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IMPORTANCE Elevated intraocular pressure is a major risk factor for glaucoma, a leading cause
of irreversible blindness worldwide. Environmental air pollution has been suggested as a
potential contributor to elevated intraocular pressure; however, no studies have
demonstrated such an association to date.

OBJECTIVE To investigate the association of long-term ambient black carbon exposure with
intraocular pressure in community-dwelling older adults.

DESIGN, SETTING, AND PARTICIPANTS This population-based analysis, conducted from
October 18, 2017, through March 22, 2018, used data from the all-male, New England–based
Normative Aging Study of the US Department of Veterans Affairs. The analysis included 419
older men with a total of 911 follow-up study visits between January 1, 2000, and December
30, 2011. Intraocular pressure was measured by Goldmann applanation tonometry during the
study visits. Validated spatiotemporal models were used to generate 1-year black carbon
exposure levels at the addresses of the participants.

MAIN OUTCOMES AND MEASURES An independently developed genetic score approach was
used to calculate allelic risk scores for 3 pathways associated with black carbon toxicity:
endothelial function, oxidative stress, and metal processing. The associations among black
carbon exposure, allelic risk scores, and intraocular pressure were explored using linear
mixed-effects models.

RESULTS All 419 participants were men with a mean (SD) age of 75.3 (6.9) years. The mean
(SD) 1-year black carbon exposure was 0.51 (0.18) μg/m3, and the mean (SD) intraocular
pressure for the left eye was 14.1 (2.8) mm Hg and for the right eye was 14.1 (3.0) mm Hg. Of
the 911 visits, 520 (57.1%) had a high endothelial function allelic risk score, 644 (70.7%) had a
high metal-processing allelic risk score, and 623 (68.4%) had a high oxidative stress allelic risk
score. In fully adjusted linear mixed-effects models, the association of black carbon with
intraocular pressure was greater in individuals with a high oxidative stress allelic score
(β = 0.36; 95% CI, 0.003-0.73) compared with individuals with a low score (β = −0.35; 95%
CI, −0.86 to 0.15).

CONCLUSIONS AND RELEVANCE Ambient black carbon exposure may be a risk factor for
increased intraocular pressure in individuals susceptible to other biological oxidative
stressors. If additional studies confirm these results, monitoring ambient black carbon
exposure and physiological oxidative stress may prevent the development and progression of
intraocular pressure–related disease.
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B lack carbon (BC), a byproduct of combustion pro-
cesses, is among the most pervasive ambient particles
in the world.1 Exposure to BC has a well-documented

association with numerous adverse health outcomes, but the
association of BC with increased systemic blood pressure (BP)
is among the most extensively studied.2-4 Existing studies both
replicate the BC-BP association and provide evidence suggest-
ing that biological processes, such as endothelial function,
metal processing, and oxidative stress, may explain elements
of the association.5-8

Intraocular pressure (IOP) is a major modifiable risk fac-
tor for ocular diseases, including glaucoma, a leading cause of
blindness in the world.9,10 Evidence suggests that elevated sys-
temic BP and elevated IOP share some physiologic
mechanisms.11-15 To our knowledge, studies of the associa-
tion of ambient BC with IOP in a population-based sample have
not yet been performed. Understanding this association might
provide another reason for reducing the contribution of BC to
environmental pollution, especially if subsequent studies add
adequate strength to such an association.16,17

We hypothesized that BC exposure is associated with in-
creased IOP and that biological processes involved in the BC-BP
association are also implicated in the BC-IOP association. The
latter hypothesis was evaluated by testing if genetic variants
in 3 biological pathways implicated in ambient particle–
related disease (endothelial function, metal processing, and
oxidative stress) could modify the association of BC with IOP.5

The present study was conducted from October 18, 2017, to
March 22, 2018. We tested these hypotheses by using longi-
tudinal data from the all-male cohort of the US Department of
Veterans Affairs (VA) Normative Aging Study (NAS). Since its
establishment in 1963, the NAS has collected a multitude of
health-related variables throughout participants’ lifetimes with
the aim of conducting analyses to better understand the ag-
ing process.18 The present study is in line with that NAS aim.

Methods
Study Population
The NAS is an ongoing longitudinal study of aging in male vol-
unteers. In 1963, it began to recruit male participants from the
Greater Boston area who were free of any chronic disease.18

Although now a closed cohort, the NAS participants return for
follow-up study visits every 3 to 5 years since recruitment.
These on-site, follow-up visits involve comprehensive physi-
cal examinations and detailed collection of data on lifestyle
factors that may affect health, including physical activity, diet,
smoking habits, alcohol intake, and medications. In this co-
hort, dropout has been less than 1% per year and predomi-
nantly occurs when participants move out of the study area.
In the present study, the sample (419 men with 911 study vis-
its) consisted of NAS participants who had all available expo-
sure, outcome, sociodemographic, genetic, and clinical data.
Of these 419 participants, 124 (29.6%) had 1 study visit, 135
(32.2%) had 2 study visits, 123 (29.4%) had 3 study visits, and
37 (8.8%) had 4 study visits between January 1, 2000, and De-
cember 30, 2011. At recruitment, all NAS participants

provided written informed consent to the VA Institutional Re-
view Board and were at least aged 18 years; this initial con-
sent covered subsequent studies such as ours. For this cur-
rent study, human participant approval was granted by the VA
and Harvard T. H. Chan School of Public Health Institutional
Review Boards.

Intraocular Pressure Assessment
In the morning of each study visit, predilated IOP of right and
left eyes was measured by an ophthalmologist using Gold-
mann applanation tonometry (the current criterion standard).19

Measurements could range from 0 to 30 mm Hg, but our study
sample had a range of 5 to 28 mm Hg. For each participant, we
calculated the IOP between both eyes to obtain a mean IOP.

BC Exposure Assessment
We focused on long-term (1-year) BC exposure because it has
previously been associated with BP and has consistently been
associated with other aging-related diseases.20-23 We began by
using a validated spatiotemporal land-use regression model
to generate daily BC exposure estimates (in micrograms per
cubic meter) at the 1 × 1-km area resolution on the basis of par-
ticipants’ residences.24 The spatiotemporal model was based
on information from daily BC concentrations at a central moni-
tor, daily BC concentrations at 83 monitoring sites through-
out the Greater Boston area, land use (eg, traffic density), me-
teorological conditions (eg, wind speed), and other descriptors
(eg, day of the week). In the training data set, the prediction
model had a high multivariate coefficient of determination (R2)
of 0.83, and the mean correlation between estimated values
and observed BC levels in 4 out-of-sample validation samples
was moderate (R2 = 0.59). Mean daily exposures for the 365
days prior to the day of each participant’s NAS visit were cal-
culated to obtain the 1-year exposure estimate.

Allelic Risk Scores
We used genotyping data from the NAS data set and a novel
allelic risk score method that was independently developed
by Bind et al5 to investigate interactions between environ-
mental exposures and the biological pathways of endothe-
lial function, metal processing, and oxidative stress. Bind
et al5 developed the scores using the known biological func-
tionality of genetic polymorphisms25 and independent out-
comes representative of each pathway (augmentation index

Key Points
Question What is the association between long-term ambient
black carbon exposure and intraocular pressure?

Findings In this analysis of 911 follow-up visits by 419 older men
enrolled in a longitudinal cohort study, the association of
long-term black carbon exposure with intraocular pressure was
greater in individuals with a high oxidative stress allelic score when
compared with individuals with a low score.

Meaning Ambient black carbon exposure may be a risk factor for
increased intraocular pressure, particularly in individuals
susceptible to other biological oxidative stressors.
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for endothelial function, patella lead concentration for
metal processing, and 8-hydroxy-2′-deoxyguanosine for oxi-
dative stress). Each score represents a pathway-specific
allelic risk profile, and scores are dichotomized as high or
low allelic risk according to score distributions in the study
sample of interest (ie, high: ≥median; low: <median). Fur-
ther details on the allelic scores can be found in the original
publication.5

Statistical Analysis
We used linear mixed-effects models with data from all
patient visits to determine the association of 1-year BC lev-
els with mean IOP. All covariates were determined a priori
on the basis of existing literature regarding BC and
IOP.3,26-28 Next, we used a tiered framework to build the
final model. Tier 1 adjusted for chronological age (continu-
ous) and year of visit (continuous). Tier 2 made additional
adjustments for mean 1-year temperature (continuous
address-specific satellite measurements29), cumulative
cigarette pack-years (continuous), smoking status (current,
former, or never), season of visit (spring [March-May], sum-
mer [June-August], fall [September-November], and winter
[December-February]), body mass index (calculated as
weight in kilograms divided by height in meters squared;
lean [<25], overweight [25-30], or obese [>30]), alcohol
intake (yes or no; ≥2 drinks daily), systolic BP (continuous),
diastolic BP (continuous), fasting blood glucose level (con-
tinuous), C-reactive protein level (continuous), and total
serum cholesterol level (continuous). Tier 3 paralleled tier 2
but replaced fasting blood glucose level, systolic and dia-
stolic BP, and cholesterol level with the dichotomized dis-
ease variables of diabetes, hypertension, and ischemic heart
disease. To examine the robustness of tier 3, we created a
fourth tier of covariates. Tier 4 used the tier 3 covariates but
made an additional adjustment for glaucoma defined as
follows:
1. either eye’s cup-disc ratio of 0.7 or higher;
2. asymmetric cup-disc ratio (the difference of 2 eyes’ cup-

disc ratio ≥0.2);
3. any eye’s cup-disc ratio of 0.6 or higher, with either disc

hemorrhage or visual field defect; or
4. vision loss resulting from nerve fiber layer loss.
Tier 3 resulted in the best model fit (lowest Akaike informa-
tion criterion) and was used as the final fully adjusted model.

For descriptive purposes, we ran a preliminary model of
BC and the 3 allelic risk scores as joint predictors of mean IOP
using the fully adjusted framework. We tested whether any of
the allelic risk scores substantially modified the association of
BC with mean IOP. False discovery rate correction was con-
ducted with the Benjamini-Hochberg procedure.30 To fur-
ther examine the robustness of our effect modification find-
ings, we ran sensitivity analyses using the tier 4 covariates
without alterations and then with the glaucoma and hyper-
tension disease status replaced with glaucoma eyedrops and
any antihypertensive medication.

All statistical analyses were performed using R, version
3.4.1 (R Core Team). Linear mixed-effects models were run
using the lme function of the nlme R package31 and included

a random participant-specific intercept to account for the cor-
relation between repeated outcome measures (ie, multiple vis-
its for a participant). The lme function uses a t distribution/
statistic to calculate a 2-sided P value. P < .05 was considered
to be statistically significant.

Results
Descriptive Statistics
The demographic and clinical characteristics of participants
across all study visits are presented in Table 1. All 419 par-
ticipants were men, with a mean (SD) age of 75.3 (6.9) years.
The mean (SD; interquartile range [IQR]) 1-year BC exposure
was 0.51 (0.18; 0.22) μg/m3, and the mean (SD) IOP for the
left eye was 14.1 (2.8) mm Hg and for the right eye was 14.1
(3.0) mm Hg. Most participants had completed at least 12
years of formal education (as indicated at 674 visits
[74.0%]), were overweight or obese (711 visits [78.0%]), and
were former smokers (595 visits [65.3%]). In this study
sample, the prevalence of diabetes was 183 participant visits
(20.1%); glaucoma, 86 (9.4%); hypertension; 700 (76.8%),
and ischemic heart disease, 297 (32.6%).

Among the 911 visits, 520 (57.1%) showed evidence that
the participant had a high endothelial function allelic risk
score; 644 (70.7%), a high metal-processing allelic risk
score; and 623 (68.4%), a high oxidative stress allelic
risk score. The pathway-specific genetic variants used to
generate the allelic risk scores are presented in Table 2. Par-
ticipants with a low endothelial function or a low oxidative
stress allelic risk score did not differ in mean 1-year BC
exposures from their counterparts with high allelic risk
scores (Figure 1A). Participants with a low metal-processing
allelic risk score had a higher mean 1-year BC exposure
(mean [SE], 0.53 [0.01] μg/m3; P = .02) when compared with
individuals with a high metal-processing allelic risk score
(mean [SE], 0.50 [0.007] μg/m3). No differences in mean
IOP were found between individuals with low and those
with high allelic risk scores across the 3 pathways
(Figure 1B).

Direct Associations
Table 3 presents the results of the tiered framework we used
to examine the direct associations of 1-year BC exposure
with mean IOP. We did not observe a direct association of
IQR increases in 1-year BC exposure with mean IOP in the
tier 1 model, which was adjusted for age and year of visit
(β = 0.07; 95% CI, −0.23 to 0.37; P = .64). In addition, we did
not observe an association after adjusting for important
covariates and confounders in the tier 2 model (β = 0.13;
95% CI, −0.18 to 0.45; P = .40), the final fully adjusted tier 3
model (β = 0.14; 95% CI, −0.18 to 0.45; P = .40), or the tier 4
model (β = 0.13; 95% CI, −0.19 to 0.44; P = .42). Again, tier 3
was selected as the final fully adjusted framework because
it reflected the best model fit (ie, lowest Akaike information
criterion, including important lifestyle and disease covari-
ates). No association with BC was observed when we mod-
eled BC exposure and the 3 allelic risk scores as joint predic-
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tors of mean IOP. Moreover, none of the 3 allelic risk scores
had direct associations with mean IOP.

Effect Modification
Figure 2 depicts the modifying association of the 1-year BC ex-
posure with mean IOP. Of all of the allelic risk scores for each

of the 3 pathways (endothelial function, metal processing, and
oxidative stress), only the oxidative stress allelic score changed
the association of BC with IOP (false discovery rate–corrected
P = .03 for interaction). Specifically, the association was greater
in individuals who had high oxidative stress allelic risk scores
(β = 0.36; 95% CI, 0.003-0.73) when compared with individu-
als who had low oxidative stress allelic risk scores (β = −0.35;
95% CI, −0.86 to 0.15). Our results remained unchanged in the
sensitivity analysis using the tier 4 model (ie, glaucoma added
as a variable in the fully adjusted tier 3 model) (Figure 2). In
the sensitivity analysis, in which the variables for glaucoma
eyedrops and antihypertensive medications were used in-
stead of glaucoma and hypertension disease status, again high
oxidative stress allelic risk scores (β = 0.36; 95% CI, –0.008 to
0.72) were compared with low oxidative stress allelic risk scores
(β = −0.34; 95% CI, –0.84 to 0.17).

Discussion
In the present study, we describe the novel association
among long-term BC exposure, oxidative stress polymor-
phisms, and IOP in a cohort of community-dwelling men.
These associations persisted even after adjusting for impor-
tant disease states, such as inflammation, glaucoma, obe-
sity, ischemic heart disease, and diabetes. These results sug-
gest that ambient BC exposure may be a risk factor for
elevated IOP in individuals at risk for elevated oxidative
stress that is independent of discernable disease diagnoses.
To our knowledge, this is the first study to report the asso-
ciation of an ambient air pollutant with intraocular pressure
on a population level. As such, this study may point to the
potential need to broaden the factors considered when
evaluating and managing elevated IOP.

It has long been postulated that environmental air pollu-
tion may affect eye health; however, evidence supporting this
theory is limited. The present study addresses this research gap.
Although we considered genetic polymorphisms from 3 dif-
ferent pathways (endothelial function, metal processing, and
oxidative stress), we observed findings only in oxidative stress
genetic risk. In addition, the polymorphisms used to gener-
ate these genetic scores were selected using the independent
outcomes of pathways related to the polymorphisms. In the
case of the oxidative stress allelic risk score, this score was de-
veloped from polymorphisms associated with serum levels of
8-hydroxy-2′-deoxyguanosine,5 which is one of the most com-
mon and quantifiable DNA adducts that reflects cellular oxi-
dative stress.32 Thus, the oxidative stress score, although still
a measure of genetic risk, is associated with a tangible, physi-
ologic measure of oxidative stress.

When individuals with high or low oxidative stress allelic
risk scores were compared, we detected a moderate differ-
ence in mean IOP (0.73 mm Hg) for an IQR increase in 1 year
of BC exposure. These results suggest that BC exposure sus-
ceptibility may be biologically important. Independent of am-
bient air pollution, increased oxidative stress or reduced an-
tioxidant capacity has been linked to elevated IOP and
glaucoma pathologic findings.33,34 For example, a 2017 study

Table 1. Characteristics of Study Participants

Variable All Study Visits (N = 911)
Main Variables

Age, mean (SD), y 75.3 (6.94)

1-y BC exposure, mean (SD), μg/m3 0.51 (0.18)

IOP in left eye/right eye, mean (SD), mm Hg 14.1 (2.81)/14.1 (2.98)

Pathway-specific allelic risk scores, No. (%)

Endothelial function, low/high 391 (42.9)/520 (57.1)

Metal processing, low/high 267 (29.3)/644 (70.7)

Oxidative stress, low/high 288 (31.6)/623 (68.4)

Lifestyle and Environmental Variables

Pack-years, mean (SD) 19.8 (23.6)

Temperature, mean (SD), °C 11.5 (0.98)

Alcohol consumption, No. (%)

<2 Drinks/d 727 (79.8)

≥2 Drinks/d 184 (20.2)

BMI, No. (%)

Healthy/lean 200 (21.9)

Overweight 484 (53.1)

Obese 227 (24.9)

Years of education completed, No. (%)

≤12 237 (26.0)

12-16 460 (50.5)

>16 214 (23.5)

Smoking status, No. (%)

Current 31 (3.4)

Former 595 (65.3)

Never 285 (31.3)

Season, No. (%)

Spring 206 (22.6)

Summer 221 (24.3)

Fall 300 (32.9)

Winter 184 (20.2)

Diseases and serum measures, mean (SD)

Cholesterol, mg/dL 184 (38.6)

C-reactive protein, mg/L 3.37 (8.85)

Fasting blood glucose, mg/dL 107 (24.2)

Blood pressure, mean (SD), mm Hg

Diastolic 71.1 (10.3)

Systolic 128 (17.9)

Ischemic heart disease, yes/no, No. (%) 297 (32.6)/614 (67.4)

Diabetes, yes/no, No. (%) 183 (20.1)/728 (79.9)

Glaucoma, yes/no, No. (%) 86 (9.4)/825 (90.6)

Hypertension, yes/no, No. (%) 700 (76.8)/211 (23.2)

Abbreviations: BC, black carbon; BMI, body mass index (calculated as weight in
kilograms divided by height in meters squared); IOP, intraocular pressure.

SI conversion factors: To convert blood glucose level to millimoles per liter,
multiply by 0.0555; cholesterol level to millimoles per liter, multiply by 0.0259;
C-reactive protein level to nanomoles per liter, multiply by 9.524.
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compared blood and aqueous humor samples in 96 patients
with glaucoma with samples from 64 age-matched healthy con-
trols. The researchers observed higher levels of protein car-
bonyls and other oxidative stress–related molecular mea-
sures in the blood and more prominently in the aqueous humor
from individuals with glaucoma.35 Another study of 531 indi-
viduals reported an association between systemic oxidative
stress and IOP. The researchers first quantified biological an-
tioxidant potential in the participants’ serum and then ob-
served that individuals with the lowest biological antioxi-
dant potential were more likely to have higher IOP.36

The conclusions reached by these observational studies are fur-
ther supported by experiments in animal models, which pro-
vide a greater mechanistic understanding of the association
of oxidative stress with IOP physiologic features.37,38 Addi-
tional support for these conclusions can be derived from hu-
man studies that suggest that oxidative stress–reducing ac-
tivities (eg, diet, exercise) may curtail some IOP-related
conditions.39,40 Exposure to BC has been identified as a source
of localized and systemic oxidative stress8; thus, BC may be
acting through some of the same oxidative stress physiologic
functions already associated with glaucoma and IOP. Still,

Table 2. Pathway-Specific Genetic Polymorphisms for Allelic Risk Scores

Allelic Variant by Pathway Gene Chromosome Variation Type

Direction of
Model
Coefficient

Endothelial function
pathway

rs12944039 NOS2A 17 A/G Intron +

rs2072324 NOS2A 17 A/C Intron +

rs2255929 NOS2A 17 A/T Intron +

rs1137933 NOS2A 17 C/T Coding sequence
nonsynonymous

−

Metal-processing pathway

rs224572 SLC11A2 12 A/G Intron −

rs422982 SLC11A2 12 A/T Intron +

rs12227734 SLC11A2 12 A/G Intron −

rs1005559 SLC11A2 12 A/T Intron −

rs1799945 HFE 6 C/G Exon −

Oxidative stress pathway

rs1001179 CAT 11 A/G Promoter +

rs480575 CAT 11 C/T Intron −

rs2071746 HMOX1 22 A/T Promoter +

rs5995098 HMOX1 22 C/G Intron +

rs1800566 NQO1 16 C/T Coding sequence
nonsynonymous

+

rs2282679 GC 4 A/C Intron −

rs3170633 GCLM 1 A/G 3′ End − Abbreviations: +, positive; −,
negative.

Figure 1. Black Carbon Levels and Intraocular Pressure Across Allelic Risk Scores
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further research is necessary to confirm our findings and to bet-
ter establish this association.

We found a novel gene-environment interaction associ-
ated with IOP, which is consistent with findings from other
studies investigating gene-environment interactions and smok-
ing. A 2011 study reported interactions between the NOS3 gene
rs7830 single-nucleotide polymorphism and smoking, which
can be viewed as a personal form of air pollution. Specifi-

cally, CC homozygous individuals who were past or current
smokers were at a greater risk of developing primary open-
angle glaucoma when compared with CC homozygous indi-
viduals who were never smokers. However, no association with
smoking was found in carriers of the single-nucleotide poly-
morphism A variant.41 Like the present study, the study by Kang
et al41 revealed an association that may have been missed if
gene-environment interactions had not been considered.

Table 3. One-Year Black Carbon Exposure and Allelic Risk Scores

Framework Difference in IOP (95% CI) P Value AIC
Independent Model

Tier 1a 0.07 (−0.23 to 0.37) .64 4277

Tier 2b 0.13 (−0.18 to 0.45) .40 4345

Tier 3c 0.14 (−0.18 to 0.45) .40 4319

Tier 4d 0.13 (−0.19 to 0.44) .42 4320

Joint Modelc 4326

Black carbon (IQR) 0.13 (−0.19 to 0.44) .44 NA

Endothelial function pathway allelic risk score NA

Low 1 [Reference]
.48

NA

High 0.18 (−0.33 to 0.69) NA

Metal-processing pathway allelic risk score NA

Low 1 [Reference]
.16

NA

High −0.39 (−0.94 to 0.15) NA

Oxidative stress pathway allelic risk score NA

Low 1 [Reference]
.62

NA

High −0.13 (−0.66 to 0.40) NA

Abbreviations: AIC, Akaike information criterion; BMI, body mass index; CRP,
C-reactive protein; IOP, intraocular pressure; IQR, interquartile range; NA, not
applicable.
a Tier 1 adjusted for chronological age and year of study visit.
b Tier 2 adjusted for chronological age, year of study visit, temperature,

pack-years, smoking status, season of visit, BMI, alcohol consumption,
educational level, CRP C-reactive protein level, systolic blood pressure,

diastolic blood pressure, fasting blood glucose level, and cholesterol level.
c Tier 3 adjusted for chronological age, year of study visit, temperature,

pack-years, smoking status, season of visit, BMI, alcohol consumption,
educational level, CRP level, hypertension, diabetes, and ischemic heart
disease.

d Tier 4 adjusted for tier 3 covariates and glaucoma.

Figure 2. Effect Modification of the Black Carbon and Intraocular Pressure Association by Allelic Risk Scores
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with high scores in 3 model frameworks. Tier 3 indicates the main fully adjusted
mixed-effects model; tier 4, sensitivity analysis model using the tier 3 model

adjusted for glaucoma disease status; and medication, sensitivity analysis using
the tier 3 model adjusted for glaucoma eyedrops and hypertension disease
status replaced with antihypertension medication. P values were corrected for
false discovery rate.
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Moreover, it also exposed a more nuanced but important point:
Not all environmental exposures may be directly associated
with IOP-related eye diseases. Future research into why some
exposures are directly, indirectly, or not associated with eye
diseases will be useful for better understanding disease patho-
genesis and potentially safeguarding vulnerable populations
from disease onset.42

Strengths and Limitations
The strengths of the present study include the use of novel ge-
netic pathway tools and a longitudinal cohort as well as the re-
peated measures of ambient pollutant exposures, IOP, covar-
iates, and potential confounders. However, the study has some
limitations. First, we used an allelic risk score approach that
does not provide genome-wide resolution of the 3 biological
pathways and that allots polymorphisms equal weights when
they may have different functional magnitudes.5 Still, the vari-
ants we used were developed in an independent study and have
been used in other studies since they were first described.43,44

Moreover, the variants are representative of their respective
biological pathways. Second, we used a validated spatiotem-
poral model to estimate 1-year BC levels at the participant
home. Given that most participants are retired and spend most
of their time at home, these estimates were believed to be good
proxies of the participants’ personal exposure. Moreover, any
nondifferential misclassification bias from this approach of es-
timating personal exposures is likely to attenuate statistical as-
sociations rather than steer them away from the null.45,46 Last,
this study cohort consisted of older white men residing in a
lightly polluted environment, the lower bound of the 95% CI
for the observed association in the high oxidative stress

genetic risk group was close to zero, and the design did not re-
flect causality. These final points reflect the need for addi-
tional studies involving other environments, other demo-
graphics, and larger groups to confirm our findings more
broadly.

Conclusions
This study highlights the potential contributions of gene-
environment interactions to the complex physiologic func-
tions of IOP-related disease. This finding could be particu-
larly important because most of the global burden of eye
disease is in the developing world.47 The differences in the
global prevalence of eye disease are often attributed to genet-
ics alone or the difficulties with health care access that affect
early disease detection, management, and treatment.48 These
factors are highly relevant but also note that the developing
world often faces a larger burden of environmental pollution.49

Annual BC exposure levels greater than 5 times the levels ob-
served in our study have been reported in India and China.50,51

Of importance, the present associations, although novel, do
not prove causality and should not affect policy in isolation.
Whether these findings persist in more diverse populations ex-
periencing greater pollution and in study designs that can dem-
onstrate causality will be interesting to see. If these future stud-
ies substantiate this association, integrated initiatives (ie,
combining environmental improvement, socioeconomic out-
reach, and targeted pharmaceutical interventions) may prove
useful for future policy or public health initiatives aimed at ad-
dressing the global burden of eye disease.
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Invited Commentary

A Potential Link Between Ambient Air Pollution
and Intraocular Pressure
Sahil Thakur, MS; Ching-Yu Cheng, MD, PhD

Ambient air pollution is currently a significant environmen-
tal risk to health. Black carbon (BC) is a component of atmo-
spheric particulate matter that has a diameter of less than 2.5
μm. Because of this small size, these particles tend to stay in

the air longer and are prone to
be inhaled. Long-term expo-
sure to BC has been associ-

ated with health hazards, such as adverse birth outcomes, re-
spiratory disease, diabetes, atherosclerosis, stroke, and decline
in cognitive function.1 Ocular diseases, such as dry eye, have
also been found to be associated with air pollution.2 How-
ever, whether ambient air pollution is associated with glau-
coma or intraocular pressure (IOP) is unknown.

In this issue of JAMA Ophthalmology, Nwanaji-Enwerem
and colleagues3 explore the association of long-term BC ex-
posure with IOP. They used new techniques, including a spa-
tiotemporal land-use regression model,4 to generate daily BC
exposure estimates and a pathway-based approach to gener-
ate an allelic risk score.5 They reported that the association be-
tween BC exposure and IOP was modified by individuals’ ge-
netic background. That is, higher levels of BC exposures were
associated with higher IOP (β = 0.36 mm Hg per 1–interquar-
tile range [IQR] increase in BC concentration) in individuals
with high oxidative stress allelic risk scores, but this associa-
tion was not observed in those with low scores.

These results, however, should be interpreted with cau-
tion. First, the difference in the association of BC exposures
with IOP between the 2 risk score groups was small (<0.7 mm
Hg per 1-IQR increase in BC concentration) and thus may not
be clinically relevant. Second, for a small difference with a P
value of 0.03 observed from genetic association studies, rep-
lication of the findings in an independent population is cru-

cial to minimize false-positive findings. Third, the IOP was mea-
sured only once or twice for almost two-thirds of the
participants. Fourth, no overall association was observed be-
tween IOP and BC exposure. Fifth, the study design did not
allow for determining if carbon exposure was causally re-
lated or a marker for other exposures or socioeconomic dis-
parities. In addition, in the sensitivity analysis, the authors at-
tempted to adjust for glaucoma medication, but a preferable
approach might be to exclude participants with glaucoma or
those who were treated (eg, glaucoma medication, laser/
filtering procedure) from the analysis, as glaucoma treat-
ment is likely to affect IOP.

This study, however, paves the way for future research, es-
pecially from countries like India and China, where the cur-
rent exposure to ambient air pollution and BC is a substantial
public health concern.1 Better measurement of BC expo-
sures, such as with portable microaethalometers to quantify
individual diurnal variation of BC exposure, is needed be-
cause the model used in this study4 to estimate BC exposure
had only an R2 of 0.59 in the validation set. Moreover, most
study participants had coexisting risk factors, such as hyper-
tension, that could have affected IOP. Black carbon as a risk
factor for hypertension has been extensively studied, with
short-term and long-term BC exposures having been associ-
ated with higher systolic and diastolic blood pressure.6 Nwa-
naji-Enwerem and colleagues3 attempted to account for hy-
pertension in their statistical model, but the underlying
pathologic changes associated with hypertension (severity, du-
ration, end organ involvement, vascular injury, and remodel-
ing) could not be fully accounted for by the statistical model
alone.7 On the other hand, if blood pressure is in the pre-
sumed causal pathway between BC exposure and IOP (ie, blood
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