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Purpose: To describe associations of ocular and systemic factors with retinal pigment epithelium (RPE)e
Bruch’s membrane (BM) complex thickness as measured by spectral-domain (SD) optical coherence tomography
(OCT).

Design: Multisite community-based study. This research has been conducted using the UK Biobank
Resource.

Participants: Sixty-seven thousand three hundred eighteen people 40 to 69 years old received question-
naires, physical examination, and eye examination, including macular SD OCT. Systematic selection process
identified 34 652 eyes with high-quality SD OCT images from normal individuals for analysis.

Methods: We included people with no self-reported ocular disease, diabetes, or neurologic disorders; visual
acuity of �20/25 or better; refraction between e6 diopters (D) to 6 D, and IOP of 6 to 21 mmHg. Only high-quality,
well-centered SD OCT images with central, stable fixation were included. Descriptive statistics, t tests, and
regression analyses were performed. Multivariate regression modeling was used to adjust for covariates and to
identify relationships between RPEeBM thickness and ocular and systemic features.

Main Outcome Measures: Retinal pigment epitheliumeBM thickness, as measured by SD OCT segmen-
tation using Topcon Advanced Boundary Segmentation at 9 Early Treatment of Diabetic Retinopathy Study
subfields.

Results: Mean RPEeBM thickness was 26.3 mm (standard deviation, 4.8 mm) at central subfield. Multivariate
regression with age stratification showed that RPE thinning became apparent after age 45 years. Among those
aged �45, RPEeBM was significantly thicker among those of black or mixed/other race (þ3.61 mm and þ1.77
mm vs. white, respectively; P < 0.001) and higher hyperopia (þ0.4 mm/D; P < 0.001), but not for other variables
considered. Among those age >45, RPEeBM was significantly thinner with older age (e0.10 mm/year;
P < 0.001), Asian ethnicity (e0.45 mm vs. white; P ¼ 0.02), taller height (e0.02 mm/cm; P < 0.001), higher
IOP (e0.03 mm/mmHg; P < 0.001), and regular smoking (e0.27 mm vs. nonsmokers; P ¼ 0.02). In contrast,
RPEeBM was significantly thicker among black or mixed/other race (þ3.29 mm and þ0.81 mm vs. white,
respectively; P < 0.001) and higher hyperopia (þ0.28 mm/D; P < 0.001). There was no significant association with
sex or Chinese ethnicity.

Conclusions: We describe novel findings of RPEeBM thickness in normal individuals, a structure that varies
with age, ethnicity, refraction, IOP, and smoking. The significant association with IOP is especially interesting and
may have relevance for the etiology of glaucoma, while the association between age and smoking may have
relevance for the etiology of age-related macular degeneration. Ophthalmology 2016;-:1e13 ª 2016 by the
American Academy of Ophthalmology

*Supplemental material is available at www.aaojournal.org.
Optical coherence tomography (OCT) is an imaging method
that allows unprecedented in vivo study of the macula.1,2

Advances in both hardware and software now facilitate
resolution and segmentation of optical reflectivity bound-
aries thought to represent retinal sublayers with resolution of
� 2016 by the American Academy of Ophthalmology
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4 to 6 mm including, but not limited to, the retinal pigment
epithelium (RPE).3,4 The RPE plays an important role in
metabolic activity in the retina and is critical in visual
function.5 Failure of RPE function is involved in blinding
diseases such as age-related macular degeneration, the
1http://dx.doi.org/10.1016/j.ophtha.2016.07.033
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leading cause of blindness among white people 65 years of
age and older.6e10

Despite its importance, little is known about the normal
distribution of RPE thickness in the nondiseased state.
Postmortem histologic studies suggest increases in RPE
autofluorescence and Bruch’s membrane (BM) thickness
with age.11e13 A small histologic study of 18 maculae
showed mean RPE thickness of 14.1 mm and mean BM
thickness of 4.7 mm at the foveal center.14 Histologic studies
are limited in that they are postmortem or use enucleated
eyes and can be affected easily by artifact during handling
of tissue. In vivo investigations have been made with
spectral-domain (SD) optical coherence tomography
(OCT), but sample sizes remain small. A study of 25 healthy
individuals showed mean RPEeBM complex thickness of
22.7 mm at the central subfield and also suggested that the
thickness increases with age.15 Recently, a database of SD
OCT images was created, but includes images from only
115 healthy people and 269 with macular degeneration.16

The UK Biobank is a community-based cohort study in
the United Kingdom and includes SD OCT image acquisi-
tions from 67 321 participants in addition to systemic bio-
markers and laboratory testing. To our knowledge, this is
the largest study of retinal imaging yet undertaken. Our aim
was to determine the distribution of the RPE among in-
dividuals who report no ocular disease and to examine
variation with age, gender, race, refraction (between 6 and
e6 diopters [D]), intraocular pressure (IOP; 6e21 mmHg),
smoking status, blood pressure (BP), and body mass index
(BMI).

Methods

The UK Biobank is a 22-site community-based cohort study of
502 656 noninstitutionalized civilian United Kingdom residents 40
to 69 years of age who were registered with the National Health
Service. Health questionnaire and biological samples (blood, urine,
and saliva) were collected from all participants. Participants iden-
tified their own race as either white, Chinese, Asian (in this cultural
context, most were of Indian descent, but also included Pakistani
and Bangladeshi subjects, as well as others), black, or mixed or
other. People were asked whether they were current tobacco
smokers; possible answers were no, occasional, or most or all days.
Those who answered no to current smoking but who said they
previously smoked occasionally or most or all days were consid-
ered former smokers. Health examination included BP and BMI.
Eye data, including visual acuity, autorefraction, Goldmann-
corrected IOP, and cornea-corrected IOP (Ocular Response
Analyzer; Reichert, Depew, NY) were collected from 133 668
people. Retinal OCT measurements were acquired among the latter
half of these; in total, 67 318 people underwent retinal OCT im-
aging. The North West Multi-center Research Ethics Committee
approved the study (reference no., 06/MRE08/65), in accordance
with the tenets of the Declaration of Helsinki. Detailed information
about the study is available at the UK Biobank web site
(www.ukbiobank.ac.uk).

Spectral-Domain Optical Coherence
Tomography Imaging Protocol

Spectral-domain OCT imaging was performed using the Topcon
3D OCT 1000 Mk2 (Topcon, Inc, Oakland, NJ) after visual acuity,
2

autorefraction, and IOP measurements were obtained. Image
acquisition was performed under mesopic conditions, without pu-
pillary dilation, using the 3-dimensional macular volume scan (512
horizontal A-scans/B-scan; 128 B-scans in a 6�6-mm raster
pattern). The protocol specified that the right eye should be imaged
first, but in 44 participants, the left eye was imaged first.

Analysis of Macular Thickness

All SD OCT images were stored as .fds image files on the UK
Biobank supercomputers in Oxford, United Kingdom, with no
prior analysis of macular thickness. Version 1.6.1.1 of the Topcon
Advanced Boundary Segmentation (TABS) algorithm was used to
segment the inner and outer retinal surfaces automatically.17

Quality control measures included the image quality score, the
internal limiting membrane (ILM) indicator, a validity count, and
motion indicators. The image quality score gives a measure of
signal strength for the scan, whereas the ILM indicator is a
measure of the minimum localized edge strength around the ILM
boundary across the entire volume. The ILM indicator is useful
for identifying blinks, scans that contain regions of severe signal
attenuation, segmentation errors, or a combination thereof. The
validity count indicator is used to identify scans with a
significant degree of clipping in the OCT scan’s z-axis
dimension. The motion indicators use both the nerve fiber layer
(NFL) and full retinal thicknesses, from which Pearson
correlations and absolute differences between the thickness data
from each set of consecutive B-scans are calculated. The lowest
correlation and the highest absolute difference in a scan serve as
the resulting indicator scores. This last group of indicators
identifies blinks, eye-motion artifacts, and segmentation failures.
It should be noted that the various indicators, including the image
quality score, tend to be highly correlated with one another.

Defining the Retinal Pigment
EpitheliumeBruch’s Membrane Complex on
Spectral-Domain Optical Coherence
Tomography

The TABS segmentation algorithm was used to delineate the
RPEeBM complex. This slab of tissue on the OCT is represented
by a thick hyperreflective band that lies on the outer aspect of the
retina. The algorithm places a boundary on the inner and outer
surfaces of this band, and the distance between these 2 boundary
lines represents the thickness of RPEeBM complex.18 Specifically,
the inner boundary for the RPEeBM band corresponds to the
TABS photoreceptor outer segmenteRPE boundary, and the
outer boundary is delineated by the BMechoroid boundary.
Figure 1 shows an SD OCT line scan from the UK Biobank
dataset with and without RPE segmentation lines.

Inclusion and Exclusion Criteria

The RPEeBM complex thickness values from the eyes of all pa-
tients who underwent SD OCT as part of the UK Biobank were
used as a starting point for analysis. Patients were excluded from
the analysis if they withdrew consent, had poor SD OCT signal
strength and missing thickness values from any Early Treatment
Diabetic Retinopathy Study subfield, image quality score less than
45, poor centration certainty, or poor segmentation certainty using
TABS software (poorest 20% of images excluded based on each of
the segmentation indicators). This led to the identification of the
subset of patients with good-quality, well-centered images and
central, stable fixation during the OCT scan. Patients with high
refractive error of more than 6 D or less than e6 D, visual acuity
worse than 20/30, self-reported glaucoma, IOP of 22 mmHg or
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Figure 1. Spectral-domain optical coherence tomography images showing representative retinal pigment epitheliumeBruch’s membrane complex seg-
mentation results. A, Foveal B-scan image from an accepted volume. B, Retinal pigment epitheliumeBruch’s membrane complex segmentations for the
foveal B-scan image. C and D, Magnified views of (A) and (B), respectively.
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more or 5 mmHg or less, self-reported ocular disorders, diabetes, or
neurodegenerative disease were excluded. Finally, if both eyes of a
patient were eligible for inclusion in this analysis, one eye was
chosen at random using STATA software (StataCorp LP, College
Station, TX) for randomization (Fig 2).

A subset of images was selected for manual grading, focusing
on those at the extremes of macular thickness after inclusion and
exclusion criteria were applied. The selection of scans for manual
analysis was the same as that adopted for previous work analyzing
macular thickness in the UK Biobank cohort.19

Statistical Analysis

Statistical analyses were performed using STATA software version
12.0. Means, standard errors, standard deviations, and 95% con-
fidence intervals were calculated for the RPEeBM complex
thickness among all participants, subsets of different demographic
variables, as well as ocular and systemic variables. If a trend was
noted, then linear regression analysis was performed. Unpaired t
tests were performed to compare means. Values were considered
significant if the P value was less than 0.05.
Results

Of the 67 321 people who underwent SD OCT macular imaging,
51 987 had high-quality images. Of these, 34 752 people had
refractive error within 6 D of emmetropia, vision of 20/30 or better,
no self-report of glaucoma or missing IOP measurement, no self-
reported ocular disorders, and no neurologic disease or diabetes,
and thus were eligible for inclusion in the analysis (Fig 2). A
further 288 patients were excluded on the basis of the manual
assessment of images. This left 34 464 eyes of 34 464 people
included in the analysis. The mean age was 56.0 years, with a
slightly higher number of women (53.7%) than men. The mean
height was shorter among women (163 cm) than men (176 cm;
P < 0.001). Most participants were white, with 129 Chinese
participants, 898 Asian participants, 974 black participants, and
795 participants of mixed or other race or ethnicity. There were
more left eyes than right. Mean visual acuity was e0.04
logarithm of the minimum angle of resolution, mean refraction
was e0.05 D, and mean IOP was 15 mmHg (Table 1).
A histogram of RPEeBM complex thickness (Fig 3A) shows a
mean thickness of 26.3 mm (standard deviation, 4.8 mm) in the
central subfield. Figure 3B shows the mean RPEeBM complex
thickness in different Early Treatment Diabetic Retinopathy
Study subfields, with nasal and temporal subfields significantly
thicker than superior or inferior subfields (P < 0.001). The
thickest subfield was the inner nasal subfield. Results remained
consistent for women and men (Fig 3C). Furthermore, women
had thicker RPEeBM complexes in the central and inner
superior subfields (P < 0.001), whereas men seemed to have
thicker RPEeBM complexes in all other subfields (P < 0.001)
except the inner inferior subfield, which was not significant.

Figure 4A shows mean central RPEeBM complex thickness by
age. Central macular subfield RPEeBM complex thickness
showed no significant changes between 40 and 45 years of age;
however, after age 46 years, mean thickness declined steadily at
a rate of 0.10 mm/year (P < 0.001). A similar trend was evident
among all subfields (Fig 4B, C), with linear regression showing
no significant changes from 40 to 45 years of age and a negative
slope after age 46 years of age in every subfield (P < 0.001;
Table S1, available at www.aaojournal.org). At all ages, nasal
and temporal subfields were significantly thicker than superior
and inferior subfields, with nasal subfields being the thickest
(Fig 4B, C).

When the RPEeBM complex thickness was compared among
different races, black race showed significantly greater thickness at
every subfield (Fig S1, available at www.aaojournal.org). White,
Chinese, and Asian persons showed similar central RPEeBM
complex thickness. When RPEeBM complex thickness was
analyzed by refraction, hyperopes showed significantly thicker
central RPEeBM, with linear regression estimating an increase
of 0.2 mm/D (Fig 5A). A similar trend was seen for all subfields
(Fig 5B, C; Table S2, available at www.aaojournal.org).

To determine whether race or ethnicity and refraction are po-
tential confounders, RPEeBM complex thicknesses were plotted
for both variables (Fig 6; Chinese and mixed or other race or
ethnicity were excluded because of the small numbers in the race
or ethnicity and refraction subgroups). At the central subfield,
black race continued to show the greatest RPEeBM complex
thickness, with Asian and white race demonstrating similar
3
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Figure 2. Flowchart showing retinal pigment epithelium inclusion and exclusion criteria. D ¼ diopter; ETDRS ¼ Early Treatment Diabetic Retinopathy
Study; IOP ¼ intraocular pressure; logMAR ¼ logarithm of the minimum angle of resolution; OCT ¼ optical coherence tomography; SD ¼ spectral-
domain.
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Table 1. Basic Demographics

Estimate (95% Confidence Interval)
No. or Standard Deviation

(Total n [ 34 726)

Mean age (yrs) 56.0 (55.9e56.1) SD, 8.2
Female gender (%) 53.7 (53.2e54.2) n ¼ 18 615 (16 137 men)
Mean height (cm) 169.2 (169.1e169.3) SD, 9.2
Women 163.1 (163.0e163.2) SD, 6.3
Men 176.3 (176.2e176.4) SD, 6.8

Race/Ethnicity (%)
White 91.8 (91.5e92.1) n ¼ 31 442
Chinese 0.4 (0.3e0.4) n ¼ 129
Asian 2.6 (2.5e2.8) n ¼ 898
Black 2.8 (2.7e3.0) n ¼ 974
Mixed/other 2.3 (2.2e2.5) n ¼ 795

Right eye laterality (%) 49.4 (48.9e50.0) n ¼ 17 041 (17 423 left)
Mean visual acuity (logMAR) �0.04 (�0.042 to �0.039) SD, 0.157
Mean refraction �0.05 (-0.07 to �0.03) SD, 1.91
Mean IOP (Goldmann corrected) 15.0 (15.0e15.1) SD, 3.0

IOP ¼ intraocular pressure; logMAR ¼ logarithm of the minimum angle of resolution; SD ¼ standard deviation.
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RPEeBM complex thicknesses. Among whites, there continued to
be a trend toward increasing central RPEeBM complex thickness
per 1-D increase in refraction; however, this effect was small
compared with racial and ethnic differences. Among Asians and
blacks, there was no trend in central RPEeBM complex thickness
by refraction. The effects of ethnicity or race and refraction on
RPEeBM complex thickness remained consistent for all subfields,
with ethnicity or racial effects overshadowing that of increased
mean RPE thickness with increased hyperopia (Fig S2, available at
www.aaojournal.org).

The relationship between RPEeBM complex thickness and
IOP is illustrated in Figure 7. In the central subfield, higher IOP
was correlated with thinner RPEeBM complex thickness, with
regression slope of e0.08 mm per 1 mmHg (P < 0.001; Fig 7A).
This trend was consistent across all subfields (Fig 7B, C).

A dose response with smoking status was not observed, but
significant differences were detected between the different classes
of smoking habit. Current smoking habit did not correlate with
RPEeBM complex thickness (Table 2). Former smokers had
significantly thinner RPEeBM complexes than nonsmokers
(26.1 vs. 26.5 mm, respectively; P < 0.001) in the central
subfield. Current smokers who classified themselves as regular
smokers showed significantly thicker RPEeBM complexes as
compared with nonsmokers at the inner temporal (P ¼ 0.003),
outer temporal (P < 0.001), outer superior (P ¼ 0.04), outer
nasal (P < 0.001), and outer inferior (P < 0.001) subfields.
Current smokers were not significantly different from
nonsmokers, regardless of whether they smoked occasionally or
on most or all days, for inner superior, inner nasal, and inner
inferior subfields, which showed the same trend (Table 2).
Occasional smokers had significantly thicker RPEeBM
complexes at the outer temporal (P < 0.001), outer superior
(P ¼ 0.02), outer nasal (P < 0.001), and outer inferior
(P < 0.001) subfields (Table 2).

There is no significant association between systolic BP
(Fig S3A and Table S3, available at www.aaojournal.org), diastolic
BP (Fig S3B and Table S3, available at www.aaojournal.org), or
BMI (Fig S4A and Table S4, available at www.aaojournal.org).
Body mass index and race or ethnicity were considered together,
and again no association was identified (Fig S4B, available at
www.aaojournal.org).

Because height and gender may be potential confounders, the 2
variables were examined separately and together (Fig S5 and
Table S5A,B, available at www.aaojournal.org). When regression
analysis was performed together for gender and height, changes
in significance were noted at the central subfield, which
remained significantly thicker among women, the inner inferior
subfield, which lost statistical significance, and the inner inferior
subfield, which became significantly thicker among men.

Variables found to be significant in univariate analysis were
included in the multivariate regression modeling of central
RPEeBM complex thickness (Table 3). The central subfield was
chosen for analysis because it is the subfield with greatest
clinical significance. Also, because of our findings of different
effects of age before and after 45 years in single variable
analysis, with no effect before 45 years of age and gradual
thinning evident at age 46 years and older, separate models were
performed for those 45 years of age and younger versus those
older than 45 years. For those 45 years of age and younger, only
race or ethnicity (black or mixed or other) and refraction were
associated significantly with increased RPEeBM complex
thickness (Table 3). In contrast, those older than 45 years
showed RPEeBM complexes that were significantly thinner with
older age (e0.1 mm/year; P < 0.001), Asian race (e0.45 mm vs.
white race; P ¼ 0.02), taller height (e0.02 mm/cm; P < 0.001),
higher IOP (e0.03 mm/mmHg; P < 0.001), higher myopia
(e0.28 mm/D; P < 0.001), and regular smoking (e0.27 mm
compared with nonsmokers; P ¼ 0.02). The central RPEeBM
complex was thicker with black race or mixed or other race or
ethnicity (3.29 mm and 0.81 mm compared with whites,
respectively; P < 0.001). Female gender, Chinese race, and
former or occasional smoking were not significant (Table 3).
Discussion

Using the largest known dataset of macular SD OCT mea-
surements, we showed novel findings relating to RPEeBM
5

http://www.aaojournal.org
http://www.aaojournal.org
http://www.aaojournal.org
http://www.aaojournal.org
http://www.aaojournal.org
http://www.aaojournal.org


Figure 3. A, Histogram showing central retinal pigment epithelium (RPE) thickness (including Bruch’s membrane). Mean, 26.34 mm; standard error, 0.02
mm; standard deviation, 4.80 mm. B, Diagram showing RPE thickness (including Bruch’s membrane) at different locations. Data are mean � standard
deviation (mm). P < 0.001 for t test of all subfields compared with central subfield. C, Bar graph showing RPE thickness (including Bruch’s membrane) in
women and men at different locations. Error bars represent 95% confidence intervals. P < 0.001 at all subfields except inner inferior (P ¼ 0.13), t test of
women versus men.
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Figure 4. A, Graph showing the mean central retinal pigment epithelium (RPE) thickness (including Bruch’s membrane) by age. Linear regression for ages
45 and younger, 27.3 þ 0.004 (per year), P ¼ 0.93. Linear regression for ages 46 and older, 31.74 e 0.10 (per year), P < 0.001. Error bars, 95% confidence
interval. B, Graph showing the mean RPE thickness (including Bruch’s membrane) of inner subfields by age. Error bars, 95% confidence interval. C, Graph
showing the mean RPE thickness (including Bruch’s membrane) of outer subfields by age. Error bars, 95% confidence interval.
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Figure 5. A, Graph showing the mean central retinal pigment epithelium (RPE) thickness (including Bruch’s membrane) by refraction. Linear regression,
26.4 þ 0.2 (per 1 diopter), P < 0.001. Error bars, 95% confidence interval. B, Graph showing the mean RPE thickness (including Bruch’s membrane) of
inner subfields by refraction. Error bars, 95% confidence interval. C, Graph showing the mean RPE thickness (including Bruch’s membrane) of outer
subfields by refraction. Error bars, 95% confidence interval.
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Figure 6. Bar graph showing the mean central retinal pigment epithelium (RPE) thickness (including Bruch’s membrane) by race/ethnicity and refraction.
Linear regression for white race/ethnicity ¼ 26.15 þ 0.21 (per 1 diopter [D]), P < 0.001; Asian ethnicity ¼ 26.39 þ 0.11 (per 1 D), P > 0.49; black race/
ethnicity ¼ 30.36 þ 0.23 (per 1 D), P ¼ 0.22. Error bars, 95% confidence interval.
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complex thickness and its distribution by demographic,
ocular, and systemic indices. We showed that RPEeBM
complex is significantly thicker in the nasal and temporal
macular subfields as compared with the superior or inferior
subfields, with the greatest thickness in the inner nasal sub-
field (Fig 3B). This remains true regardless of gender
(Fig 3C), age (Fig 4), race (Fig S1, available at
www.aaojournal.org), refractions (Fig 5), IOP (Fig 7), all
BP values (Fig S3, available at www.aaojournal.org), and
all levels of BMI (Fig S4, available at
www.aaojournal.org). Our values of RPEeBM complex
thickness are larger than those reported from histologic
analyses14 by up to 4 to 5 mm. Most of this difference may
be accounted for by the way the segmentation algorithm
used in our study identified the inner RPE boundary and
outer RPEeBM complex boundary. Both boundaries are
placed by the algorithm on the hyporeflective side of the
respective boundary edge. Therefore, this effectively adds
an extra pixel to the thickness value, which on the 3-
dimensional OCT-1000 Mark 2 system corresponds to 3.5
mm. This means that the fairest comparison with previous
studies of histologic analyses would need to subtract 3.5 mm
from the current study results. When this is done, the mea-
surements become notably closer to those of previous studies
(within 1e2 mm).

The RPEeBM complex becomes thinner with each year
of age older than 46 years, decreasing 0.1 mm/year (Fig 4A,
Table 3). This trend persists for all subfields (Fig 4B, C;
Table S1, available at www.aaojournal.org). Our findings
are in contrast to those of other studies that indicated that
RPEeBM complex thickness increases with age.15,20 How-
ever, the numbers included in at least 1 of these studies was
too small to be conclusive.15 In the other study, numbers
were marginally larger; but the age range was wider
(18e81 years) and the proportion of people of comparable
age as the participants included in the current study
(40e69 years) was relatively small.20 Although our study
controlled the analysis for gender, race was not adjusted
for and this is a potential confounder, particularly because
we found race or ethnicity to be associated significantly
with RPEeBM complex thickness. Histologic studies
show an increasing deposition of material in the basement
membrane with age.11e13 The findings from our in vivo
study suggested that the reductions in RPEeBM complex
thickness that we observed with age are probably even
greater. It is possible that measurements made on histologic
examination may reflect focal changes, whereas OCT has the
potential to provide averaged estimates of change within an
entire section or subfield of the retina. Another possible
explanation for our findings is that age-related loss of RPE
cells may lead to remaining cells spreading horizontally to
take up space freed by loss of neighboring cells. This process
would lead to loss of vertical height of RPE cells with age
and resultant reduced RPEeBM complex thickness with age.
There is some support for attrition of the RPE cell layer with
age.21 Histologic studies have shown spreading and reducing
height of RPE cells, which implies a reducing density for a
given area. However, there is insufficient evidence for RPE
cell loss with age at present, making this explanation for
our findings less likely. Men and women seemed to have
different distribution of RPEeBM complex thickness, but
these were no longer significant after controlling for other
variables in multivariate regression modeling.

Black subjects had significantly thicker RPEeBM com-
plexes on OCT compared with other races, approximately 3
to 4 mm (approximately 12%) more than whites and Asians
(Table 3). This effect is unlikely to be associated with skin
pigmentation, because there is no significant difference
between Chinese and white subjects and possibly a trend
in the opposite direction among Asian and white subjects.
To our knowledge, this is the first time this finding has
been demonstrated, and it may hold clues to the variable
phenotypes of macular degeneration in different
populations.22
9

http://www.aaojournal.org
http://www.aaojournal.org
http://www.aaojournal.org
http://www.aaojournal.org


Figure 7. A, Graph showing the mean central retinal pigment epithelium (RPE) thickness (including Bruch’s membrane) by intraocular pressure (IOP).
Linear regression for IOP of 8 mmHg and more ¼ 27.47 e 0.08 (per 1 mmHg), P < 0.001. Error bars, 95% confidence interval. B, Graph showing the mean
RPE thickness (including Bruch’s membrane) of inner subfields by IOP. Error bars, 95% confidence interval. C, Graph showing the mean RPE thickness
(including Bruch’s membrane) of outer subfields by IOP. Error bars, 95% confidence interval.
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Table 2. Mean Central Retinal Pigment EpitheliumeBruch’s
Membrane Complex Thickness at Subfields by Smoking Status

Subfield and Smoking Status Mean
95% Confidence

Interval P Value

Central
No 26.47 26.4e26.53 Reference
Former smoker 26.11 26.02e26.19 <0.001
Yes, occasional 26.5 26.21e26.78 0.83
Yes, most or all days 26.36 26.17e26.55 0.32

Inner temporal
No 26.11 26.05e26.17 Reference
Former smoker 26.02 25.95e26.1 0.07
Yes, occasional 26.23 25.98e26.48 0.38
Yes, most or all days 26.39 26.22e26.56 0.003

Inner superior
No 24.57 24.51e24.63 Reference
Former smoker 24.38 24.3e24.45 <0.001
Yes, occasional 24.72 24.47e24.97 0.25
Yes, most or all days 24.63 24.46e24.8 0.5

Inner nasal
No 27.15 27.09e27.21 Reference
Former smoker 27.04 26.97e27.12 0.02
Yes, occasional 27.18 26.92e27.45 0.81
Yes, most or all days 27.16 26.99e27.34 0.89

Inner inferior
No 24.74 24.68e24.8 Reference
Former smoker 24.52 24.45e24.6 <0.001
Yes, occasional 24.83 24.57e25.08 0.52
Yes, most or all days 24.79 24.62e24.97 0.58

Outer temporal
No 25.57 25.52e25.62 Reference
Former smoker 25.61 25.55e25.67 0.3
Yes, occasional 25.9 25.69e26.12 <0.001
Yes, most or all days 26.09 25.94e26.24 <0.001

Outer superior
No 24.33 24.29e24.37 Reference
Former smoker 24.24 24.19e24.29 0.01
Yes, occasional 24.55 24.38e24.73 0.02
Yes, most or all days 24.47 24.34e24.59 0.04

Outer nasal
No 26.84 26.79e26.89 Reference
Former smoker 26.83 26.76e26.89 0.73
Yes, occasional 27.2 26.97e27.43 <0.001
Yes, most or all days 27.13 26.98e27.29 <0.001

Outer inferior
No 23.98 23.95e24.02 Reference
Former smoker 23.91 23.86e23.96 0.02
Yes, occasional 24.3 24.13e24.47 <0.001
Yes, most or all days 24.17 24.06e24.29 <0.001

Table 3. Multivariate Regression of Central Retinal Pigment
EpitheliumeBruch’s Membrane Complex Thickness for Those
45 Years of Age and Younger versus Those Older Than 45

Years of Age

Age Group Coefficient
95% Confidence

Interval P Value

45 yrs and younger
Age (per yr) 0.02 �0.09 to 0.12 0.75
Women (vs. men) �0.32 �0.73 to 0.10 0.13
Height (per cm) �0.02 �0.05 to 0.00 0.03
Race (vs. white)

Chinese �0.84 �3.02 to 1.34 0.45
Asian �0.12 �0.76 to 0.53 0.72
Black 3.61 2.95e4.27 <0.001
Mixed/other 1.77 0.95e2.59 <0.001

Refraction (per D) 0.40 0.3e0.50 <0.001
IOPG (per mmHg) �0.04 �0.08 to 0.01 0.14
Smoking status (vs. no)

Former �0.09 �0.43 to 0.26 0.62
Occasional �0.40 �1.10 to 0.30 0.27
Yes, most or all days �0.37 �0.9 to 0.17 0.18

Older than 45 yrs
Age (per yr) �0.10 �0.11 to �0.09 <0.001
Women (vs. men) 0.06 �0.09 to 0.21 0.41
Height (per cm) �0.02 �0.03 to �0.02 <0.001
Race (vs. white)

Chinese �0.18 �1.06 to 0.71 0.70
Asian �0.45 �0.82 to �0.08 0.02
Black 3.26 2.88e3.63 <0.001
Mixed/other 0.75 0.35e1.15 <0.001

Refraction (per 1 D) 0.28 0.25e0.31 <0.001
IOP (per mmHg) �0.03 �0.05 to �0.02 <0.001
Smoking status (vs. no)

Former �0.10 �0.21 to 0.00 0.06
Occasional �0.20 �0.52 to 0.12 0.22
Yes, most or all days �0.27 �0.48 to �0.05 0.02

D ¼ diopter; IOP ¼ intraocular pressure; IOPG ¼ Goldmann-corrected
intraocular pressure.

Ko et al � RPE Thickness in the UK Biobank
Refraction was notable in that there seemed to be a trend
toward a thicker RPEeBM complex with each 1-D increase
in refraction (Fig 5; Table S2, available at
www.aaojournal.org). This effect may be explained
partially by ethnic differences in refraction, as Figure 6
demonstrates. Nevertheless, the effect persists in
multivariate modeling, with RPEeBM complex thickness
increasing 0.28 to 0.40 mm per 1-D increase in hyperopic
refraction (or each decrease in myopic refraction;
Table 3). A recent meta-analysis has attempted to identify
associations between refractive error and macular degener-
ation, but any association appears weak.23

Our study also showed that higher IOP is associated with
thinning of the RPEeBM complex (Fig 7). Multivariate
regression modeling suggested that this effect is not
significant until after 45 years of age (Table 3) and is small
and that the clinical significance is unknown. Nevertheless,
this is a new and unexpected finding because there have
been no reported associations between RPEeBM complex
thickness and IOP and warrants further investigation.

The relationship with smoking is complex and must be
interpreted with care, given the potential for underreporting
of this habit by participants. Among those older than 45
years of age, regular smokers showed significantly thinner
central RPEeBM complex as compared with nonsmokers
(difference, e0.27 mm; P ¼ 0.02; Table 3). Many studies
have attempted to link smoking with oxidative stress and
damage to the RPE.24e26 Our findings suggest a locally
mediated toxic effect of cigarette-derived compounds in the
induction of RPE damage and subsequent loss. The finding
that current smokers who classified themselves as regular
smokers showed significantly thicker RPEeBM complexes
as compared with nonsmokers in 5 of 9 subfields may be
the result of accumulation of BM debris. In former
smokers, a thicker RPEeBM complex most likely devel-
oped during their smoking years, but after cessation the
debris was removed, resulting in a thinner RPEeBM
11
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complex as found in our analysis. This would be one
explanation for our findings, although alternatively, given
the large number of measurements (more than 4 smoking
classes and 9 subfields), the statistical finding of a thinner
RPEeBM complex in former smokers simply may be the
result of chance.

Given the large number of participants in this study,
the negative findings are also important. There is no
clinically significant association between RPEeBM
complex thickness and systolic BP, diastolic BP, or BMI
(Figs S3 and S4 and Tables S3 and S4, available at
www.aaojournal.org). One may be misled by the small
P values in regression analysis of individual variables;
however, the slope of regressions is small, and the low
P value likely represents the lack of fluctuation around
a flat line.

Conclusions relating to RPEeBM complex thickness
necessarily rely on interpretation of SD OCT imaging. We
used optical reflectivity changes to identify inner and outer
RPE boundaries and to infer changes in thickness. How-
ever, if optical reflectivity changes occur within the RPE
cell for reasons other than shortening of cells, then there
could be decoupling between optical reflectivity changes
and true thickness change within the RPEeBM complex.
Even if OCT-based measures of RPEeBM complex
thickness are indeed valid, they may be the result of
changes in structural, morphologic, and density indices. It is
not possible to be certain of any direct relationship with
function.

This study’s strengths include its standardized method-
ology, the inclusion of multiple races and ethnicities across
the United Kingdom, and the unprecedented number of
high-quality SD OCT images of the macula. This study is
limited in that UK Biobank is not population based, and thus
people with fewer resources to attend community research
sites are likely underrepresented. Despite these drawbacks,
the UK Biobank resource represents an enormously valuable
repository of data, and the present analysis is a source of
both normative data and information on associations be-
tween ocular-level findings and other factors. In this anal-
ysis, we reported RPEeBM complex thickness values in
normal participants and deliberately excluded eyes with
poor-quality SD OCT images. We have no reason to suspect
that RPEeBM complex thickness is significantly different
in eyes with no disease but in which the scan quality was
poor. However, because we excluded such scans from our
analysis, we cannot be certain of the possibility of this
approach resulting in unintentional bias with respect to
RPEeBM complex thickness values. Also, the absolute
values of RPEeBM complex thickness we found in this
study are specific to the algorithm used for the analysis, and
different values may be obtained using different segmenta-
tion algorithms.

In summary, we reported novel findings relating to
RPEeBM complex thickness and showed that this layer
varies by topography, age, gender, and race. We also
observed notable associations with myopia, IOP, and
smoking status. These findings suggest new directions of
research to permit better understanding of the RPEeBM
complex and its role in disease pathogenesis.
12
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