
0.957
0.854
0.515

−0.320
1.685
−0.649
−0.368

0.884
0.424
0.786
0.943

CT: choroidal thickness. Bold numbers refer to statistically signiﬁcant values.

In our study, we studied age-related changes in outer
retinal layers’ thickness and choroidal thickness in normal
eyes aiming to identify the most inﬂuential factor on outer
retinal layers’ thickness.
Our results showed that macular CT was negatively
correlated with age; this is in accordance with previous
studies using EDI-OCT in normal eyes that have reported
that macular choroidal thickness is negatively correlated
with age [1, 5, 10, 23, 24].
Moreover, in our study, the thickness of RPE-OS showed
a statistically signiﬁcant negative correlation with age in the
central foveal zone and also in the parafoveal and perifoveal
rings, with a decline of 0.8 μm per decade in the central
1 mm, when the entire cohort was compared. However, this
number is just an impression of the theoretical speed of agerelated changes based on the found linear relationship between thickness measurements and age and can only be
veriﬁed with a longitudinal study. Regarding the ONL-IS, no
statistically signiﬁcant thinning was noticed with aging. )is
variable eﬀect of aging on foveal layers may give a clue why
earlier studies found no statistically signiﬁcant correlations
between age and overall central foveal retinal thickness,
which is composed primarily of outer retinal layers
[20, 21, 25].
Our ﬁndings are supported by earlier histological studies
using fundus reﬂectometry that demonstrated loss of foveal
cone visual pigment in the human retinae with aging [6, 26].
Our results are in concordance with a previous study by
Abdolrahimzadeh et al. [22] who reported that, in all ETDRS

grid zones, outer retinal layer thickness correlated positively
with CTand negatively with age, also with Nieves-Moreno et al.
[27] as they found negative correlation of the photoreceptor
layer (measured as the thickness between the outer limiting
membrane and Burch’s membrane) with age in 3 ETDRS rings,
and with Demirkaya et al. [8] who demonstrated a signiﬁcant
decrease in foveal outer segment layer (OSL) thickness with
increasing age; however, they found that this decrease was
nonsigniﬁcant in the perifoveal and parafoveal rings [8].
On the contrary, Baﬁk and his colleagues [5] reported
that the outer retina did not show any age or sex-related
diﬀerences; however, in their study, the outer retinal
thickness was measured from the inner nuclear layer/outer
plexiform layer (INL/OPL) junction to the outer border of
the RPE layer; i.e., their measurement included RPE-OS and
ONL-IS layers. )is is unlike our study, where, we segregated
the outer retina into layers, the outer one (RPE-OS) correlated with age while the inner one (ONL-IS) did not show
any correlation with age. Won and coworkers [14] demonstrated that PHL, ONL, and foveal RPE thickness showed
no signiﬁcant diﬀerences with increasing age; however, their
study only included 50 subjects which is a rather small
sample, and the segmentation protocol they used is diﬀerent
from the one used in the present study since ONL, photoreceptors, and RPE are considered separately in the former
which might be a possible reason for discrepancy.
By contrast, Ooto et al. [28] reported a thickening of the
OS layer in all macular zones, unlike our results that showed
a thinning in RPE-OS with aging. However, the RPE was not
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included in their segmentation algorithms. Worth mentioning that they stated in their discussion that RPE and OS
tip lines were diﬃcult to identify independently in some
subjects; this ambiguity in the deﬁnition of the OS tips might
have led to the diﬀerent results. According to our device
segmentation algorithm, we deﬁned the RPE-OS layer as the
layer between the IS/OS transition and outer surface of RPE,
which are relatively clear transitions. Moreover, all subjects
included in their study were Japanese adults, whereas foveal
thickness diﬀerences between diﬀerent ethnic groups have
been previously reported [28].
Flores-Moreno et al. [29] did not ﬁnd any correlation
between age and photoreceptors-RPE layer thickness
(measured from the hyper-reﬂective line corresponding to
the ELM to the outer border of the RPE); this result may be
due to the smaller number of patients (60) in their study, the
selected group of highly myopic eyes (≥−6D) as opposed to
our cohort where subjects with refractive error >+4 or <−4
were all excluded from the study, and also the diﬀerent
device used (Topcon 3D-2000 OCT).
Kenmochi et al. [30] stated that the RPE-COST
thickness and the IS/OS-ELM thickness at the fovea were
signiﬁcantly associated with age. Conversely, they found
that the COST-IS/OS thickness, which incorporates the
outer segments of the photoreceptor cells, was not signiﬁcantly associated with age. However, in their study, the
RPE line and the COST line were sometimes not completely
separated, as they described, and all their measurements
relied on manual segmentation. In addition, all their
measurements were taken from a single-line OCT scan and
were reported as a single-point thickness, unlike our study
where all measurements of outer retinal layers were done
automatically in 12 radial lines and reported as thickness
maps in the 9 ETDRS macular map sectors which reduce
our measurements variability.
In this study, we found statistically signiﬁcant positive
correlation of RPE-OS with CT in all ETDRS macular grid
zones, which agree with Abdolrahimzadeh et al. [22]. )is
was expected since the photoreceptor layer in the foveal
region depends mainly in its nourishment on the underlying
choroid. Furthermore, it has been previously reported that
choroidal alterations and thinning in pathological conditions can lead to outer retinal layer thinning [29, 31].
In view of the fact that photoreceptor age-related loss
might either be a consequence of age-related choriocapillary
rarefaction (choroidal thinning) or age-related neural tissue
loss, we performed a multiple regression analysis, in an
attempt to understand the eﬀects of age, choroid thickness,
and other variables including gender, refraction, and axial
length on the outer retinal layer thickness.
)e multiple regression analysis revealed that the central
foveal zone of RPE-OS as well as superior and inferior
parafoveal and perifoveal zones was independently aﬀected
by age rather than choroidal thinning. )is might suggest
that the photoreceptor age-related neural tissue loss has
more prominent impact than vascular supply diminution
due to choroidal thinning on outer retinal layer thickness.
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)us, it is essential to consider age when outer retinal layer
thickness is evaluated in the context of monitoring the
progression of outer retinal layer diseases like retinitis
pigmentosa, evaluating the eﬃcacy of various therapeutic
modalities that target the photoreceptor layer and predicting
visual prognosis in various macular diseases.
It is noteworthy that there is no general consensus on
where to set the boundaries between retinal layers. )is may
partially explain the contrasting results obtained in diﬀerent
studies. In our study, we measured the RPE-OS layer (from the
IS/OS junction to the outer aspect of RPE); however, thickening of the RPE with age has been previously reported
[12, 27]. Accordingly, photoreceptors outer-segment thinning
with age might be even greater than that reported in this study.
)e strengths of the current study include our robust
measurements of diﬀerent layers. Measurements of outer
retinal layers were based on automatic segmentation done by
the device software (NAVIS-EX Image Filing software,
RS3000-OCT, NIDEK, Gamagori, Japan) with no manual
correction done which ensures the accuracy of the measurements. In addition, we measured thickness maps in 9
areas of 6 mm ETDRS macular grid rather than single-point
foveal measurements on single-line OCT scans done in
previous reports; where this central foveal zone is just a little
portion of the retina and the information obtained from this
area cannot be extended to all the other macular subﬁelds.
Even in other studies which measured parafoveal thickness,
they relied on single-point thickness using single-line OCT
scan which would be less accurate than the map we constructed. Regarding choroidal thickness, sclerochoroidal
interface was manually drawn but with very good reliability
measures, and the interface was drawn in each of the 12
radial lines of macular radial scan, and based on this,
choroidal thickness map was generated; hence, our measurements are much more precise and show less variability.
Finally, we had an appropriate group of normal individuals
of wide-ranging age and properly distributed age groups.
Limitations of the present study include the cross-sectional design rather than the longitudinal design. Further
studies with longitudinal data on a larger cohort are warranted and would aid in building up a normative database
against which thickness maps of individual retinal layers in
diseased eyes can be compared, which may advance our
understanding of pathological mechanisms in various retinal
degenerative diseases.
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Purpose. To evaluate CLU polymorphisms in patients with pseudoexfoliation syndrome. Materials and Methods. We studied 81
patients (23 males and 58 females, the median age 76 years) and 91 control subjects (27 males and 64 females, the median age
75 years). Genotypes of the CLU polymorphisms (SNPs), rs3087554 and rs2279590, were determined using a commercially
available validated genotyping assays. *e χ2 test was performed to compare patient and control groups for possible associations
between SNP genotype/allele frequency and disease state. Results. *ere were no signiﬁcant diﬀerences for both allele and
genotype frequencies between PEX patients and controls for rs3087554 and rs2279590 polymorphisms. *e haplotypes distribution shows statistically signiﬁcant diﬀerence between groups (p � 0.03). *e haplotype (CT) more often was found in
controls than in PEX patients, conferring an 18-fold decreased risk to the disease. Conclusion. Our results indicate that CLU
variants may contribute to the risk of PEX in the Polish population.

1. Introduction
Pseudoexfoliation syndrome (PEX) is a form of age-related
elastosis resulting from the overproduction or overaggregation of elastic microﬁbrillar components [1]. *ere is
an increasing prevalence of PEX as the mean age of the
general population increases. *e role of inheritance in PEX
is still unclear. Several studies demonstrated an increased
prevalence of pseudoexfoliation in relatives of family
members aﬀected with pseudoexfoliation compared to the
general population [2–5]. *ese ﬁndings encouraged other
investigators to identify possible genetic factors which could
be involved. *e genome-wide study conducted in populations of Iceland and Sweden showed the strong association between two single-nucleotide polymorphisms (SNPs)
in the lysyl oxidase-like gene and PEX syndrome [6]. *is
association was then conﬁrmed in many populations

worldwide, including our present group of PEX patients
[7–13]. *e gene expression analyses revealed several genes
that may play a role in PEX syndrome pathology, where
clusterin was one among them (CLU) [14]. As the results of
the studies on CLU association with PEX syndrome were
inconclusive, we decided to determine this possible association in the Polish population.

2. Materials and Methods
We studied 81 patients (23 males and 58 females, the median
age 76 years, Q1 � 72.0; Q3 � 82.0) and 91 control subjects (27
males and 64 females, the median age 75 years, Q1 � 70.0;
Q3 � 80.0), who presented to the Department of Ophthalmology, Collegium Medicum UMK in Bydgoszcz, Poland,
for cataract surgery. *is work has been approved by the
local bioethical committee. All patients gave their informed
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consent for this study. Patients were enrolled into the study
if they had no other ocular or general diseases e.g., glaucoma,
age-related macular degeneration (AMD), diabetes, dislipidemia, and arterial hypertension, except cataract and
PEX. Glaucoma was deﬁned based on measurements of IOP
consistently >21 mmHg without glaucoma medication and
the presence of typical glaucomatous optic nerve and visual
ﬁeld changes or previously diagnosed glaucoma under
treatment. AMD was diagnosed on the basis of the presence
of hard and soft drusen, changes in the retinal pigment
epithelium (RPE), geographic atrophy, choroidal neovascular membrane, or disciform scar. In every patient, the
diagnosis of PEX was conﬁrmed by slit-lamp examination
after pupil dilation. Pseudoexfoliation changes were identiﬁed as the presence of typical PEX material on the anterior
lens surface, iris, or corneal endothelium. *e individuals
without any evidence of pseudoexfoliation deposits on intraocular tissues were taken as the control group.
2.1. Genotyping. DNA extracts obtained from patients’
blood by using the Gene Matrix Bio-Trace DNA Puriﬁcation Kit (Eurx Ltd., Gdańsk) as part of previous PEX research were reused. *e DNA concentration was measured
using a spectrophotometer (DeNovix). Genotypes of the
CLU SNPs, rs3087554, and rs2279590 were determined
using a commercially available validated genotyping assay,
TaqMan SNP genotyping assay (assay ID: C___1187215_10
i C___1842470_20) (Applied Biosystems) with the ViiA 7
real-time PCR system (Applied Biosystems) in accordance
with the manufacturer’s instructions. *e DNA concentration in PCR reaction was 1 ng/μl in total volume 10 μl.
Due to the small amount of the material, we were not able to
determine both SNPs in all patients.

™

2.2. Statistical Analysis. *e χ 2 test was performed to
compare patient and control groups for possible associations
between SNP genotype/allele frequency and disease state.
*e Arlequin software version 3.1 was used to determine the
Hardy–Weinberg equilibrium and to estimate haplotype
frequencies. Odds ratios were also calculated. *e signiﬁcance level for all statistical tests was 0.05. Statistical analysis
was performed using Statistica software (version 12).

3. Results
Two SNPs of CLU were assessed: rs3087554 in 81 PEX
patients and 91 controls and rs2279590 in 67 PEX patients
and 50 controls. Due to the small amount of material, both
SNPs were determined only in some probes. Allelic frequencies of SNPs rs3087554 and rs2279590 were in the
Hardy–Weinberg equilibrium in both groups.
Allele and genotype frequencies of rs3087554 polymorphism are presented in Tables 1 and 2. *ere were no
signiﬁcant diﬀerences for both allele and genotype frequencies between PEX patients and controls; p � 0.94 and
p � 0.83, respectively.
Allele and genotype frequencies of rs2279590 polymorphism are presented in Tables 3 and 4. Also for this

Table 1: Allele frequencies of rs3087554 polymorphisms in Polish
population.
Allele
C
T

PEX patients
n � 162 Frequency
46
0.28
116
0.72

Controls
n � 182 Frequency
51
0.28
131
0.72

p
0.9388

Table 2: Genotype frequencies of rs3087554 polymorphisms in
Polish population.
Genotype
CC
CT
TT

PEX patients
n � 81 Frequency
7
0.09
32
0.40
42
0.52

Controls
n � 91 Frequency
6
0.07
39
0.43
46
0.51

p
0.8315

Table 3: Allele frequencies of rs2279590 polymorphisms in Polish
population.
Allele
C
T

PEX patients
n � 134
Frequency
86
0.64
48
0.36

Controls
n � 100
Frequency
68
0.68
32
0.32

Table 4: Genotype frequencies of rs2279590 polymorphisms in
Polish population.
Genotype
CC
CT
TT

PEX patients
n � 67
Frequency
29
0.43
28
0.42
10
0.15

n � 50
21
26
3

Controls
Frequency
0.42
0.52
0.06

polymorphism, there were no statistically signiﬁcant differences in the frequency of alleles and genotypes between
the groups; p � 0.54 and p � 0.41, respectively.
*e frequencies of CLU haplotypes are presented in
Table 5.
*e haplotypes distribution shows statistically signiﬁcant diﬀerence between groups (p � 0.03). *e haplotype
(CT) more often was found in controls than in PEX patients
(p � 0.0484), conferring an 18-fold decreased risk to the
disease. *e risk of patients with haplotype (CT) for developing PEX is 0.0545. *e haplotype (TT) nearly doubles
the risk of pseudoexfoliation, but this result was not statistically signiﬁcant (p � 0.0687).

4. Discussion
Several lines of evidence, including regional clustering,
transmission in two-generation families, familial aggregation, twin studies, and genetic linkage analyses, support a
genetic predisposition to PEX [2–5, 15, 16]. *e underlying
genetic mechanisms are thought to be due to the disruption
of regulatory genes that are involved in both the production
and the breakdown of extracellular material in PEX. *e
results of several studies suggest that the cross-linking
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Table 5: Frequencies of CLU haplotypes in PEX patients and controls.

Haplotype∗
TT
TC
CC
CT
∗

Estimated haplotype frequencies (%)
PEX patients (n � 130)
Controls (n � 98)
48 (37)
25 (26)
45 (35)
43 (44)
37 (28)
24 (24)
0 (0)
6 (6)

p value (test Χ2)

OR (95% CI)

p value

0.0300

1.7093 (0.9597–3.0443)
0.6772 (0.3953–1.1600)
1.2267 (0.6749–2.2298)
0.0545 (0.0030–0.9799)

0.0687
0.1557
0.5028
0.0484

Order of the alleles is as follows: rs308755 and rs2279590.

enzyme lysyl oxidase-like 1 (LOXL1) participates in the
stabilization of newly synthesized elastic proteins and ﬁnally
in the stable accumulation of this material [17–19]. Clusterin
(CLU) has been supposed to potentially inﬂuence the
manifestation of the PEX syndrome [20–22]. Clusterin is a
multifunctional protein which plays a role in many cellular
processes ranging from lipid transport, acting as extracellular chaperone, to cellular proliferation and death and was
found in most tissues and body liquids. *e gene encoding
this protein is induced by heat and oxidative and mechanical
stress. It was found to be present in exfoliation deposits on
anterior lens capsules, but the iris is the tissue where CLU
was the most abundantly expressed gene [23, 24]. Studies on
clusterin have also indicated that its deﬁciency may result in
PEX material accumulation [25]. In PEX eyes, a signiﬁcant
downregulation of clusterin mRNA was seen in all anterior
segment tissues, when compared to normal eyes. Clusterin
aqueous humour levels were also signiﬁcantly reduced in
PEX eyes [26]. *e clusterin presence in PEX deposits and
reduced amounts in aqueous humour of PEX patients led to
an investigation of the genetic variants of the CLU gene and
its association with PEX syndrome. Nine SNPs of the CLU
gene in 86 cases of PEX and 2422 controls from the Blue
Mountains Eye Study Cohort were genotyped by Burdon
et al. [27]. *ey found that variants of CLU gene do not
strongly modify the risk of PEX in this population, but one
SNP (rs3087554) haplotype with a frequency of 7% may
confer some increased risk. *e signiﬁcant age diﬀerence
between cases and controls makes the power of this study
lower; the mean age of cases was six years greater than that of
the controls. When the age of controls was restricted to
73 years or older, the association between SNP rs3087554
and PEX was not found (p � 0.072). Krumbiegel et al.
observed the association between PEX and SNP rs2279590 in
intron 8 of the CLU gene in two German cohorts
(p � 0.0347, p � 0.0244) [28]. *is association was not
conﬁrmed in Italian patients (p � 0.7173). None of the other
evaluated SNPs of CLU were associated with PEX in both
populations. *e results of Burdon et al. and Krumbiegel
et al. indicate that common genetic variation of CLU is not a
strong genetic modiﬁer of the risk of PEX, but may confer
some increased risk in some populations [27, 28]. Padhy
et al. revealed a genetic association between CLU SNP
rs2279590 and PEX in Indian population with a p value of
0.004 [29]. *e high risk allele “G” at rs2279590 has an eﬀect
on clusterin mRNA expression. *ere was a two-fold higher
clusterin mRNA level in “GG” genotyped individuals in
comparison to “AA” genotyped individuals (p � 0.039).

Five CLU SNPs (rs11136000, rs2279590, rs9331888,
rs9331931, and rs3087554) were evaluated in the study of
Dubey et al. [30]. *ese authors did not ﬁnd any signiﬁcant
diﬀerences in the distributions of genotype and allele frequencies between PEX patients and control subjects in
Indian population. *e CLU SNP rs2279590 was evaluated
in both aforementioned studies and their results were
contradictory.
In our study, the possible association between two CLU
SNPs, rs3087554 and rs2279590, and PEX syndrome in
Polish population was assessed. *ere were no signiﬁcant
diﬀerences in the distributions of genotype and allele frequencies between PEX patients and controls. However, the
distribution of haplotype frequencies diﬀers between groups
with p value equal 0.03. *e haplotype (CT) was more
common in control group than in PEX patients
(p � 0.0484), conferring an 18-fold decreased risk to the
disease. *e risk of patients with this haplotype (CT) for
developing PEX is equal 0.0545. Due to the small groups
studied and the fact that haplotype (CT) was not found at all
in the PEX group, the results should be quantiﬁed with
caution. *e haplotype (TT) almost doubles the risk of PEX,
but this result was not statistically signiﬁcant (p � 0.0687).

5. Conclusions
Our results indicate that CLU variants may contribute to the
risk of PEX in Polish population.
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Purpose. Ocular aging is a natural process of functional decline in vision. When the process reaches a point that compromised
vision aﬀects normal daily activity, it manifests as age-related ocular diseases, such as age-related macular degeneration, cataracts,
glaucoma, and pseudoexfoliation syndrome. We previously reported that repressed Wnt signaling accelerated the maturation of
corneal epithelium during tissue development. Here, we explore the hypothesis that repressed Wnt signaling is associated with
accelerated aging in mouse eyes. Methods. Wnt ligand antagonist secreted frizzled-related protein 1 (sFRP1) was expressed in the
corneal stroma by a tissue-speciﬁc, inducible, bitransgenic system. Tissue structure was analyzed for signs of aging. Signal
transduction analysis was performed to determine the cellular response to sFRP1. Results. Mouse eyes with sFRP1 expression
showed signs of accelerated aging, resembling those found in pseudoexfoliation (PEX) syndrome, a known age-related disease.
Speciﬁc ﬁndings include granular deposition on the surface of the anterior lens capsule, pigment loss from the anterior surface of
the iris, the presence of ﬁbrillary material in the anterior chamber, and changes in cell size (polymegethism) and shape
(pleomorphism) of the corneal endothelial cells. In vitro studies demonstrated that sFRP1 did not inhibit Wnt5a function and that
cells responded to sFRP1 and Wnt5a in a very similar manner. Conclusion. *e expression of sFRP1 accelerates the aging process
in mouse eyes and future studies are warranted to elucidate the underlying mechanisms.

1. Introduction
Aging is a natural process that aﬀects the function of many
organs, including eyes. Patients usually experience the ﬁrst
sign of ocular aging when they have diﬃculty reading ﬁne
print. *is age-related condition, called presbyopia, is caused
by gradual hardening of the lens [1]. Like cataracts, the defect
can be corrected by corrective lens, either inside the eyes or
in front of the eyes. Other age-related conditions will
manifest into debilitating eye diseases, such as age-related
macular degeneration, cataracts, diabetic eye disease, glaucoma, and pseudoexfoliation (PEX) syndrome. *ese agerelated eye diseases account for most cases of permanent
vision loss and blindness. Determining the mechanism
behind these conditions can provide new lifestyle and

treatment guidelines that delay the onset of diseases as well
as treat them.
Several signaling pathways have been implicated in
aging. *e ﬁrst one is the target of rapamycin (mTOR)
pathway. Inhibition of mTOR activity with rapamycin
doubled the lifespan of simple organisms like yeast. Rapamycin treatment also extended the life of mice by about 15%
percent [2]. Because mTOR serves as the master nutrient and
energy sensor, this may also explain the eﬀect of calorie
restriction on aging. *e second pathway is the Wnt signaling pathway. Data from C. elegans studies indicate that
Wnt signaling plays a dual role in aging. Speciﬁcally, mom2/Wnt and cwn-2/Wnt mutants live 35% and 18% longer
compared to wild-type controls. In contrast, lin-44/Wnt and
egl-20/Wnt mutants live 30% and 25% shorter than their
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wild-type controls [3]. Further examination of the Wnt
signaling pathway may provide information on the processes
involved in ocular aging.
Previously, we reported that loss of canonical Wnt
function during corneal development accelerated the maturation of corneal epithelium [4]. Wnt signaling is involved
in organogenesis and homeostasis. *ere are several Wnt
signaling pathways, including canonical Wnt signaling and
noncanonical Wnt signaling. A delicate balance between the
two Wnt signaling pathways is key to achieving normal
tissue structure and function. Canonical Wnt signaling is
activated through the binding of Wnt ligands (such as
Wnt3a and Wnt7) to their coreceptors (LRP5 and LRP6) [5].
*is releases beta-catenin from a destruction complex and
subsequently allows it to drive the expression of target genes
by binding to TCF/LEF transcription factors. On the other
hand, noncanonical Wnt signaling is activated through the
binding of Wnt ligands (mainly Wnt5a and Wnt4) to their
receptors (ROR2 or VANGL2) [6]. *is triggers the activation of a panel of small GTPases, such as RhoA, Rac1, and
CDC42 [7]. Subsequently, Rho-associated kinase (ROCK) is
activated and transduces the signal to myosin light chain to
modulate cytoskeleton structure. *ere have been numerous
ﬁndings that the two Wnt signaling pathways inhibit each
other in diﬀerent tissues [8, 9]. Wnt signaling has been
implicated in the development and aging process of many
organs. Because loss of canonical Wnt signaling, or on the
other hand increased noncanonical Wnt signaling, is associated with aging [10, 11], we set out to explore if repressed
canonical Wnt signaling in adult mice can accelerate the
aging process.
In our study, canonical Wnt signaling was repressed by
the expression of a Wnt ligand antagonist called secreted
frizzled-related protein 1 (sFRP1) in the corneal stroma. In
this model, we found signs consistent with pseudoexfoliation
(PEX) syndrome, an age-related disease that aﬀects the eyes
and many other organs [12]. Hallmarks of PEX syndrome
observed in this model include granular deposition on the
surface of the anterior lens capsule, iris stromal atrophy,
accumulation of ﬁbrillary material in the anterior chamber,
and disorganized ciliary zonules. Furthermore, in vitro
ﬁndings demonstrated that sFRP1 can stimulate the activation of noncanonical Wnt signaling. *ese results suggest
that disruption of Wnt signaling homeostasis in the eye is
associated with accelerated aging.

2. Methods
2.1. Animal Experiments. To express sFRP1 in mouse corneal stroma, bitransgenic mice (KR-sFRP1) were generated
by breeding keratocan/rtTA knock-in (KR/rtTA) mice [13]
with tetracycline-On promoter-driven sFRP1 (Tet-OsFRP1) [14]. Tet-O-sFRP1 mice were a gift from Dr.
*ierry Couﬃnhal (Hospital Haut-Leveque, Pessac, France).
*e knock-in KeraRT mice were crossed with an enhanced
GFP (EGFP) reporter mouse line, tet-o-Hist1H2B-EGFP
(TH2B-EGFP, Stock number: 005104; Jackson Laboratories)
[15] to obtain the double transgenic mice KeraRT/TH2BEGFP. Genotyping of double transgenic mice was
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accomplished by PCR. *e knock-in KeraRT mice were
identiﬁed by PCR using the following primers:
(i) Kera-F1, 5′-TGGTGGCTTGCTTCAAGCTTCTTC-3′
(ii) Kera-R1, 5′-TATCCAACTCACAACGTGGCACTG-3′
(iii) Kera-R2, 5′-GGAGTCTGCACTACCAGTACTCAT-3′
*e Tet-O-sFRP1 mice were genotyped with the following primers:
(i) SFRP1F: 5′-TGT GTC CTC CAT GTG ACA ACG
AGC-3′
(ii) SFRP1R: 5′-TGA GAT GAG TTT TTG TTC GGG
C-3′
Animal care and use conformed to the ARVO Statement
for the Use of Animals in Ophthalmic and Vision Research.
All animal protocols were approved by the Institutional
Animal Care and Use Committee (IACUC) of the University
of Cincinnati. *e mice used in this project were housed in
AALAC-approved animal facilities within the University of
Cincinnati, College of Medicine. Programs of animal husbandry, preventive medicine, and pre- and postsurgical care
have been developed to assure that adequate veterinary care
is provided at all times. Complete veterinary, diagnostic, and
clinical support services are available.
KR-sFRP1 bitransgenic mice (n � 8) and their single
transgenic control littermates (n � 8) were housed in the
same cage. At the age of 4 months, all mice were fed with Dox
chow (1 g/kg; Custom Animal Diets, Bangor, PA, USA) for
2 months. At the age of 6 months, all mice were anesthetized
by intraperitoneal injection of ketamine hydrochloride
(0.1 mg/gm body weight) and xylazine (0.02 mg/gm body
weight) and examined by slit lamp and stereomicroscopy.
2.2. Slit-Lamp Examination. Slit-lamp examinations were
performed on a modiﬁed Topcon slit lamp. A beam splitter
(BS7030-TOPCON) was installed in front of the eyepieces.
An AccuBeam Video Adapter was attached to the beam
splitter. A high-deﬁnition digital camera was mounted on
the Video Adapter. Animals were anesthetized and pupils
were dilated. A vertical broad slit-lamp beam was placed on
the pupillary margin, and still images were taken under the
same beam intensity and exposure time.
2.3. Stereomicroscopy and Iris Angiography. Fluorescein AkFluor (10%; Akorn Pharmaceuticals), diluted with sterile
1 × DPBS (ﬁnal concentration 10 mg/mL), was administered
by bolus injection (50 μL) into the peritoneum of anesthetized mice. For iris angiography, the nondilated eyes were
observed using Zeiss Axio Zoom.V16 stereo ﬂuorescence
microscope (Oberkochen, Germany).
2.4. Histology and Immunostaining. Enucleated eyes were
ﬁxed in Davidson’s ﬁxation overnight and dehydrated
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through ethanol steps. Dehydrated eyes were immersed in
paraﬃn overnight, then embedded and cut into sections
after 24 hours. *e sections were deparaﬃnized and rehydrated in a graded ethanol series (95%, 75% ethanol, and PBS
for 3 minutes each). Rehydrated slides underwent either
hematoxylin and eosin (H&E) staining, periodic acid-Schiﬀ
(PAS) staining, or immunoﬂuorescence staining. For immunoﬂuorescence staining, an antigen retrieval step was
performed by boiling the slides in citrate buﬀer for
10 minutes. *e following antibodies were used in the study:
rabbit anti-LOXL1 (Novus Biologicals, NBP182827), rabbit
anti-sFRP1 (Novus Biologicals, NBP1-02432), and Cy5labeled goat anti-rabbit IgG secondary antibody (Invitrogen, A10523). Fluorescent images were taken with a Leica
confocal microscope under 63x oil objective lens. For corneal whole-mount staining, mice were euthanatized, and the
eyeball was ﬁxed in 4% paraformaldehyde in 0.1 M phosphate buﬀer, pH 7.4, at 4°C overnight. After removal of the
iris, lens, and posterior tissues, the cornea was incubated
with 0.1% Triton X-100 in PBS for 1 hour and stained with
Alexa Fluor 555 Phalloidin (*ermoFisher, A34055) at room
temperature and counterstained with DAPI. Images were
taken in the central region of the cornea by a Leica confocal
microscope. *e images were analyzed by CellProﬁler
software [16]. Two pipelines were developed to determine
the size of the cells and the stress ﬁber distribution within
each cell.
2.5. Cell Culture and Adenovirus-Mediated Gene Expression.
Primary human corneal stromal cells were established from
a donor cornea that was not suitable for transplantation. *e
primary cells were maintained in SF-1 hMSC medium
(United Healthcare Inc., Taiwan). Full-length mouse Wnt5a
cDNA (pLNC Wnt-5aHA) was a gift from Jan Kitajewski
(Addgene plasmid #18032) [17], and mouse sFRP1 cDNA
XE141 sFRP-1-CS2+ was a gift from Randall Moon
(Addgene plasmid #16693; http://n2t.net/addgene:16693;
RRID : Addgene_16693). *ese cDNA constructs were used
to generate the recombinant adenovirus vector according to
a published protocol [18]. Another recombinant adenovirus
coding GFP alone (AdGFP) was used as a control. AdGFP,
AdsFRP1, and AdWnt5a viruses were ampliﬁed and puriﬁed
according to the protocol.
Cells were seeded into Corning 96-Well Half Area
High Content Imaging Film Bottom Microplate and were
infected with AdGFP or AdsFRP1 after 24 hours. 72 hours
after infection, the cells were ﬁxed for 20 minutes in 1%
glutaraldehyde. Cells were permeabilized with 0.2% Triton
X-100 in PBS and were stained with an antibody against
sFRP1 (Novus Biologicals, NBP1-02432), CHOP (Cell Signaling, 5554S), and ROR2 (Cell Signaling, 88639S). *e
images were taken with an epiﬂuorescence microscope
(Axioscop2, Carl Zeiss, München-Hallbergmoos, Germany)
and were photographed with a digital camera system
(Axiocam, Carl Zeiss).

™

2.6. Real-Time qRT-PCR. Total RNA was isolated from
cultured cells with the RNeasy Mini Kit (Qiagen). 5 μg of

total RNA was reverse transcribed with Maxima First Strand
cDNA Synthesis Kit for qRT-PCR (Fermentas). qRT-PCRs
were performed using the CFX96 real-time PCR system
(Bio-Rad) operated by CFX Manager software. Primer
sequences used in the study were as follows:

™

(i)
(ii)
(iii)
(iv)

™

hCHOPf: TGGATCAGTCTGGAAAAGCA
hCHOPr: AGCCAAAATCAGAGCTGGAA
hMMP1f: TTGTGGCCAGAAAACAGAAA
hMMP1r: TTCGGGGAGAAGTGATGTTC

A panel of 8 housekeeping genes (Real Time Primers,
Cat#HKK1) was used to normalize the expression levels.
2.7. Statistical Analysis. Unpaired Student’s t-test was used
to determine the statistical signiﬁcance (P value) of the mean
values for 2-sample comparisons. Values shown on the
graphs represent the mean ± SD (standard derivation). A
diﬀerence between average means where P < 0.05 was
deemed to be statistically signiﬁcant.

3. Results
3.1. Macroscopic Signs of Accelerated Aging. To express
sFRP1 in mouse corneal stroma, bitransgenic mice were
generated by breeding keratocan/rtTA knock-in (KR/rtTA)
mice with tetracycline-On promoter-driven sFRP1 (Tet-OsFRP1). Bitransgenic mice (KR/sFRP1) expressed sFRP1 in
the corneal stroma upon doxycycline induction
(Figure 1(a)). To verify that the target gene can be expressed
in the corneal stroma in a doxycycline-dependent manner,
we bred the driver mouse KR/rtTA with a reporter mouse
(Tet-O-histone GFP). One week after doxycycline induction,
GFP-positive cells were found in the corneas (Figure 1(b)).
Two months after doxycycline induction, KR/sFRP1 mice
and their control littermates were used to examine the
expression of sFRP1. As shown in Figures 1(c) and 1(d), the
control eyes did not express sFRP1 while there were strong
sFRP1-positive cells in the corneal stroma of KR/sFRP1 eyes,
conﬁrming the expression of sFRP1 in the corneal stroma of
our doxycycline-induced bitransgenic mice.
Two months after doxycycline induction, KR/sFRP1
mice and their control littermates were examined. Using
qualitative levels of grey hair as a readout for aging, we set
out to examine the amount of grey hair present on the backs
of mice. At the age of six months, control mice had few grey
hairs on their back (Figure 2(a), while KR/sFRP1 mice had
apparently more grey hairs (Figure 2(b)). Under the slit
lamp, the anterior lens capsule of the control mice appeared
smooth and uniform (Figures 2(c) and 2(e)). In the KR/
sFRP1 eyes, surface roughness was revealed by side illumination (Figure 2(a)). *e granular characteristics presented as bright reﬂections and dark shadows, which were
more easily appreciated in higher magniﬁcation image
(Figure 2(f )). *ese macroscopic features are consistent with
our previous ﬁndings in mouse eyes with pseudoexfoliation
syndrome-like phenotypes [19].
Finally, iris atrophy was observed by live stereoscopy.
Figure 3(a) represents the normal structure of the anterior
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Figure 1: Inducible expression of sFRP1 in corneal stroma. (a) Diagram showing the generation of bitransgenic mouse strain keratocan
rtTA/Tet-O-sFRP1 (KR/sFRP1). Bitransgenic mice were generated by breeding keratocan/rtTA knock-in (KR/rtTA) mice with tetracyclineOn promoter-driven sFRP1 (Tet-O-sFRP1). Bitransgenic mice expressed sFRP1 in corneal stroma upon doxycycline induction. (b) Corneal
stromal expression of reporter gene GFP in adult KR/GFP mice. (c, d) Immunostaining veriﬁed that only bitransgenic KR/sFRP1 mice were
positive for sFRP1 in the corneal stroma. Abbreviations: cn � cornea, cj � conjunctiva, ep � epithelium, and st � stroma.
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Figure 2: Signs of aging in KR/sFRP1 mice. (a, b) KR/sFRP1 mice had more grey hairs on the back than their control littermates, serving as a
qualitative readout of aging. (c, d) KR/sFRP1 mouse eyes exhibited a rough surface on the anterior lens capsule. *e granular deposits were
more apparent in high-magniﬁcation images (e, f ).

iris surface, as seen in control eyes: large radial vessels were
half-buried in the stroma while networks of smaller vessels
were mostly buried. *e surface area between vessels was

smooth and uniform. In the KR/sFRP1 eyes, the blood
vessels were bulging and tortuous (Figure 3(b)). A higher
degree of stromal degeneration was apparent in pupillary
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Figure 3: Signs of iris stromal atrophy in KR/sFRP1 mice. Overall surface texture of irises for control (a) and KR/sFRP1 (b) mice. Highmagniﬁcation images revealed the diﬀerence between the two (c, d). In the control eyes, the surface area between vessels was smooth and
uniform. In the KR/sFRP1 eyes, the blood vessels were bulging and tortuous. Iris angiography images of the control (e) and KR/sFRP1
(f ) mice further demonstrate tortuous vessels. *e atrophic ﬁndings of the KR/sFRP1 irises further demonstrate ocular ﬁndings consistent
with aging.

margins. High-magniﬁcation images showed a few small
holes along the blood vessels on the iris surface of the control
eyes (Figure 3(c)). In the KR/sFRP1 eyes, the size and the
number of the holes increased, forming a sponge-like surface
texture (Figure 3(d)). Additionally, the loss of anterior iris
surface material was veriﬁed by angiography. In normal
control eyes, the iris blood vessels were buried in the heavily
pigmented stroma, making them invisible under ﬂuorescent
microscope (Figure 3(e)). *e only visible signals were in the
pupillary margin, where the vessels were exposed to the
surface. In KR/sFRP1 eyes, tortuous vasculature structures
were clearly visible in the middle region of the iris
(Figure 3(f )). *e atrophic ﬁndings of the KR/sFRP1 irises
further demonstrate ocular ﬁndings consistent with aging.
3.2. Microscopic Signs of Accelerated Aging. Microscopic
features of aging were examined by histological examination.
*e macroscopic features of the KR/sFRP1 eyes, such as
granular deposition and iris atrophy, indicated signs of
pseudoexfoliation (PEX) syndrome, an age-related disease.
Microscopic studies were conducted to further document
signs of PEX syndrome. As shown in Figure 4, the anterior
chamber of the control eyes was free of aggregates
(Figure 4(a)), while the KR/sFRP1 eyes contained ﬁbrillar
material (Figure 4(b)). Clumps of abnormal ﬁbrillar material
were found adhering to the apical surface of the endothelial
cells and more were found ﬂoating just beneath the corneal
endothelium. Another feature of PEX is the weakness of
zonules [20]. *e structure of zonules was revealed by
overexposing the H&E images. In the control eyes, the main
zonular bundles were straight and compact (Figure 4(c)). In
the KR/sFRP1 eyes, the zonular bundles were curly, loose,
disorganized, and decorated with granular material. Periodic

acid-Schiﬀ (PAS) staining veriﬁed the presence of proteoglycans in the zonule. Scanning of PAS-positive zonular
ﬁbers conﬁrmed the structural diﬀerence of zonules between
the control and KR/sFRP1 eyes (Figures 4(e) and 4(f )). *ese
histological ﬁndings correlate with PEX phenotypes and
indicate evidence of ocular aging.
Further microscopic examination was conducted to
analyze the expression of lysyl oxidase-like 1 (LOXL1).
LOXL1 is a member of the lysyl oxidase family of enzymes
that catalyze cross-linking in the extracellular matrix (ECM).
LOXL1 is a known component of ECM and therefore also of
PEX material [21]. As shown in Figure 5(a), LOXL1 was
weakly stained within the corneal epithelial cells in control
eyes. LOXL1 formed a dense, uniform layer in Descemet’s
membrane (Figure 5(a)). In the KR/sFRP1 eyes, however,
LOXL1 expression was increased in the corneal epithelium
with a perinuclear distribution pattern (Figures 5(c) and
5(d)). *e well-organized LOXL1-positive layer was not seen
in Descemet’s membrane. Strong positive staining was
found between as well as on the apical side of the endothelial
cells. *e LOXL1-positive aggregates can also be found
detaching from the endothelium and ﬂoating in the anterior
chamber. *ese data further conﬁrmed that the KR/sFRP1
eyes had some ocular features of PEX syndrome.
Another sign of aging eyes, as well as sign of PEX
syndrome, is the change in cell size (polymegethism) and
shape (pleomorphism) of the corneal endothelial cells [22].
Whole-mount staining was performed on two control
corneas and four KR/sFRP1 corneas. *e corneas were
stained with phalloidin to reveal the cytoskeleton structure.
In control corneas, endothelial cytoskeleton was arranged in
linear circumferential strands that formed a hexagonal array
(Figure 6(a)). In KR/sFRP1 corneas, circumferential strands
were loosely arranged, resulting in increased bandwidth with
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Figure 4: sFRP1 causes ﬁbrillary accumulation in the anterior chamber and weakened zonules. (a, b) H&E staining of the control and KR/
sFRP1 eyes. Arrow in the highlighted box indicates the ﬁbrillary material in the anterior chamber, as evidenced in KR/sFRP1 eyes but not
controls. (c) and (d) are overexposure images to reveal zonular structure (arrows). In the control eyes, the main zonular bundles were
straight and compact. In the KR/sFRP1 eyes, the zonular bundles were curly, loose, disorganized, and decorated with granular material.
(e) and (f ) are confocal scanning images of PAS staining, which conﬁrmed the presence of proteoglycans. Arrows indicate the diﬀerences in
zonular structure.
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Figure 5: Exfoliation-like material is LOXL1-positive. LOXL1 immunostaining of control corneas (a) revealed LOXL1-positive bands on the
corneal endothelium (a, c). KR/sFRP1 corneas exhibited increased LOXL1 expression in the corneal epithelium. LOXL1-positive aggregates
can be found in the anterior chamber (arrow in b). *ese ﬁndings are highly consistent with PEX syndrome phenotypes.
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Figure 6: sFRP1 induces polymegethism and pleomorphism in the corneal endothelium. Original (a, b) and processed (c, d) images of the
corneal endothelium of the control and KR/sFRP1 mice. Colored nodules represent the stress ﬁbers (c, d). *e structure from the control
corneas was uniform with very few broken strands, while the thickness of the intercellular cytoskeleton bands varied greatly in KR/sFRP1
corneas with many broken strands. *e size of the cells and the stress ﬁbers is summarized in (e) and (f ). *e average size of corneal
endothelial cells was 419 ± 60 square microns (n � 83) vs. 503 ± 63 square microns (n � 130) in KR/sFRP1 eyes (P < 0.0001). *e average size
of stress ﬁber per cell was also signiﬁcantly increased in KR/sFRP1 eyes (20 ± 23 square microns (n � 83) vs. 34 ± 25 square microns
(n � 130); P < 0.0001). *ese ﬁndings demonstrate polymegethism and pleomorphism consistent with aging eyes.

some stress ﬁbers extending towards the nuclei (Figure 6(b)).
CellProﬁler software identiﬁed the overall structure of the
apical cytoskeleton networks of the endothelium and presented it as a grey “ﬁshnet-like” structure. *e structure from
the control corneas was uniform with very few broken
strands (Figure 6(c)), while the thickness of the intercellular
cytoskeleton bands varied greatly in KR/sFRP1 corneas with
many broken strands (Figure 6(d)). *e colored nodules
next to the intercellular cytoskeleton structure represented
the stress ﬁbers extending toward the center of the cell
(Figures 6(c) and 6(d)). *is stress ﬁber formation was more
apparent in KR/sFRP1 eyes. Figures 6(e) and 6(f ) summarize
the size of the cells and the size of stress ﬁbers, respectively.
In control eyes, the average size of corneal endothelial cells
was 419 ± 60 square microns, n � 83. In KR/sFRP1 eyes, the
average size of corneal endothelial cells was 503 ± 63 square
microns, n � 130. *e diﬀerence between the means was
statistically diﬀerent (P < 0.0001). In control eyes, the average size of stress ﬁber per cell was 20 ± 23 square microns,
n � 83. In KR/sFRP1 eyes, the average size of stress ﬁber per
cell was 34 ± 25 square microns, n � 130. Again, the difference between the means was statistically diﬀerent
(P < 0.0001). *ese ﬁndings demonstrate polymegethism
and pleomorphism consistent with aging eyes.

3.3. Potential Mechanisms for sFRP1-Induced Aging.
sFRP1 was discovered as a naturally occurring secreted
antagonist of Wnt signaling [23]. Later studies uncovered
more complicated roles of sFRP1 in modulation of Wnt
signaling: it acts as a biphasic modulator of Wnt signaling,
counteracting Wnt-induced eﬀects at high concentrations
and promoting them at lower concentrations [24]. Because
there are several Wnt signaling pathways, the balance between the canonical and noncanonical Wnt signaling is
carefully regulated. Most studies show that at high concentrations, sFRP1 can inhibit canonical Wnt signaling
[25, 26], which in turn favors heightened noncanonical Wnt
signaling. We performed an in vitro study to determine if
sFRP1 can also inhibit noncanonical Wnt signaling. Primary
human corneal stromal cells were infected with adenovirus
coding sFRP1 and Wnt5a either separately or together.
Noncanonical signaling was evaluated by measuring several
downstream targets: CHOP, MMP1, and ROR2 [27].
Compared with control AdGFP-infected cells, cells infected
with AdWnt5a exhibited an increase in CHOP and MMP1
expression (red bar in Figure 7(a)). AdsFRP1-infected cells
also exhibited increased expression of CHOP and MMP1
(purple bar in Figure 7(a)). *e combination of AdWnt5a
and AdsFRP1 yielded a greater degree of increased
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Figure 7: sFRP1 activates the noncanonical Wnt signaling. (a) Real-time RT-PCR demonstrated that both Wnt5a and sFRP1 can stimulate
the expression of CHOP and MMP1 (red and purple bars). Stronger eﬀects were observed when cells were treated with Wnt5a and sFRP1
together (green bar). Immunostaining demonstrated that sFRP1 stimulates the expression of CHOP and ROR2 (red channel) ((k)–(s)).
Upper panels were cells infected with AdGFP control virus, and lower panels were cells infected with AdsFRP1 virus. All adenoviruses also
expressed GFP. Combined channels revealed the expression of protein of interest (red) in adenovirus-infected cells (green) ((b)–(d) and
(k)–(m)). Red channel signaling clearly demonstrated the increased signals from cells infected with AdsFRP1 (compare (e)–(g) with
(n)–(p)). Green channel signaling revealed the adenovirus-infected cells ((h)–(j) and (q)–(s)).

expression of CHOP and MMP1 than either treatment alone
(green bar in Figure 7(a)). *is result indicates that sFRP1
did not inhibit Wnt5a function and sFRP1 alone can activate
noncanonical Wnt signaling. *is observation was conﬁrmed at the protein level shown in Figures 7(b)–7(s).
Compared to control AdGFP-infected cells (7(b)–7(j)),
AdsFRP1-infected cells exhibited higher levels of sFRP1,
CHOP, and ROR2 protein (7(k)–7(s)). ROR2 is a noncanonical Wnt receptor whose expression level can be
stimulated by noncanonical Wnt signaling through a feedforward mechanism [28]. Overall, the expression of sFRP1
appears to favor noncanonical Wnt signaling, either by
indirect inhibition of canonical Wnt or by direct stimulation
of noncanonical Wnt signaling.

4. Discussion
*e exact mechanisms that underlie the process of aging are
currently unclear. Two theories have been proposed to be the
major contributors for aging [29]. *e ﬁrst one is the

programmed theory, and the second is the damage-related
theory. *e programmed theory considers aging as preprogrammed genetic events, just as were embryonic development and early childhood development. *e gene
expression driving these events is programmed in the DNA
and is unfolded in a precisely controlled manner. Evidence
supporting this theory includes the steady shortening of
telomeres during the lifetime of dividing cells. Also, a decreased growth hormone/insulin-like growth factor 1 signaling pathway or nutrient-sensing mTOR signaling has been
associated with increased lifespan [30]. Overactivation of
mTOR signaling is also considered a major factor for stem cell
depletion [31]. *e damage-related theory regards aging as
the consequence of a loss of cells due to accumulative damages
beyond repair. We consider both theories depending on the
tissue context. For tissues that can regenerate, such as skin and
blood, keeping a healthy pool of stem cells is critical and
therefore may relate to the programmed theory. For tissues
mainly dependent on their diﬀerentiated cells to function,
such as heart muscle and neurons, preventing damage-related
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cell loss is the best strategy in concordance with the damagerelated theory.
If we consider aging as a programmed process, we can
also consider it to be a developmental process destined
towards self-destruction. *e fate is inevitable, but the
process can be prolonged and delayed. *e basic premise
behind our study takes into account these ideas: if a factor
can accelerate the development of a tissue during early
development, this factor may also accelerate the aging
process later in life. *is idea draws upon the facets of
developmental drift [32]. According to this theory, selection
pressure is the highest in early development. Evolution
selects pathways that provide an early selective advantage to
the animals. *ese pathways may also accelerate other biological processes, such as aging. We previously reported
that knockout beta-catenin, a key canonical Wnt signaling
mediator, from the corneal stroma accelerated the maturation of corneal epithelium [4]. Here we report signs of
accelerated aging in mice expressing the Wnt antagonist
sFRP1. *e ﬁrst sign we noticed was the increased number of
grey hairs on the back of the KR/sFRP1 mice. Grey hair is a
documented sign of aging, caused by oxidative stress in
pigment-producing cells [33]. *e KR driver mice were
designed to express genes in corneal stromal cells, but a low
level of expression may also occur in other tissues of neural
crest origin, such as melanocytes and cartilage precursors.
Because the expression pattern of the KR driver has not been
fully characterized in adult mice, we can only speculate that
the increased number of grey hairs is caused by sFRP1
expression in the melanocytes of hair follicles.
*e signs of accelerated aging presented in the KR/
sFRP1 resemble those of PEX syndrome. PEX syndrome
is an age-related systemic disease characterized by the accumulation of an extracellular ﬁbrillar material in the eyes,
skin, lungs, heart, kidneys, and other organs. About 30% of
patients with PEX syndrome will progress to glaucoma
within 7 years [34]. Further associated clinical signs and
potential complications include angle-closure glaucoma,
cataracts, phacodonesis, and lens subluxation due to
weakened ciliary zonules, insuﬃcient mydriasis, saw-tooth
structure of the iris pigment epithelium, peripupillary
transillumination defects due to dispersion of pigment, iris
stromal atrophy, iris vasculopathy associated with bloodaqueous barrier defects, and formation of posterior synechiae as well as corneal endothelial decompensation [35].
Within two months of sFRP1 expression (mice chronological age of six months), the following signs of PEX
syndrome were observed: granular deposition on the surface
of the anterior lens capsule, pigment loss from the anterior
surface of the iris, presence of ﬁbrillary material in the
anterior chamber, and weakened ciliary zonules. We did also
observe some of those signs in the much older control mice
(over twelve months old, data not shown), further suggesting
that sFRP1 accelerated the aging process. Currently, we do
not know if the ocular alterations are directly caused by
diﬀusible sFRP1 expressed by the keratocyte or by secondary
factors due to the expression of sFRP1. Diﬀusible factors are
critical in the homeostasis of this part of the eyes which does
not have an extensive vascular network.
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In addition to mTOR signaling, Wnt signaling has been
implicated in the aging process [10]. *e consensus is that
canonical Wnt signaling delays the aging process by preserving a healthy pool of stem cell population, while noncanonical Wnt signaling accelerates the aging process by
depleting the stem cell pool. *e detrimental role of noncanonical Wnt signaling in aging is supported by the longevity studies in C. elegans of which mom-2/Wnt and cwn-2/
Wnt mutants live 35% and 18% longer compared to wildtype controls. cwn-2 is an ortholog of human Wnt5a, a
known noncanonical Wnt ligand. On the other hand, lin-44/
Wnt and egl-20/Wnt mutants live 30% and 25% shorter than
their wild-type controls. Both lin-44 and egl-20 are orthologs
of human Wnt7, a known canonical Wnt ligand [36]. *is
connection provides the foundation for the role of noncanonical Wnt signaling in the processes of ocular aging.
It is well documented that sFRP1 can inhibit canonical
Wnt signaling by sequestering the Wnt ligands. If the only
function of sFRP1 is binding and sequestering the Wnt ligands, it should also bind and sequester noncanonical Wnt
ligands, such as Wnt5a. However, our data demonstrated
that this is not the case. sFRP1 does not inhibit Wnt5amediated signal transduction, but rather it behaves like
Wnt5a. *is notion is supported by genetic studies that
sFRP1 knockout mice have the same phenotypes as Wnt5a
knockout mice in male sexual development [37]. Eyes
expressing Wnt5a also exhibit PEX-like phenotypes just as
do sFRP1 eyes [19]. So, we suggest that it is possible that
sFRP1 can directly stimulate noncanonical Wnt signaling.
To prove that, endogenous Wnt5a or other noncanonical
Wnt ligands must be knocked out in order to rule out the
possibility that sFRP1 indirectly activates noncanonical Wnt
signaling by facilitating a Wnt5a feed-forward cycle. Further
studies will be conducted to tease out the relationship between sFRP1 and noncanonical Wnt ligands such as Wnt5a.
In our study, we did not examine the potential important
role of sFRP1 in glaucoma, another age-related eye disease.
Evidence indicates that there may be a relationship between
sFRP1 and glaucoma: sFRP1 is upregulated in the trabecular
meshwork cells from primary open-angle glaucoma patients
[38]. Also, adenovirus-mediated sFRP1 expression elicits
ocular hypertension in mice [39]. Based on these reports,
KR/sFRP1 should have glaucoma-related retinal ganglion
cell loss. If KR/sFRP1 mice do have such retinal ganglion cell
loss, it could serve as an animal model for glaucoma. We aim
to further analyze the potential relationship between sFRP1
mice and glaucoma, ideally determining features that could
prove beneﬁcial to an animal model.
In summary, we found signs of accelerated aging in eyes
with exogenous sFRP1 expression. *e eﬀects found were
determined to be associated with increased noncanonical
Wnt signaling. Further proving this connection may provide
therapeutic beneﬁts, as noncanonical Wnt inhibitors, like
ROCK inhibitor Rhopressa, have been approved to ameliorate symptoms of glaucoma. Such therapeutic agents may
also be very useful in preventing the accelerated aging
process in eyes caused by over-activated noncanonical Wnt
signaling. Further work is needed to establish sFRP1 expression as a model useful in studying phenotypes of ocular
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aging before any therapeutic considerations can be made.
However, this study provides clues as to how noncanonical
Wnt signaling in the eye may lead to accelerated ocular
aging, with phenotypes consistent with other age-related
ocular manifestations such as PEX syndrome.
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Purpose. To compare the prevalence of and factors associated with Demodex brevis and Demodex folliculorum in patients with
cylindrical dandruﬀ (CD group) and healthy controls. Methods. Eyelashes were taken from 1680 patients with CD and 1700
healthy controls in China from March 2015 to May 2017. All patients underwent a complete eye examination, and Demodex spp.
were counted. ,e prevalence was analyzed according to age, gender, and clinical features. Results. Mean patient age was
42.93 ± 16.52 (3–88) and 39.4 ± 13.6 (7–81) years old in the CD and healthy control groups, respectively. In the CD and healthy
groups, the positive rate for Demodex folliculorum was 27.92% and 8.47%, respectively, while that for Demodex brevis was 31.67%
and 6.65%, respectively. In the CD group, the prevalence of Demodex brevis was higher than that of Demodex folliculorum, no
matter in the females (33.65% versus 29.01%) or the males (28.54% versus 23.88%) in the CD group. Moreover, the numbers of
Demodex folliculorum and Demodex brevis were signiﬁcantly and positively correlated with age, in both children and old patients
(both P < 0.001), as well as with the severity of eyelid congestion (all P < 0.05). Conclusions. In a large sample population, the
prevalence of Demodex brevis and Demodex folliculorum was higher in the CD group than in healthy volunteers. In addition, the
severity of eyelid congestion might be exacerbated by the number of Demodex spp., which may therefore provide a good clinical
reference and objective guide.

1. Introduction
Demodex, one of the most common parasites in humans,
resides in sites with numerous hair follicles and pilosebaceous glands, such as the eyelids [1], face [2], scalp [3], and
upper chest [4]. Among more than 140 species of mites, only
Demodex folliculorum and Demodex brevis are found on the
human body. Demodex folliculorum is approximately 0.3–
0.4 mm long, while Demodex brevis is approximately 0.2–
0.3 mm long [5]. ,eir life cycle is approximately 14–16 days
long, they move mostly at night, and they live in regions such
as the sebaceous glands in facial skin, including the nose,
nasolabial folds, eyelids, cheek, forehead, chin, and neck [6].
In ophthalmology, ocular demodicosis is typically accompanied by eyelash loss or abnormal alignment and
chronic inﬂammation of the meibomian gland [7], leading to
lipid tear deﬁciency in the conjunctiva [8]; in turn, this
deﬁciency leads to conjunctivitis and sight-threatening
keratitis in the cornea [9]. Several studies have also linked

the presence of Demodex with chronic blepharitis because
the mite can perpetuate the follicular inﬂammatory process
[1, 10, 11]. Some researchers consider the mites to be merely
passengers on skin because they are found on almost all
normal adult skin and thus are coincidentally found on
diseased skin [12, 13]. However, clinical observations have
revealed that after ineﬀective conventional therapy, acaricidal therapy can eliminate the clinical symptoms of blepharitis [14]. Nevertheless, direct, absolute proof of a causal
relationship has not yet been established because Demodex is
a host-speciﬁc obligate parasite that currently cannot be
cultured in vitro to parasitize and infect other animal hosts
[15]. ,erefore, clinical observations based on large samples
are important for exploring the relationship between
Demodex and clinical signs.
Cylindrical dandruﬀ (CD) in the eyelashes, also known
as cylindrical casts, are scales that form clear cuﬀs that collar
the lash root and may be composed of keratins and lipids
[16, 17]. CD is one of the clinical manifestations of ocular

2

Journal of Ophthalmology
congestion in the eyelid margin, as observed by external
photography. ,ese ﬁndings were subjectively rated on a
four-point scale, as follows: 0, no vascular congestion; 1,
mild vascular congestion; 2, moderate vascular congestion;
and 3, severe vascular congestion [20].

demodicosis, and Tseng’s study showed that eyelashes with
CD did indeed have a signiﬁcantly higher rate of Demodex
infestation than was found in eyelashes without CD [6]. CD
in the eyelashes is a common ﬁnding in some patients with
ocular demodicosis, but whether it is pathognomonic of
Demodex infestation remains controversial. ,is debate is
partially attributed to the accuracy of methods used to
sample and count Demodex [18]. ,erefore, a modiﬁed
sampling and counting method was established to enhance
the accuracy of Demodex diagnosis [6].
However, the exact prevalence of Demodex and the
pathogenic potential of these mites in eyes with CD remain
uncertain. ,us, we performed a study of 1680 patients with
CD and 1700 healthy volunteers in China that was designed
to determine the prevalence of Demodex and the eﬀect of the
hosts’ factors such as gender, age, and eyelid inﬂammation
score, on the presence or absence of Demodex.

2.4. Statistical Analysis. Data were evaluated using SPSS for
Windows 11.5. An unpaired, two-tailed Student’s t-test was
used to compare the numbers of Demodex brevis and
Demodex folliculorum and the numbers of Demodex among
the diﬀerent grades of eyelid congestion. ,e chi-square test
and Fisher’s exact test were used to evaluate diﬀerences in
Demodex prevalence among diﬀerent ages and genders.
Correlation analysis was used to evaluate the relationship
between Demodex numbers and age and between Demodex
rates and eyelid congestion severity. ,e data were considered signiﬁcant at P < 0.05.

2. Materials and Methods

3. Results

2.1. Patient Data. A total of 1680 patients with eyelashes
showing CD (representative pictures are shown in
Figure 1(a)) and who complained of ocular surface irritation
and 1700 healthy volunteers who visited our hospital between
March 2015 and June 2017 were included in our study. In the
healthy group, there were 1166 (68.6%) females and 534
(31.4%) males with a mean age of 39.4 ± 13.6 (7–81) years; in
the CD group, there were 1165 (69.4%) females and 515
(30.6%) males with a mean age of 42.9 ± 16.5 (3–88) years. ,e
collected data included basic information such as gender and
age, the status of eyelid inﬂammation, and the results of
Demodex counting. ,is study followed the tenets of the
Declaration of Helsinki and was approved by the Ethics
Committee of the Zhongshan Ophthalmic Center (Guangzhou, China). A total of 3380 individuals in both groups all
signed a consent document to participate in the study.

3.1. 3e Prevalence of Demodex Brevis and Demodex Folliculorum Was Higher in the CD Group than in the Healthy
Group. Figures 1(b) and 1(c) show representative microscopic images of Demodex folliculorum and Demodex brevis.
,e positive rate of Demodex folliculorum was 27.92% and
8.47%, respectively, in the CD group and healthy group, and
Demodex brevis’s prevalence was 31.67% and 6.65%, respectively, in these two groups (Figure 1(d)). Furthermore,
the average number of Demodex folliculorum and Demodex
brevis was 0.52 (0–18) and 0.86 (0–18) in the CD group,
which was 0.06 (0–2) and 0.14 (0–2) in the healthy group; the
average Demodex.spp. number of all the positive subjects
was more in the CD group than in the healthy group, no
matter in Demodex folliculorum (2.23 ± 0.07 versus 1.37 ± 0.
08, P < 0.01) or in Demodex brevis (2.72 ± 0.07 versus
1.29 ± 0.13, P < 0.05). Moreover, the average number of
Demodex brevis was obviously greater than Demodex folliculorum in the CD group (P < 0.001) while not in the healthy
group (Figure 1(e)). ,us, the prevalence of Demodex folliculorum and Demodex brevis was higher in CD group
compared with that in the healthy group, and the positive
rate of Demodex brevis was greater than that of Demodex
folliculorum in the CD group.

2.2. Demodex Sampling and Counting. ,e methods used
here were previously described by Kheirkhah et al. [19].
Brieﬂy, two lashes with CD were removed from each lid of
each subject by ﬁne forceps and were placed separately on
each end of a glass slide for examination under a slit-lamp
biomicroscope (SL220; Carl Zeiss, Oberkochen, Germany)
at a magniﬁcation of ×25. ,us, for each subject, a total of 8
lashes were prepared on 4 slides. A coverslip was mounted
on each lash before 20 μL of saline was slowly pipetted at the
edge of the coverslip until it surrounded the lash. ,en, 20 μL
of 100% alcohol (Sigma-Aldrich, St. Louis, MO) was pipetted
at the edge of the coverslip; this prolonged the counting time
for up to 20 minutes and allowed the embedded Demodex to
migrate from the CD. Under the microscope, the number of
Demodex was counted three times, and all samples were
photographed in a conventional manner by the same specialist (Doc Tan). ,e presence of Demodex in at least one of
the 8 eyelashes was deﬁned as Demodex-positive.
2.3. Eyelid Inﬂammation Evaluation. ,e status of eyelid
inﬂammation was based on the presence of vascular

3.2. 3e Number of Demodex Brevis Was Higher in Females
than in Males. In the CD group, the positive rate of Demodex
folliculorum was 23.88% and 29.10%, respectively, in males
and females, while in the healthy group, it was 7.49% and
8.83%, respectively, in males and females. ,e prevalence of
Demodex brevis showed a trend similar to that of Demodex
folliculorum, with the positive rate of 28.54% and 33.65% in
males and females in the CD group and 5.05% and 7.55% in
males and females in the healthy group. ,e prevalence of
Demodex folliculorum and Demodex brevis were higher in the
CD group than in the healthy group in both males and females
and higher in females than in males in both groups (Figure 2).
3.3. 3e Number of Demodex Increased with Age in Eyelashes
with CD. In the CD and healthy groups, the prevalence of
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Figure 1: Representative images of cylindrical dandruff (a) (blue arrow; magnification 40x), Demodex folliculorum (b), and Demodex brevis
(c); the prevalence of Demodex brevis was higher than that of Demodex folliculorum, and the average number of Demodex folliculorum was
significantly lower than that of Demodex brevis (d, e). ∗ P < 0.05; ∗∗ P < 0.01; ∗∗∗ P < 0.001.
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Figure 2: The positive rate of Demodex folliculorum (a) and Demodex brevis (b) in males and females in the CD and healthy groups.
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P < 0.05; ∗∗ P < 0.01; ∗∗∗ P < 0.001.

Demodex folliculorum was 13.33% and 0% in children
(<6 years old), 22.22% and 1.78% in juveniles (7–17 years
old), 21.74% and 8.71% in youth (18–40 years old), 24.31%
and 9.18% in middle-aged patients (41–65 years old), and
30.97% and 12.87% in old patients (66–88 years old)
(Table 1). In the CD and healthy groups, the prevalence of
Demodex brevis were 26.67% and 2.63% in children,
30.00% and 3.55% in juveniles, 29.55% and 6.46% in youth,
32.67% and 7.75% in middle-aged patients, and 37.42%
and 8.77% in old patients. The prevalence of Demodex
brevis and Demodex folliculorum appeared lower in

younger age groups than in older age groups, respectively
(Table 1). The prevalence differed among different groups,
and old patients had the higher prevalence in Demodex
folliculorum and Demodex brevis. Furthermore, in the CD
group, the number of Demodex folliculorum and Demodex
brevis per patient was positively correlated with age across
all age groups (both P < 0.001). The following equations
were used: number of Demodex folliculorum  1.180 + 0.035
(age) (r  0.237, P < 0.001) (Figure 3(a)) and number of
Demodex brevis  0.650 + 0.037 (age) (r  0.286, P < 0.001)
(Figure 3(b)).
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Table 1: Distribution of Demodex folliculorum and Demodex brevis by age in the CD and healthy groups.
Demodex folliculorum, positive/n (%)
CD group
Healthy group
2/15 (13.33%)
0/38 (0%)
20/90 (22.22%)
3/169 (1.78%)
142/653 (21.74%)
62/712 (8.71%)
186/765 (24.31%)
56/610 (9.18%)
48/155 (30.97%)
22/171 (12.87%)

0–6
7–17
18–40
41–65
66–88

Number of
Demodex folliculorum

20

r = 0.237, p < 0.001

Number of Demodex brevis

Age (years)

15
10
5
0

0

20

40
60
Age (years)

80

100

(a)

Demodex brevis, positive/n (%)
CD group
Healthy group
4/15 (26.67%)
1/38 (2.63%)
27/90 (30.00%)
6/169 (3.55%)
193/653 (29.55%)
46/712 (6.46%)
250/765 (32.67%)
46/610 (7.75%)
58/155 (37.42%)
15/171 (8.77%)

20

r = 0.286, p < 0.001

15
10
5
0

0

20

40
60
Age (years)

80

100

(b)

Figure 3: The average number of Demodex folliculorum (a) and Demodex brevis (b) are significantly correlated with increasing age, from
children to older patients. ∗ P < 0.05; ∗∗ P < 0.01; ∗∗∗ P < 0.001.

3.4. The Prevalence and Number of Demodex Brevis Were
Positively Correlated with the Severity of Eyelid Congestion.
In the CD group, we concluded that the severity of eyelid
congestion was positively correlated with the prevalence of
both Demodex folliculorum and Demodex brevis (both
P < 0.05) (Figure 4(a)) according to the following equations:
prevalence of Demodex folliculorum (%)  18.25 + 10.19
(grade) (r  0.999, P  0.029) and prevalence of Demodex
brevis (%)  13.40 + 8.75 (grade) (r  1.000, P  0.015). The
prevalence of Demodex folliculorum increased from 22.26% in
Grade I to 30.66% in Grade II to 39.75% in Grade III, while the
prevalence of Demodex brevis increased from 28.70% to
38.09% and 49.01% in Grade I, II, to Grade III, respectively.
Furthermore, the highest numbers of Demodex folliculorum
and Demodex brevis individuals were observed in Grade III
cases, whereas the fewest were observed in the Grade I cases
(all P < 0.05) (Figure 4(b)). Specifically, the prevalence and
number of Demodex folliculorum and Demodex brevis increased with the severity of eyelid congestion.

4. Discussion
Demodex is a parasite commonly observed on human skin
[21], and some investigators have suggested that there is a
symbiotic relationship between mites and humans that
may even beneficial for the hosts because these mites ingest
bacteria that can grow in the follicular canal [22, 23].
However, a growing body of evidence indicates that these
mites may also act as pathogens in a number of skin
diseases, such as rosacea [24], alopecia [25], and chronic
blepharitis [11].

The prevalence of Demodex folliculorum and Demodex
brevis was clearly higher in the CD group than in healthy
volunteers in our study; although the positive rate of 27.92%
and 31.67% was lower than the prevalence of 100% in Tseng’s
study [6], it also provided strong evidence to support the
high prevalence in CD lashes. The eye is surrounded by
protruding body parts such as the nose, brow, and cheek; the
eyelid is not as accessible as the face is to daily cleansing
hygiene. Therefore, once a Demodex infestation is established in the face, it is likely to spread and flourish in the
eyelids. Microabrasions caused by the mite’s claws can induce epithelial hyperplasia and reactive hyperkeratinization
around the base of the lashes, forming CD [26], which is
closely associated with Demodex infestation. In addition,
differences in sample size and regions among studies have
led to a lack of consistent results until now. For example,
Wesolowska et al. [27] reported that the overall prevalence of
Demodex spp. is 41% in Poland, a rate of positivity of 37.3%
was reported for Demodex spp. in Turkish volunteers [28],
and a prevalence rate of 21.2% was found in Shangqiu City of
Henan Province [29], 36.3% in Tangshan [30], and 51.5% in
inner Mongolia [31]. Thus, the difference in prevalence
between our and Tseng’s results might be normal.
Moreover, we found that the prevalence of Demodex
folliculorum and Demodex brevis was higher in females than
in males. The prevalence of Demodex brevis was 33.65%,
which is similar to the rate of 39.3% found in women in the
Malatya province in Turkey [32] but lower than the prevalence of 100% reported in Tseng’s study [6]. However, the
gender distribution of Demodex spp. in the present study
was not in agreement with the results of Elston’s study [33],
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Figure 4: (a) The relationship between congestion severity and the number of Demodex in the CD group. (b) In the CD group, the number
of Demodex folliculorum and Demodex brevis was highest in Grade III cases and the lowest in Grade I cases. ∗ P < 0.05; ∗∗ P < 0.01;
∗∗∗
P < 0.001.

in which men were typically more heavily infested than
women with Demodex. The application of exogenous lipids
in cosmetics may also affect the growth of Demodex mites in
females because females have lower androgen levels, and the
meibomian gland is an androgen target organ. Therefore,
females may be more susceptible to meibomian gland
dysfunction, the resultant lipid insufficiency, and therefore
Demodex spp. attack [34].
Demodex spp. are acquired shortly after birth during
nursing and become more abundant during puberty [33]. In
our study, the total number of Demodex folliculorum and
Demodex brevis per patient was significantly correlated with
increasing age from children to older patients, and their
prevalence was significantly higher in older patients than in
youths or children. Why do mites proliferate much more in
older patients? Some of the physical barrier characteristics of
an elderly person’s facial skin, such as increased skin pH
[35], reduced skin surface hydration levels [36], and abnormal fatty acid composition [37], are conducive to mite
proliferation. Additionally, in healthy skin, Demodex mites
can cause host damage, so they may seize the opportunity to
proliferate as immunity decreases or the host becomes
immunocompromised [22]. Thus, the elderly, who have
comparatively poor sanitary conditions and practices, abnormal skin barriers, and relatively compromised immunity,
would be easily invaded by Demodex spp. Moreover, the
prevalence of Demodex brevis was more common than
Demodex folliculorum in the CD group and healthy subjects,
which might be due to the fact that Demodex folliculorum
resides in the lash follicle, whereas Demodex brevis burrows
deep into the lash’s sebaceous gland and the meibomian
gland [38]. Although some studies reported that Demodex
folliculorum can be more easily isolated than Demodex brevis
and thus the prevalence of Demodex folliculorum was higher
compared with the Demodex brevis [39], we deduced that the
tendency might be different in Demodex brevis-related or
Demodex folliculorum-related ocular diseases, and Demodex
brevis might be more common in the sebaceous gland- or
meibomian gland-related diseases, such as Chalaza [6], while

Demodex folliculorum was more commonly seen in lash
follicle-related diseases, such as posterior blepharitis, or
keratoconjunctivitis [38].
In addition to CD, eyelid margin inflammation is one of
the main clinical manifestations of ocular demodicosis; thus,
the severity of eyelid inflammation may indicate the prognosis
[40]. The increased number and extrafollicular localization of
mites enhance the probability of a hypersensitivity reaction,
inflammation, and the secretion of inflammatory cytokines.
Regardless of the prevalence or number of Demodex folliculorum and Demodex brevis, both were positively correlated
with eyelid congestion severity; these results demonstrate that
the Demodex spp. infestation may act as a pathogen in ocular
pathologic features. This result is in agreement with Tseng’s
results [41].
In conclusion, we explored a large sample population and
found that the prevalence of Demodex brevis and Demodex
folliculorum were higher in the CD group than in healthy
volunteers. Our results demonstrate that in eyelashes with
CD, the prevalence of Demodex brevis is higher than that of
Demodex folliculorum. We also found that the number of
Demodex spp. increases with age and that females are attacked
more easily than males by Demodex spp. In patients with CD
eyelashes, the severity of eyelid congestion was exacerbated by
the prevalence and number of Demodex spp. Further studies
should focus on the specific mechanism of Demodex spp.
infection, build diagnostic criteria for eyelid demodicosis, and
explore the relationship between Demodex spp. and ocular
immunology to develop therapies against Demodex.
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