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Purpose: Serum lipids are modifiable, routinely collected blood test features associated with cardiovascular
health. We examined the association of commonly collected serum lipid measures (total cholesterol [TC], high-
density lipoprotein cholesterol [HDL-C], low-density lipoprotein cholesterol [LDL-C], and triglycerides) with
intraocular pressure (IOP).

Design: Cross-sectional study in the UK Biobank and European Prospective Investigation into Cancer and
Nutrition (EPIC)-Norfolk cohorts.

Participants: We included 94 323 participants from the UK Biobank (mean age, 57 years) and 6230 par-
ticipants from the EPIC-Norfolk (mean age, 68 years) cohorts with data on TC, HDL-C, LDL-C, and triglycerides
collected between 2006 and 2009.

Methods: Multivariate linear regression adjusting for demographic, lifestyle, anthropometric, medical, and
ophthalmic covariables was used to examine the associations of serum lipids with corneal-compensated IOP
(IOPcc).

Main Outcome Measures: Corneal-compensated IOP.

Results: Higher levels of TC, HDL-C, and LDL-C were associated independently with higher IOPcc in both
cohorts after adjustment for key demographic, medical, and lifestyle factors. For each 1-standard deviation in-
crease in TC, HDL-C, and LDL-C, IOPcc was higher by 0.09 mmHg (95% confidence interval [Cl], 0.06—0.11
mmHg; P < 0.001), 0.11 mmHg (95% CI, 0.08—0.13 mmHg; P < 0.001), and 0.07 mmHg (95% CI, 0.05—0.09
mmHg; P < 0.001), respectively, in the UK Biobank cohort. In the EPIC-Norfolk cohort, each 1-standard deviation
increase in TC, HDL-C, and LDL-C was associated with a higher IOPcc by 0.19 mmHg (95% CI, 0.07—0.31
mmHg; P = 0.001), 0.14 mmHg (95% ClI, 0.03—0.25 mmHg; P = 0.016), and 0.17 mmHg (95% CI, 0.06—0.29
mmHg; P = 0.003). An inverse association between triglyceride levels and IOP in the UK Biobank (—0.05 mmHg;
95% CI, —0.08 to —0.03; P < 0.001) was not replicated in the EPIC-Norfolk cohort (P = 0.30).

Conclusions: Our findings suggest that serum TC, HDL-C, and LDL-C are associated positively with IOP in 2
United Kingdom cohorts and that triglyceride levels may be associated negatively. Future research is required to
assess whether these associations are causal in nature. Ophthalmology 2022;129:986-996 © 2022 by the
American Academy of Ophthalmology. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Supplemental material available at www.aaojournal.org.
[

Elevated intraocular pressure (IOP) is one of the most
important risk factors for glaucoma, and IOP reduction is the
only proven treatment to reduce the development and pro-
gression of the disease.' Identifying potential systemic
associations with IOP may provide further insight into the
pathophysiologic features of glaucoma.

Previous studies have demonstrated a potential associa-
tion between elevated IOP and traditional cardiovascular
risk factors such as age,2 body mass index (BMI),3
smoking,” and hyperlipidemia.” Serum lipids (including
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total cholesterol [TC] and triglycerides) and cholesterol
components (including low-density lipoprotein cholesterol
[LDL-C] and high-density lipoprotein cholesterol [HDL-C])
are collected routinely, are widely available, and are modi-
fiable causal risk factors for cardiovascular disease.”’ The
association between serum lipid fractions and cholesterol
components  (specifically LDL-C, HDL-C, and
triglycerides) and IOP has been examined previously with
variable results. Higher LDL-C and triglyceride levels have
been associated with higher IOP in several studies, whereas
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higher HDL-C has been associated with lower IOP in some
observational studies.®” A recent meta-analysis observed
that hyperlipidemia was associated with a modest but sta-
tistically significant higher IOP, and this association was
maintained when LDL-C and triglycerides were assessed
individually, but no association was found between IOP and
HDL-C.

The generalizability of the existing literature is limited
because most studies were performed in Asian pop-
ulations® "> and did not adjust for important potential
confounders of this association, including BML%!! diabetes
status,” or use of cardiovascular medications, including
statins and B-blockers,g’g 12 all of which have potential
associations with IOP or corneal biomechanical properties
that may influence IOP and with serum lipids. In this
large observational study, we examined the association of
individual serum lipids and cholesterol components
(specifically TC, HDL-C, LDL-C, and triglycerides) with
corneal-compensated IOP (IOPcc) in 2 independent cohorts,
the UK Biobank and the European Prospective Investigation
into Cancer and Nutrition (EPIC)-Norfolk.

Methods

UK Biobank

Study Population. The UK Biobank is a large community-based
cohort of 502 506 United Kingdom residents registered with the
National Health Service and between 40 and 69 years of age at
enrollment. Baseline examinations were carried out between 2006 and
2010 at 22 study assessment centers. The North West Multi-center
Research Ethics Committee approved the study in accordance with
the principles of the Declaration of Helsinki. All participants gave
written informed consent before enrollment in the study. The overall
study protocol (https://www.ukbiobank.ac.uk/media/gnkeyh2q/study-
rationale.pdf) and protocols for individual tests (http:/bio-
bank.ctsu.ox.ac.uk/crystal/docs.cgi) are available online. Participants
answered detailed touch-screen questionnaires that cover a wide range
of demographic, health, and lifestyle information."> The choices for
ethnicity included White (English/Irish or other White background),
Asian or British Asian (Indian/Pakistani/Bangladeshi or other Asian
background), Black or Black British (Caribbean, African, or other
Black background), Chinese, mixed (White and Black Caribbean or
African, White and Asian, or other mixed background), or other
ethnic group (not defined). We subsequently combined ethnicity
groups into White and non-White. The Townsend deprivation index
was determined according to the participants’ postcode at recruitment
and the corresponding output area from the preceding national census.
The index was calculated based on the output area’s employment
status, home and car ownership, and household condition; the higher
and more positive the index, the more deprived the area. Smoking and
alcohol intake status were determined by self-report and subsequently
were combined into ever smoker or never smoker and into alcohol
consumption or no alcohol consumption. Diabetes status was defined
by self-report of diabetes mellitus or use of diabetes medications.
Statin and oral B-blocker medication use were self-reported. Blood
pressure was measured twice using the HEM-70151T digital blood
pressure monitor (Omron), and the mean was used in the analysis.
Weight was measured with the BV-418 MA body composition
analyzer (Tanita). Height was measured using a Seca 202 height
measure (Seca). Body mass index was calculated as weight (kg)/
height (m?).

Assessment of Serum Lipid and Lipoprotein Concen-
trations. Nonfasting venous blood sampling was conducted, and
the collection procedures were standardized.'* Serum lipid
concentrations, including TC, HDL-C, LDL-C, and triglycerides,
were measured by biochemical assays from the blood samples
collected at baseline using the Beckman Coulter AU5800 Platform
and were reported in millimoles per liter. Details of the blood
measurements and processing are available on the UK Biobank
online showcase and protocol.'”

Ocular Measurements. Ocular assessment was introduced as
an enhancement in 2009. Ophthalmic data were collected for 128
180 UK Biobank participants at 6 assessment centers across the
United Kingdom.'® Refractive error was measured using an
autorefractor (Tomey RC 5000), and spherical equivalent was
calculated as sphere power plus half cylinder power.'” The IOP
was measured once for each eye using the Ocular Response
Analyzer (ORA) noncontact tonometer (Reichert Corp).18
Participants who had undergone eye surgery within the previous
4 weeks or those with an eye infection were excluded from
having IOP measured. The ORA flattens the cornea with a jet of
air, causing an initial inward applanation, followed by an
outward applanation event as the cornea returns to its original
shape. An electro-optical system measures the air pressures at the
initial inward applanation and the outward applanation event and
combines them linearly to derive an IOP that accounts for corneal
biomechanical properties (IOPcc). The average of the 2 ORA
pressure values has been calibrated to derive an IOP correlated
with Goldmann applanation tonometry as well.'” Participants who
had a history of glaucoma laser therapy or surgery were excluded
because of the impact of glaucoma treatment on IOP. Based on the
mean IOP reduction achieved by medication, we imputed
pretreatment IOP for participants using IOP-lowering medication
by dividing the measured IOP by 0.7, a method used previously in
genome-wide association studies for IOP.>° Participant-level IOP
and spherical equivalent values were calculated as the average of
both eyes or as either right or left eye value if data were available
for only 1 eye.

European Prospective Investigation into Cancer
and Nutrition-Norfolk

Study Population. The EPIC is a collaborative study involving 10
countries that began participant recruitment in 1989.%' The EPIC-
Norfolk, a United Kingdom branch of this study, comprises a
population-based cohort of 25 639 participants between 40 and 79
years of age at enrollment recruited from 35 participating general
practices in Norfolk, United Kingdom.”' Baseline examinations
were carried out between 1993 and 1997. An ophthalmic
examination was performed of 8623 of these participants as part
of the third health examination, carried out between 2004 and
2011.*> The EPIC-Norfolk Eye Study was carried out following
the principles of the Declaration of Helsinki and the Research
Governance Framework for Health and Social Care and was
approved by the Norfolk Local Research Ethics Committee
(identifier: 05/Q0101/191) and the East Norfolk and Waveney
National Health Service Research Governance Committee (iden-
tifier: 2005ECO7L). All participants gave written informed consent.
The study protocol is available online at https://www.epic-norfol-
k.org.uk/.

Participants provided demographic information, completed
general health questionnaires, which collected information on
lifestyle factors and diet, and attended a baseline health check,
during which blood samples were obtained for future analysis. The
Townsend deprivation index was determined in the same fashion
as described for the UK Biobank cohort. Smoking and alcohol use
were determined by self-report. Participants were asked to bring
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their medications and related medical documents to the health
examinations, and these were recorded by a research nurse using an
electronic form. Diabetes status was determined mainly from a
lifestyle questionnaire sent to participants at the baseline assess-
ment (and related questions were repeated in follow-up health and
lifestyle questionnaires), and additional data from sources,
including deaths, hospital admissions, questionnaires, and general
practitioner registers up to 2006, were also used to identify patients
with diabetes at the time of the EPIC Eye Study. Blood pressure
and heart rate were measured with the participants seated and
resting using an objective measurement device (Accutorr Plus;
Datascope Patient Monitoring, Mindray United Kingdom, Ltd).
Height and weight were measured with participants wearing light
clothing and no shoes. Height was measured to 0.1 cm using a
stadiometer. Weight was measured to the nearest 0.1 kg using
digital scales (Tanita UK Ltd), and BMI was calculated as weight
(kg)/height (m>).

Assessment of Serum Lipid and Lipoprotein Lev-
els. Nonfasting blood was drawn from study participants. Total
cholesterol, HDL-C, and triglycerides were determined using the
RA1000 analyzer (Bayer Diagnostics). Low-density lipoprotein
cholesterol measurements were derived using the Friedewald for-
mula.”® All serum lipids were reported in millimoles per liter.

Assessment of Ocular Measurements. Refractive error was
measured once in each eye using an autorefractor (Humphrey
model 500; Humphrey Instruments), and spherical equivalent was
calculated as sphere power plus half cylinder power. Intraocular
pressure was measured with the ORA, and IOPcc and Goldmann
applanation tonometry—correlated IOP were obtained as described
previously. Three ORA readings were obtained per eye, and the
best signal value for each eye was used (based on the best-quality
pressure waveform as assessed by the ORA software). The mean
IOPs of the right and left eyes of each participant were used for
analyses. If data were available only for 1 eye, then the IOP of that
eye was considered for the participant. Participants who had a
history of glaucoma laser therapy or surgery were excluded, and
we imputed pretreatment IOP for participants reporting topical
glaucoma medication using the same method as described
previously.

Covariables in UK Biobank and EPIC-Norfolk

Demographic characteristics in the analysis included age, sex,
ethnicity (White or non-White), and Townsend deprivation index.
Health and lifestyle factors included BMI, smoking status (never
smoked vs. ever smoked), alcohol status (nondrinker vs. current
drinker), diabetes status (yes vs. no), and statin and oral B-blocker
use (nonuser vs. user). These covariables were decided a priori on
the basis of previously published studies demonstrating potential
associations with IOP, IOP-related corneal biomechanical proper-
ties, and serum lipid levels. For example, age,z*l’25 sex,”%?” and
systolic blood pressure®®** have been associated with lipid levels
and IOP. We additionally included height, smoking status, and
diabetes status, which may be associated with both lipid levels
and corneal biomechanical properties that influence IOP
measurements,4’18’2(”29731215 well as BMI, given its potential
upstream association with serum lipid levels®>*® and consistent
association with IOP.*°

Statistical Analysis

The baseline characteristics of UK Biobank and EPIC-Norfolk
participants were determined and are presented as mean =+ stan-
dard deviation for continuous variables and number (percentage)
for categorical variables. Pearson correlation coefficients were
calculated for associations between each of the individual serum
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lipids (Table S1, available at www.aaojournal.org), and because of
high correlation, linear regression was used to examine the
associations of each serum lipid and lipoprotein individually with
IOPcc. Primary analyses were carried out for each individual
serum lipid as continuous variables and were categorized into
quartiles within each cohort. All associations were examined
using univariate- and multivariate-adjusted models. Because the
range and standard deviation of values for each serum lipid mea-
surement differ, standardized B coefficients were calculated and
reported for associations between TC, HDL-C, LDL-C, tri-
glycerides, and IOPcc.

Multivariate models were adjusted for age, sex, ethnicity,
Townsend deprivation index, BMI, systolic blood pressure, height,
smoking, alcohol use, diabetes status, statin use, oral B-blocker use,
and spherical equivalent. These data were plotted using the
multivariate regression and marginsplot commands using the
STATA software package version 16 (StataCorp LP). We con-
ducted various secondary analyses: (1) sex stratification and
interaction for each of the aforementioned analyses, (2) additional
analyses of the association of IOPcc with apolipoprotein A and B
and with lipid ratios commonly used in clinical practice (TC to
HDL-C, LDL to HDL-C, and TG to HDL-C),° (3) sensitivity
analyses adjusting for multiple lipid components in a single
model, (4) sensitivity analyses excluding statin users, (5)
sensitivity analyses excluding BMI as a covariable in
multivariate regression models (to determine if upstream factors
were driving potential associations), (6) sensitivity analyses
restricted to participants reporting White ethnicity, and (7)
sensitivity analyses additionally adjusting for age squared (to
model potential nonlinear associations more accurately).

Results

A total of 94 323 participants in the UK Biobank were included in
this analysis after excluding 29 766 participants with missing data
and 4091 participants who had undergone glaucoma laser therapy
or surgery. A total of 6230 participants from the EPIC-Norfolk
cohort were included in this analysis after excluding 1028 with
missing data and 62 who had undergone glaucoma laser therapy or
surgery (Fig 1). Table 1 presents the baseline characteristics of both
EPIC-Norfolk and UK Biobank participants included in the study.
Compared with UK Biobank participants, EPIC-Norfolk partici-
pants were on average 12 years older, more likely to be White,
women, shorter, and live in a less deprived area, and less likely
ever to have smoked or currently to consume alcohol. They were
more likely to use statin medication or oral B-blockers and had
modest but significantly lower BMI, systolic blood pressure, and
TC, LDL-C, and triglyceride levels. The mean IOPcc was 16.1 £+
3.3 mmHg and 17.1 £+ 3.9 mmHg in the UK Biobank and EPIC-
Norfolk cohorts, respectively.

Univariate Associations

Univariate analyses found that higher levels of TC and LDL-C
were associated with higher IOPcc in both the UK Biobank and
EPIC-Norfolk cohorts and that higher triglyceride levels were
associated with higher IOPcc only in the UK Biobank cohort
(Table S2, available at www.aaojournal.org). High-density lipo-
protein cholesterol was not associated with IOPcc in univariate
analyses in either cohort, but the model became significantly
positively associated after the addition of sex and age into multi-
variate models in both cohorts. As such, sex-stratified analyses
were performed subsequently (Table S3, available at
www.aaojournal.org) that demonstrated that the associations
between IOPcc and serum lipids remained significant and that no
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UK Biobank

128,180 participants with
available IOP data

Excluded
Eye injury, corneal graft,
glaucoma laser or surgery and
SIK

A 4

(N=4,091)

A 4
124,089 participants

Missing data

Age, sex, ethnicity, Townsend
deprivation index, BMI, SBP,
smoking status, alcohol status,
diabetes status, statin and oral
beta-blocker users, spherical
v equivalent and height
(N=29,766)

A4

Complete case analysis
(N=94,323)

EPIC-Norfolk

7320 participants with available

IOP data
Excluded
Glaucoma laser or surgery
> (N=62)
\ 4
7258 participants
Missing data

Age, sex, ethnicity, Townsend
deprivation index, BMI, SBP,
smoking status, alcohol status,
diabetes status, statin and oral
beta-blocker users, spherical
v equivalent and height

(N=1028)

Complete case analysis
(N=6230)

Figure 1. Flowchart showing participants included in the UK Biobank and European Prospective Investigation into Cancer and Nutrition (EPIC)-Norfolk
cohorts. BMI = body mass index; IOP = intraocular pressure; SBP = systolic blood pressure.

change in the direction of the association had occurred. Significant
interactions between sex and each lipid component were identified
(P =0.003, P < 0.001, P = 0.049, and P = 0.003 for interaction
for each of TC, HDL-C, LDL-C, and triglycerides, respectively). A
stronger association was found in men, particularly for the asso-
ciation with HDL-C.

Multivariate Associations

After adjusting for confounders including demographic, lifestyle,
and cardiovascular risk factors and common cardiovascular medi-
cations, higher levels of TC, HDL-C, and LDL-C were associated
with higher IOPcc in both cohorts, whereas higher triglyceride
levels were associated with lower IOPcc in the UK Biobank only
(Table 2). These associations are presented in Figure 2, which
depict the IOP based on the lipid level and covariables from the
multivariate regression analysis.

Similar multivariate associations were identified with Gold-
mann applanation tonometry—correlated IOP, although the asso-
ciation with triglyceride levels was not significant in either cohort
(Table S4, Fig S1, available at www.aaojournal.org). In the UK
Biobank, IOPcc was higher by 0.09 mmHg (95% confidence
interval [CI], 0.06—0.11 mmHg; P < 0.001) for each 1-standard
deviation increase in TC and was 0.11 mmHg (95% CI,
0.08—0.13 mmHg; P < 0.001) and 0.07 mmHg (95% CI,
0.05—0.09 mmHg; P < 0.001) higher for each 1-standard deviation
increase in HDL-C and LDL-C, respectively. Intraocular pressure
was 0.05 mmHg lower (95% CI, —0.08 to —0.03 mmHg; P <
0.001) for each additional 1-standard deviation increase in tri-
glyceride levels in the UK Biobank. Results were of similar di-
rection in the EPIC cohort but stronger; however, no significant
association was identified with triglyceride levels (B = —0.05
mmHg; 95% CIL, —0.15 to 0.05 mmHg; P = 0.30; Table 2). A
positive trend across individual cohort-specific quartiles was
identified for IOPcc with each of TC, HDL-C, and LDL-C in both
cohorts (all P < 0.05, except for HDL-C in EPIC-Norfolk). In the
UK Biobank, individuals in the highest quartile of TC, HDL-C,
and LDL-C levels showed higher IOPcc (B = 0.23 mmHg, f =
0.30 mmHg, and f = 0.18 mmHg, respectively; P < 0.001 for all)
than those in the lowest quartile of each individual serum lipid
level. In the EPIC-Norfolk cohort, individuals in the highest
quartile of TC and LDL-C showed higher IOPcc (f = 0.43 mmHg

and B = 0.48 mmHg, respectively; P < 0.001 for all). The UK
Biobank participants in the highest quartile of triglyceride levels
showed lower IOPcc (B = —0.12 mmHg; P < 0.001) than those in
the lowest quartile, and a significant linear trend was found overall
(P < 0.001), but the association was not independently significant
with quartiles 2 and 3, and these associations were not replicated in
analyses of the EPIC-Norfolk cohort. The results of the quartile
analyses for TC, HDL-C, LDL-C, and triglyceride levels (for UK
Biobank only) indicated that the associations were consistent with
linear relationships. The association with IOP was found to be
linear across a spectrum of lipid levels (including both clinically
normal and abnormal levels), and thus, higher HDL-C, LDL-C,
and TC levels (even within the normal range) are associated with
higher IOP.

Additional analyses of the UK Biobank cohort demonstrated
that apolipoprotein A and B were associated positively with IOPcc;
for each 1-standard deviation increase in apolipoprotein A, IOPcc
was higher by 0.11 mmHg (95% CI, 0.09—0.13 mmHg; P <
0.001), and for each 1-standard deviation increase in apolipopro-
tein B, IOPcc was higher by 0.08 mmHg (95% CI, 0.05—0.10
mmHg; P < 0.001). Furthermore, associations between IOPcc and
clinically relevant lipid ratios each were significant (Table 2):
modestly lower IOPcc was identified for higher TC to HDL,
LDL to HDL, and triglyceride to HDL-C ratios in the UK Biobank.

Sensitivity Analyses

Sensitivity analyses of the association of HDL-C with IOPcc,
additionally adjusted for LDL-C, showed HDL-C to remain asso-
ciated positively with IOPcc, although the association was very
modestly attenuated (0.10 mmHg [95% CI, 0.08—0.13 mmHg; P <
0.001] in the UK Biobank; 0.13 mmHg [95% CI, 0.02—0.24
mmHg; P = 0.019] in EPIC-Norfolk; Table 2). Similarly, LDL-C
was still associated with higher IOPcc in both cohorts in a multi-
variate model additionally adjusting for HDL-C (0.07 mmHg [95%
CI, 0.05—0.09 mmHg; P < 0.001] in the UK Biobank; 0.17 mmHg
[95% CI, 0.05—0.28 mmHg; P = 0.004] in EPIC-Norfolk;
Table 2). Similar sensitivity analyses were performed assessing
the association with TC and triglyceride levels (Table 2),
demonstrating that TC remained positively associated with IOPcc
in a multivariate model additionally adjusting for triglyceride
levels (0.11 mmHg [95% 0.08—0.13 mmHg; P < 0.001] in the
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Table 1. Baseline Characteristics of Participants Included in the Study

European Prospective Investigation into

UK Biobank Cancer and Nutrition-Norfolk P Value
Sample size 94 323 6230
Age (yrs) 56.8 £ 8.0 68.6 £ 7.8 <0.001
Sex <0.001
Men 44 286 (46.9) 2739 (44.0)
Women 50 037 (53.1) 3491 (56.0)
Ethnicity <0.001
White 85 947 (91.1) 6193 (99.4)
Non-White 8376 (8.9) 37 (0.59)
Townsend deprivation index —1.1 £3.0 —2.29 +£ 2.1 <0.001
Body mass index (kg/m?) 273 +£43 26.7 £ 4.2 <0.001
Height (cm) 168.8 + 9.2 166.3 + 9.1 <0.001
Smoking status <0.001
Never smoked 52 673 (55.8) 3120 (50.1)
Ever smoked 41 650 (44.2) 3110 (49.9)
Alcohol status <0.001
Nondrinker 7736 (8.2) 880 (14.1)
Drinker 86 587 (91.8) 5350 (85.9)
Diabetes status 0.76
No 89 650 (95.0) 5943 (95.4)
Yes 4673 (5.0) 296 (4.6)
Systolic blood pressure (mmHg) 1373 £ 17.6 1359 £+ 16.2 <0.001
Total cholesterol (mmol/L) 5.7+ 1.1 54+ 1.1 <0.001
Men 54+ 1.1 51+ 1.1
Women 59+ 1.1 57+ 1.1
HDL-C (mmol/L) 1.5+ 04 1.5+ 04 0.99
Men 1.3+£03 13+£03
Women 1.6 £ 0.4 1.7+ 04
LDL-C (mmol/L) 35+£038 32+£10 <0.001
Men 3.5 +0.8 294+ 1.0
Women 3.6 £ 0.8 33+ 1.0
Triglycerides (mmol/L) 1.7 £ 0.9 1.6 £ 0.8 <0.001
Men 1.9+ 1.0 1.7+ 0.8
Women 1.5+ 0.8 1.5+ 0.7
Statin use <0.001
Nonuser 76 393 (81.0) 4867 (78.1)
User 17 930 (19.0) 1363 (21.9)
Oral B-blocker use <0.001
Nonuser 88 977 (94.3) 5506 (88.4)
User 5346 (5.7) 724 (11.6)
IOPcc (mmHg) 16.1 + 3.3 17.1 £ 3.9 <0.001
IOPg (mmHg) 159 + 3.4 163 £ 3.9 <0.001
Spherical equivalent (D) —033 £ 2.7 0.18 £2.2 <0.001

D = diopter; HDL-C = high-density lipoprotein cholesterol; LDL-C = low-density lipoprotein cholesterol; IOPcc = corneal-compensated intraocular
pressure; IOPg = Goldmann applanation tonometry—correlated intraocular pressure.

Data are presented as no., no. (%), or mean + standard deviation.

UK Biobank; 0.22 mmHg [95% CI, 0.10—0.34 mmHg; P < 0.001]
in EPIC-Norfolk). Triglyceride levels remained associated with
lower IOPcc in a model further adjusting for TC in the UK Bio-
bank only (—0.09 mmHg [95% CI, —0.11 to —0.07 mmHg; P <
0.001]) and remained nonsignificant in EPIC-Norfolk. The
magnitude and direction of all associations largely were unchanged
in sensitivity analyses examining the association in statin users and
nonstatin  users  separately  (Table S5, available at
www.aaojournal.org), and no interaction between statin use and
IOP was identified. Our interpretation of the findings remained
unchanged when we conducted sensitivity analyses including and
excluding BMI as a covariable, when hypertension status (i.e.,
systolic blood pressure > 140 mmHg) was used in place of
continuous measures of systolic blood pressure, when we
restricted analyses to participants of self-reported White
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ethnicity, and when age squared was added to the multivariate
models.

Discussion

After adjusting for key demographic, medical, and lifestyle
covariables, higher levels of TC, HDL-C, and LDL-C were
associated with higher IOPcc in both the UK Biobank and
EPIC-Norfolk cohorts, and higher triglyceride levels were
associated with lower IOPcc in the UK Biobank cohort only.
When additional analyses of the UK Biobank were per-
formed, apolipoprotein A and B were associated with higher
IO0Pcc as well.
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Table 2. Multivariate Associations between Serum Lipid Levels and Corneal-Compensated Intraocular Pressure in the UK Biobank and
European Prospective Investigation into Cancer and Nutrition-Norfolk Cohorts

European Prospective Investigation into

UK Biobank Cancer and Nutrition-Norfolk
95% Confidence
Serum Lipid Levels (mmol/L) B Coefficient Interval P Value B Coefficient 95% Confidence Interval P Value
Total cholesterol per 1-SD 0.09 0.06—0.11 <0.001 0.19 0.07—0.31 0.001
increase
Total cholesterol in quartiles
1 Reference Reference
2 0.15 0.09—-0.21 <0.001 0.22 —0.07 to 0.50 0.14
3 0.19 0.13-0.25 <0.001 0.16 —0.15 to 0.47 0.32
4 0.23 0.16—0.29 <0.001 0.43 0.11-0.75 0.008
P value for trend <0.001 0.017
HDL-C per 1-SD increase 0.11 0.08—0.13 <0.001 0.14 0.03—0.25 0.016
HDL-C in quartiles
1 Ref Ref
2 0.13 0.07-0.19 <0.001 0.12 —0.15 to 0.39 0.39
3 0.21 0.15-0.27 <0.001 0.28 —0.01 to 0.57 0.06
4 0.30 0.23—-0.37 <0.001 0.27 —0.04 to 0.58 0.09
P for trend <0.001 0.06
LDL-C per 1-SD increase 0.07 0.05—0.09 <0.001 0.17 0.06—0.29 0.003
LDL-C in quartiles
1 Ref Ref
2 0.08 0.02-0.14 0.009 0.09 —0.19 to 0.37 0.53
3 0.11 0.05—0.18 <0.001 0.13 —0.17 to 0.43 0.40
4 0.18 0.12-0.24 <0.001 0.48 0.15—-0.81 0.004
P value for trend <0.001 0.007
Triglycerides per 1-SD increase —0.05 —0.08 to —0.03 <0.001 —0.05 —0.15 to 0.05 0.30
Triglycerides in quartiles
1 Ref Ref
2 0.01 —0.05 to 0.07 0.69 0.04 —0.23 to0 0.31 0.78
3 —0.04 —0.09 to 0.02 0.22 0.02 —0.25 t0 0.28 0.90
4 —0.12 —0.18 to —0.06 <0.001 —0.10 —0.38 to 0.18 0.48
P value for trend <0.001 0.49
Apolipoproteins per 1-SD
increase (g/dl)
A 0.11 0.09—0.13 <0.001 = — —
B 0.08 0.05—0.10 <0.001 — — —
Cholesterol components in same
model per 1-SD increase
HDL-C* 0.10 0.08—0.13 <0.001 0.13 0.02—-0.24 0.019
LDL-C 0.07 0.05—0.09 <0.001 0.17 0.05-0.28 0.004
Serum lipids in same model
TC! 0.11 0.08—0.13 <0.001 0.22 0.10—-0.34 <0.001
Triglycerides’ —0.09 —0.11 to —0.07 <0.001 —0.09 —0.20 to 0.01 0.065
Clinical serum lipid ratios
TC to HDL-C —0.03 —0.05 to —0.01 0.005 —0.01 —0.11 to 0.09 0.861
LDL-C/HDL-C —0.02 —0.05 to —0.00 0.046 0.03 —0.07 to0 0.14 0.541
Triglycerides to HDL-C —0.08 —0.10 to —0.06 <0.001 —0.10 —0.20 to 0.01 0.055

HDL-C = high-density lipoprotein cholesterol; LDL-C = low-density lipoprotein cholesterol; SD = standard deviation; TC = total cholesterol.

All analyses are adjusted for age, sex, ethnicity, Townsend deprivation index, body mass index, systolic blood pressure, height, smoking, alcohol status,
diabetes status, statin use, oral B-blocker use, and spherical equivalent. Quartiles in UK Biobank are defined as follows: (1) total cholesterol: quartile 1,
< 4.88; quartile 2, 4.89—5.62; quartile 3, 5.63—6.39; and quartile 4, > 6.40; (2) HDL-C, quartile 1, < 1.18; quartile 2, 1.19—1.41; quartile 3, 1.42—1.69;
and quartile 4, > 1.70; (3) LDL-C: quartile 1, < 2.92; quartile 2, 2.93—3.48; quartile 3, 3.49—4.08; and quartile 4, > 4.09; and (4) triglycerides: quartile
1, < 1.02; quartile 2, 1.03—1.44; quartile 3, 1.45—2.07; and quartile 4, > 2.08. Quartiles in EPIC-Norfolk are defined as follows: (1) TC: quartile 1, < 4.67;
quartile 2, 4.68—5.49; quartile 3, 5.50—6.19; and quartile 4, > 6.20—10.20; (2) HDL-C: quartile 1, < 1.21; quartile 2, 1.22—1.46; quartile 3, 1.47—1.77; and
quartile 4, > 1.78; (3) LDL-C: quartile 1, < 2.46; quartile 2, 2.47—3.14; quartile 3, 3.15—3.83; and quartile 4, > 3.84; and (4) triglycerides: quartile
1, < 1.19; quartile 2, 1.20—1.57; quartile 3, 1.58—2.19; and quartile 4, > 2.20.

*Additionally adjusted for LDL-C.

Additionally adjusted for HDL-C.

{Additionally adjusted for triglycerides.

$Additionally adjusted for TC.
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Figure 2. A—H, Graphs showing multivariate linear regression of (A, E) total cholesterol, (B, F) high-density lipoprotein cholesterol (HDL-C), (C, G)
low-density lipoprotein cholesterol (LDL-C), and (D, H) triglyceride levels with corneal-compensated (IOPcc) in the European Prospective Investigation
into Cancer and Nutrition (EPIC)-Norfolk and UK Biobank cohorts adjusted for age, sex, ethnicity, Townsend deprivation index, body mass index, height,
systolic blood pressure, smoking, alcohol and diabetes status, statin use, oral B-blocker use, and spherical equivalent. These subfigures demonstrate the
intraocular pressure based on the lipid level and covariables from the multivariate regression.

Significant gaps exist in the current literature on the as- conducted in Asian populations, which complicates gener-
sociation between individual lipid levels and IOP. Most alizability to other populations. Many studies did not
existing studies are relatively small, and most were comprehensively address important confounders of the
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association between lipid levels and IOP, including BML ™"’
diabetes status,” or relevant medication use such as
statins,s’g’ which may have associations with [Op. 333
Substantial variability exists in the manner in which the
exposures of interest were defined or ascertained in earlier
studies, for example, using composite lipid measurements,
such as hyperlipidemia, rather than examining individual
lipid concentrations independently’ or evaluating lipids in
the context of metabolic syndrome.*'**> Furthermore, no
existing studies specifically have examined the association
with IOPcc. By evaluating the association between serum
lipid levels and IOPcc, our study reduced potential
confounding by lipid associations with corneal
biomechanical properties. For example, evidence suggests
that patients with diabetes (a condition known to be
associated with hyperlipidemia) have higher mechanical
stiffness of the cornea, Potentially associated with
artifactually elevated IOP.'*~

Previous studies have reported positive associations be-
tween TC or LDL-C and IOP, and our study lends further
support to these findings.*”'**7 Our study found a
consistent positive association between HDL-C and IOP,
clarifying inconsistent associations reported previously.®’
Our findings showed opposing results to the previously
reported positive associations with triglyceride levels® '
and further support the previously demonstrated positive
associations with apolipoprotein A and B.”

Cholesterol components and serum lipid levels are
closely related physiologically, which poses challenges for
determining meaningful associations with any one particular
component. Notably, the associations with IOPcc were
grossly unchanged or were attenuated only very modestly
(and remained significant) when we conducted sensitivity
analyses fitting cholesterol components (TC and triglyceride
levels) and serum lipid fractions (HDL-C and LDL-C) into
the same multivariate models.

Because lipid levels are known to differ by sex, sex-
stratified analyses were performed (limited to the UK Bio-
bank cohort because the sample size was large enough to
afford sufficient statistical power in the subgroups), and
these analyses demonstrated no change in direction or sig-
nificance of the individual multivariate-adjusted associa-
tions. A significant interaction between sex and each lipid
component was identified, and a stronger association was
found in men, particularly for the association with HDL-C.
Additional sensitivity analyses restricting analyses to White
participants did not result in any significant changes, and no
significant changes were found when we conducted the
analyses excluding BMI from the model, further supporting
the primary identified associations. In each of these ana-
lyses, actual lipid levels were used (regardless of statin use
status) rather than imputed physiologic levels. This was
carried out to examine whether the actual value of the
prevalent lipid level in question (even if treated) in the study
cohort was associated with IOP.

Genetic studies of IOP may offer a different perspective
for understanding these complex relationships. Genetic as-
sociations have been identified between single nucleotide
polymorphisms associated with IOP and single nucleotide
polymorphisms associated with lipid metabolism. A recent

meta-analysis of IOP genome-wide association studies
identified a known IOP locus (rs9853115) to be located near
the gene for diacylglycerol kinase gamma (DGKG),”" an
enzyme that may contribute to both IOP regulation’® and
lipid metabolism.”’ Another locus known to be associated
with IOP (1rs247249) is located near the ATP binding
cassette transporter Al (ABCAI) gene, which codes for a
transmembrane transporter that mediates cholesterol efflux
to nascent high-density lipoprotein molecules.”® ABCAI is
expressed widely in ocular tissues, including trabecular
meshwork and Schlemm’s canal,”® and an animal model
study found that ABCAI is upregulated in induced ocular
hypertension.””  Furthermore, a single nucleotide
polymorphism near ABCAI (rs2487032) has been
associated specifically with the high-tension primary open-
angle glaucoma (POAG) endophenotype (defined as POAG
with IOP > 22 mmHg)."’ Associations with IOP also have
been found with polymorphisms at the CAVI/2 gene loci
(rs10281637) encoding caveolin 1 and caveolin 2, which
may play a role in lipid metabolism.”> Caveolin 1 is a
component of caveolae, which are involved in diverse
cellular functions including transport, signal transduction,
and the regulation of cholesterol metabolism."’
Interestingly, ABCAI has been found to modulate caveolin
1 levels via pathways that also may play a role in IOP
regulation.*”

Although HDL-C and LDL-C do not share a common
biochemical precursor and have functionally opposing roles
along the atherogenesis pathway, similarities in their struc-
tural surface proteins (i.e., apolipoproteins) may help to
explain both of their positive associations with IOP.
Apolipoprotein B, for example, is expressed predominantly
on LDL-C molecules and plays a key role in lipid transit.
Previous studies have found that higher concentrations of
apolipoprotein B are associated with higher IOP.” Similarly,
apolipoprotein A (the major protein component of HDL-C)
also was associated previously with higher IOP in male
patients.” Our findings further support both of these
associations with IOP, although further investigation is
necessary to understand the underlying pathways driving
these associations and to assess whether additional
upstream factors may be at play.

The magnitude of these associations, although small,
may have potentially meaningful clinical implications. For
example, the effect of the association between IOP and the
highest quartile of TC is 0.43 mmHg (95% CI, 0.11-0.75
mmHg; Table 2; Fig 2), which is similar to the effect size of
the presence of TMCOI risk alleles on IOP.**** These are
known to be strong genetic determinants of conversion to
glaucoma.44 Furthermore, if the collective effects of
individual lipid concentrations are operative, the effect of
high lipid levels may exceed 1 mmHg (Fig 2), which may
have important implications for conversion to glaucoma or
progression of existing disease.” Our results represent
comparisons between participants with varying lipid levels
rather than the difference in IOP that might be observed
after a change in lipid level within an individual. It is
likely that the magnitude of a within-individual effect
would be more than the magnitude between individuals. A
good example of this is the relatively small difference in
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IOP seen between systemic B-blocker users and nonusers
(0.69 mmHg; 95% CI, 0.96—0.43 mmHg; P < 0.001)*°
compared with the well-established profound IOP-
lowering effect of systemic P-blockers within in-
dividuals,”” which prompted the development of topical B-
blocker therapy for glaucoma. Although the predictive
ability of these associations with IOP is relatively low
(Tables S1 and S6, available at www.aaojournal.org),
serum lipid levels are a readily available and routinely
collected clinical measurement that may provide insight
into potential pathophysiologic mechanisms for elevated
IOP. Further research is warranted to identify whether
these lipid components in fact help to risk-stratify patients
in the general population and in clinical settings to identify
individuals at high risk of glaucoma and of glaucomatous
progression. Future studies may examine the association
between lipids and risk of glaucoma, assessing for poten-
tially causal associations using approaches such as Mende-
lian randomization.

Strengths of our study include its large sample size
derived from 2 independent cohort studies, which provides
substantial power and replicability to examine the associa-
tion of various lipid fractions with IOP. In both cohorts,
serum lipid level measurements were obtained using
biochemistry assays in accordance with international stan-
dards for testing and calibration, and IOP was measured
using the same method in both cohorts.'* Compared with
previous studies, our study adjusted for a relatively
comprehensive  array  of  covariables, including
demographic and lifestyle characteristics, medical history,
medication use, and ocular factors.

Our study is limited in its use of cross-sectional anal-
ysis, preventing determination of potentially causal asso-
ciations. Data collected using questionnaires are potentially
subject to recall, social desirability, and misclassification
biases. For example, participants may not recall accurately
(or may underreport) the amount of alcohol they have
consumed. Although our study is limited in its use of self-
reported medications, self-reported statin and other lipid
medication use specifically were validated in large epide-
miolo%ic studies with an accuracy of between 91% and
97%.** One further limitation is that serum samples were

Footnotes and Disclosures

obtained from nonfasting patients, which could be
subject to recent meal ingestions. Serum samples from
those who have not fasted generally would result in
higher values than samples from those who have fasted,
and this could mask real associations, although this likely
would have reduced the statistical power of the analyses
because of the reduced sample size, rather than affecting
estimates of association. This potential bias additionally
is offset by consistent findings across 2 independent
cohorts. Furthermore, the identified associations could
have been the result of unmeasured exposures that link
serum lipids and IOP, and UK Biobank and EPIC-
Norfolk participants may not necessarily be representa-
tive of the general population. Our study additionally is
limited by missing data for 26% of the participants in the
UK Biobank cohort and 15% of the participants in the
EPIC-Norfolk cohorts for whom ophthalmic data were
available. This is largely because of the exclusion of par-
ticipants with missing data for variables included in the
multivariate analyses. Excluded participants were more
likely to be non-White and slightly shorter and were more
likely to consume alcohol than included participants
(Table S7, available at www.aaojournal.org). The small
magnitude of such differences in characteristics between
included and excluded participants likely is of low
consequence because it is unlikely that the association
between lipids and IOP would be different systematically
between included and excluded participants, and the
likely effect of excluding participants with missing data
likely would bias associations toward the null because of
reduced sample size.

In conclusion, data from 2 large, prospective United
Kingdom cohorts suggest that higher concentrations of
serum lipids (specifically TC, HDL-C, and LDL-C) are
associated with higher IOP. Future research is required to
assess whether this association may be causal in nature. The
identification of an underlying causal association between
lipids or cholesterol components and IOP would be clini-
cally significant because lipid levels can be modified
through diet, lifestyle, and medication. This potentially
would allow for targeted dietary and lifestyle modification
as a means of influencing IOP.
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