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Extreme air pollution events and moderate exposure to fine particulate matter (PM2.5) are associated with
increased cardiometabolic risk.The World Trade Center (WTC) Health Program general responder cohort includes
responders to the WTC disaster. We investigated whether their exposure to this extreme air pollution event (2001)
was associated with long-term metabolic outcomes, independently from the associations of intermediate-term
PM2.5 exposure later in life (2004–2019). We included 22,447 cohort members with cholesterol (n = 96,155) and
glucose (n = 81,599) laboratory results. Self-reported WTC exposure was derived from a questionnaire. PM2.5
exposure was derived from a satellite-based model. We observed an increase of 0.78 mg/dL (95% confidence
interval (CI): 0.30, 1.26) in glucose and 0.67 mg/dL (95% CI: 1.00, 2.35) in cholesterol levels associated with an
interquartile range increase in PM2.5 averaged 6 months before the study visit. Higher WTC-exposure categories
were also associated with higher cholesterol (0.99 mg/dL, 95% CI: 0.30, 1.67, for intermediate exposure) and
glucose (0.82 mg/dL, 95% CI: 0.22, 1.43, for high exposure) levels. Most associations were larger among
people with diabetes. Extreme air pollution events and intermediate PM2.5 exposure have independent metabolic
consequences. These exposures contributed to higher glucose and lipids levels among WTC responders, which
may be translated into increased cardiovascular risk.

cholesterol; diabetes; extreme air pollution events; glucose; particulate matter; World Trade Center

Abbreviations: CI, confidence interval; IQR, interquartile range; PM2.5, particulate matter with a diameter less or equal to 2.5 μm;
WTC, World Trade Center; WTCHP, World Trade Center Health Program.

Heart disease is the leading cause of death in the United
States (1), and mortality rates remain high despite advance-
ments in prevention and treatment. Therefore, identify-
ing modifiable environmental exposures associated with
increased cardiometabolic risk is crucial. Increased exposure
to fine particulate matter (particulate matter with a diameter
of less or equal to 2.5 μm (PM2.5)) has been linked to
increased diabetes risk (2–4). PM2.5 has also been linked
to serum glucose and lipoprotein levels (5, 6)—known
predictors of cardiometabolic disease risk (7). Concurrently,
studies have showcased a potential effect modification by
diabetes status in the associations between air pollution
and cardiometabolic health, including more substantial

impacts of intermediate-term PM2.5 exposure on glucose,
low-density lipoprotein, and triglycerides among people
with diabetes (6).

Beyond the associations of short (i.e., 1 week) and
intermediate-term (i.e., 3 months, 6 months) air pollution
exposure, extreme air pollution events have also been asso-
ciated with a higher risk of congestive heart failure and
ischemic heart disease (8). However, no study has evaluated
the independent associations of extreme air pollution ex-
posure and subsequent moderate PM2.5 exposure with
metabolic biomarkers. High glucose levels increase cardio-
vascular disease risk through cell toxicity and metabolic
abnormalities (9). High total cholesterol levels increase
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vascular damage and induce arteriosclerosis (10). Addi-
tionally, both biomarkers are highly correlated with other
cardiovascular disease risk factors.

The World Trade Center Health Program (WTCHP) gen-
eral responder cohort is a unique population exposed to an
extreme air pollution event with 2 decades of cohort data
available. An unprecedented extreme air pollution event was
experienced by over 90,000 people that were involved in
the massive rescue, recovery, and clean-up effort after the
September 11, 2001, terrorist attack on the World Trade
Center (WTC) (11).

Studies investigating the cardiometabolic risk associated
with WTC-related exposures found contradicting results
(12–14), and none have incorporated the health outcomes
associated with PM2.5 exposure in the years following the
attack. For example, a 2014 study found an increased risk
for diabetes following WTC stress-related exposures (12).
Others, however, have found lower-than-expected rates of
metabolic syndrome (13) and diabetes (14) compared with
those in the general population.

Some exposures evaluated in these studies are unique to
the WTC tragedy. Dust samples collected after the attack
were comprised primarily of elements attributed to collapsed
buildings, such as calcium sulfate and calcium carbonate
(15), fiberglass, asbestos (15), and lead (16). Although large
particles dominated the collapsed buildings’ dust, inhalable
particles were suspended in the area for longer. Moreover,
the settled WTC dust was unique in its high probability of
resuspension, even given minimal air movement (16). Air
monitoring data shows that PM2.5 levels returned to typical
urban New York city levels months after the attack (16).
These unique properties of the dust, along with exposures
from the burning towers, enhanced and prolonged inhaled
exposures by responders beyond the day of the attack. While
the dust composition is unique to the 9/11 attack (16), this
massive environmental exposure can be conceptually com-
pared with other extreme events featuring high particulate air
pollution exposure, like wildfires (8). Quantitative compar-
isons of dust composition are challenging due to limited data
availability; however, the enhanced and prolonged inhaled
exposures are comparable. Since populations exposed to
wildfire smoke often experience these events repeatedly, the
cardiometabolic consequences of wildfire smoke exposure
might even be greater. As extreme air pollution exposure
events are becoming more common due to climate change
(17), understanding their implications on cardiometabolic
health is essential.

In this study, we simultaneously assessed the differences
in metabolic biomarkers associated with WTC-related
exposure (2001) and subsequent short- and intermediate-
term PM2.5 exposures averaged before the participants’
study visits (2004–2019). Using data from the WTCHP
general responder cohort, we assessed whether historical
exposure to extreme air pollution events is associated with
glucose and total cholesterol levels, independently of the
subsequent short- and intermediate-term PM2.5 exposure in
the 2 decades following the 9/11 attack. We also assessed
the differential associations among people with and without
diabetes. We hypothesized that both moderate short- to
intermediate-term PM2.5 exposure and historic WTC-

related exposure are independently associated with higher
biomarker levels, increasing the risk of cardiometabolic
disease among WTC responders.

METHODS

Study population

We included repeated measurements of blood glucose
(n = 82,015) and total cholesterol (n = 96,155) obtained
from members of the WTCHP cohort (2004–2019). The
cohort repository contains 20 years of follow-up data for
self-selected workers and volunteers who participated in
the clean-up, rescue, and recovery mission after the 9/11
terrorist attack on the WTC towers. Most of the participants
were recruited through their participation in earlier pro-
grams. The cohort does not include Pentagon, Shanksville,
and Fire Department of New York responders. Eligibility
criteria are described in detail by Wisnivesky et al. (18).
All enrolled participants were administered an exposure
assessment questionnaire and a self-administered medical
questionnaire on their first monitoring visit. Throughout
all monitoring visits, participants were administered an
interviewer-administered medical questionnaire and a phys-
ical examination, laboratory tests, and pulmonary function
tests. The blood glucose and total cholesterol samples were
gathered during these monitoring visits. More details on the
cohort can be found in Dasaro et al. (11).

We excluded visits of responders residing outside the New
York metropolitan area (New York, New Jersey, Connecti-
cut, and Pennsylvania) because, for responders residing in
remote states, data regarding the location of the visit was
not collected. Therefore, exposure assigned at the residential
address might not represent these responders’ short-term air
pollution exposure. We excluded cholesterol and glucose
values higher than the 99.5th percentile (cholesterol of >323
mg/dL and glucose of >316 mg/dL) to avoid bias due to
outcome outliers.

Exposure assessment

Extreme air pollution exposure (2001). WTC-related expo-
sure information was gathered in the exposure assessment
questionnaire during the cohort participants’ first monitoring
visit. The questionnaire includes questions about different
hazards, including location and length of exposure. All WTC
exposure data is self-reported, as no independent exposure
measures exist. We used a derived exposure variable that
incorporates data on total time working at the WTC site,
exposure to the cloud of dust from the WTC collapse, and
direct work on the pile of debris. Low exposure included par-
ticipants who worked less than 40 days, were not exposed to
the dust, and did not work directly on the pile. Intermediate
exposure includes participants who were not exposed to the
cloud but worked 40–90 days or directly on the pile. High
exposure includes participants directly exposed to the cloud
or working for more than 90 days. We treated these exposure
categories as a proxy for the level of air pollution exposure
following the 9/11 attack (18). This exposure was used in
many other studies in which worse health outcomes were
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associated with higher WTC-related exposures, suggesting
that this variable discriminates well between levels of expo-
sure (18–20).

Subsequent PM2.5 exposure (2004–2019). We used
a model (21) to estimate residential PM2.5 exposure.
This model predicts daily mean PM2.5 levels on a 1-km
resolution. This robust yet parsimonious model uses extreme
gradient boosting modeling (XGboost) with satellite-derived
aerosol optical depth (AOD) jointly with a recursive feature
selection from land-use variables. The model had a root
mean square error (RMSE) of 3.11 μg/m3 using spatial
cross-validation withholding nearby sites and 2.10 μg/m3

using random 10-fold data set splitting. More details on the
model can be found in Just et al. (21). For visits in or after
2012, we matched exposure to the address at the time of the
monitoring visit. Since address history was unavailable for
earlier years, we used the first reported address for visits
before 2012. We a priori defined the exposure windows as
short term (i.e., 1-week average) or intermediate term (i.e.,
3- or 6-month average) based on evidence from previous
studies (22–25).

Covariates

We obtained the following covariates from the WTCHP
repository: sex, age at the visit, race (non-Hispanic White,
non-Hispanic Black, and others), educational level (no high
school diploma, high school, some college, and college or
other professional schools), diabetes (yes/no), and hyper-
tension (yes/no). Diabetes incidence year was determined
based on self-reports, and disease status was assigned for
each visit based on diagnosis year. Additionally, we adjusted
for residential average temperature matching the exposure
window of PM2.5. We derived temperature exposure from
an XGBoost model to estimate hourly air temperature on
a 1-km resolution. More details on the model method and
performance can be found in Just et al. (21).

Statistical analysis

We used generalized additive linear models to estimate
the change in glucose and total cholesterol levels associated
with a higher WTC-exposure category and 1–interquartile
range (IQR) change of PM2.5 exposure. Both exposures were
included simultaneously in each model to obtain indepen-
dent associations for each one. We constructed a directed
acyclic graph (DAG) based on existing literature to provide
a causal framework and select potential confounders (Web
Figure 1, available at https://doi.org/10.1093/aje/kwad173).
We adjusted our models for sex, age at the study visit, race,
education level, diabetes, hypertension, and testing season.
We used a penalized spline for the year of testing to control
for the time trend. We added a random intercept for each
participant to account for potential clustering due to repeated
measurements collected over several study visits during the
observation period. We fitted a model for each outcome and
each of the 3 different PM2.5 exposure windows: 1-week,
3-month, and 6-month averages.

Secondary statistical analyses. To evaluate the associa-
tions of the exposures with abnormal glucose and total
cholesterol levels, we dichotomized the lab results con-
sidering glucose of >100 mg/dL and total cholesterol of
>200mg/dL at the time of testing as abnormal (26). To
assess the role of diabetes as a potential modifier, we strat-
ified our sample by diabetes status at the testing time.
Additionally, to assess the potential for reverse causation
caused by preexisting conditions during the WTC attack, we
assessed the association between diabetes and hypertension
diagnosed before 2001 and WTC exposure level. Finally, in
the unlikely scenario that higher WTC-related exposure and
its associated psychological stress drove study participants
to relocate into a rural environment and consequently altered
their consequent PM2.5 exposure, PM2.5 might be consid-
ered a mediator on the pathway linking WTC-related expo-
sures and cardiometabolic health. Therefore, we performed
mediation analyses to explore the role of PM2.5 exposure as
a mediator in the association between WTC exposure and
both glucose and cholesterol levels. First, we fitted a linear
regression adjusted for year and socioeconomic indicators
(i.e., race and education level) to test the association between
WTC-related exposure and 6-month average PM2.5 expo-
sure to determine whether PM2.5 is a potential mediator. We
selected a 6-month average PM2.5 as this was found to be
the critical exposure window in our main analysis. Second,
we conducted mediation analyses: 1) We fitted mediator
models, in which we assess the associations of the WTC-
related exposure with 6-month average PM2.5; 2) we fitted
outcome models to assess the associations of the WTC-
related exposure with each outcome including PM2.5 in the
models; and 3) we combined these outputs and estimated the
direct, indirect, and total associations of the WTC-related
exposure with glucose or total cholesterol. All models in
the mediation analysis adjusted for the same variables as
the main analysis. Finally, we repeated the main analysis
without adjustment to PM2.5 to assess the differences in the
effect estimates for the associations between WTC-related
exposure and glucose and total cholesterol levels.

Sensitivity analysis. We conducted a sensitivity analysis
restricting the data to 2012–2019, when address histories
were collected. We repeated the main analysis among the
restricted data set to ensure our results were not biased due
to measurement error. Finally, we conducted a sensitivity
analysis substituting the composite WTC exposure index for
the number of hours spent on the WTC site during the clean-
up, rescue, and recovery.

RESULTS

We included 96,155 total cholesterol and 81,599 glu-
cose blood test results drawn between 2004 and 2019 from
WTCPH cohort participants (n = 22,447). The average age
at testing was approximately 52 (the minimum was 21
and the maximum was 92), 85% were male, 62.6% were
non-Hispanic White, and 13.1% had diabetes. Glucose and
total cholesterol measurements averaged 102.02 mg/dL and
194.80 mg/dL, respectively. In addition, 9.4% of the samples
were glucose abnormal (>100 mg/dL), and 11.5% were total
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Table 1. Population Characteristics, World Trade Center Health Program, New York, 2004–2019

Diabetes

Characteristic
Overall (n = 96,155)

No (n = 83,511) Yes (n = 12,644)

No. % No. % No. %

Sex, male 81,774 85.0 70,963 85.0 10,811 85.5

Age at testinga 51.92 (9.33) 51.16 (9.19) 56.93 (8.70)

BMIa,b 30.01 (4.94) 29.71 (4.80) 31.98 (5.39)

Race

Non-Hispanic White 60,216 62.6 53,681 64.3 6,535 51.7

Non-Hispanic Black 11,525 12 9,284 11.1 2,241 17.7

Other 24,414 25.4 20,546 24.6 3,868 30.6

Educational level

Less than high school 7,717 8 6,420 7.7 1,297 10.3

High school 20,435 21.3 17,433 20.9 3,002 23.7

Some college 26,746 27.8 23,225 27.8 3,521 27.8

College or professional school 41,257 42.9 36,433 43.6 4,824 38.2

Diabetes 12,644 13.1 0 0 12,644 100

Hypertension 40,897 42.5 31,795 38.1 9,102 72

WTC composite exposure

Low 13,929 14.5 12,145 14.5 1,784 14.1

Intermediate 61,466 63.9 53,403 63.9 8,063 63.8

High 20,760 21.6 17,963 21.5 2,797 22.1

PM2.5, μg/m3a 8.24 (2.23) 8.31 (2.26) 7.79 (1.91)

Temperature, ◦Ca 12.47 (5.80) 12.43 (5.80) 12.75 (5.79)

Glucose, mg/dLa 102.02 (36.34) 95.51 (20.06) 145.33 (72.56)

Cholesterol, mg/dLa 194.80 (39.50) 197.14 (38.45) 179.32 (42.73)

Abbreviations: BMI, body mass index; OR, odds ratio; PM2.5, particulate matter with an aerodynamic diameter less than or equal to 2.5 μm;
WTC, World Trade Center.

a Values are expressed as mean (standard deviation).
b Calculated as weight (kg)/height (m)2.

cholesterol abnormal (>200 mg/dL). The 6-month average
for PM2.5 exposure was 8.24 μg/m3, and the IQR was 3.09.
IQRs for the 3-month and 1-week averages for PM2.5 were
3.24 and 4.20, respectively. In addition, 14.5% (13,929) of
the participants were in the lowest WTC-exposure category,
63.9% (61,466) were in the intermediate category, and the
other 21.6% (20,760) were at the highest exposure category
(Table 1). Web Table 1 shows the population characteristics
of blood test results excluded from the analytical data set.
Excluded test results due to missingness (n = 13,559) and
included test results had similar characteristics except for a
higher percentage of non-Hispanic White individuals and a
slightly lower percentage of WTC-related exposure in the
included test results (Web Table 1).

We observed a 0.78-mg/dL (95% confidence interval (CI):
0.30, 1.26) increase in glucose levels and a 1.67-mg/dL
(95% CI: 1.00, 2.35) increase in total cholesterol levels
associated with an IQR increase in 6-month average PM2.5
exposure. We also observed a 0.75-mg/dL (95% CI 0.26,

1.23) increase in total cholesterol levels associated with an
IQR increase in 3-month average PM2.5 exposure. We did
not find associations between PM2.5 exposures averaged
1 week or 3 months before the tests and increased serum
glucose (Table 2).

We also present the associations between the WTC-
exposure categories and the outcomes adjusted for the
6-month average PM2.5 exposure. We observed higher
glucose and total cholesterol levels associated with higher
WTC exposure categories, treating the lowest exposure
category as the reference. The highest exposure category was
associated with a 0.82-mg/dL (95% CI: 0.22, 1.43) increase
in glucose levels. Additionally, the intermediate category
was associated with a 0.99-mg/dL (95% CI: 0.30, 0.1.67)
increase in total cholesterol levels (Table 3). Sensitivity
analysis restricting the data to samples collected after 2012
supports the same inference, with slightly larger estimates
(Web Table 2). Similarly, sensitivity analysis using the
hours spent on the WTC site during the clean-up, rescue,
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Table 2. Estimatesa for the Change in Glucose and Total Cholesterol Associated With PM2.5 Exposure Averaged
1 Week, 3 Months, or 6 Months Before the Study Visit, World Trade Center Health Program, New York, 2004–2019

Exposure Window
Glucose (n = 81,599) Total Cholesterol (n = 96,155)

% Change 95% CI % Change 95% CI

1 week −0.07 −0.33, 0.20 0.32 −0.05, 0.69

3 months 0.11 −0.24, 0.45 0.75 0.26, 1.23

6 months 0.78 0.30, 1.26 1.67 1.00, 2.35

Abbreviations: CI, confidence interval; PM2.5, particulate matter with an aerodynamic diameter less than or equal
to 2.5 μm.

a We used generalized additive models to estimate the change in glucose and cholesterol levels associated with
a 1-unit increase in interquartile range for PM2.5 (3.09 μg/m3) exposure averaged 1 week, 3 months, or 6 months
before the study visit. Separate models were fitted for each outcome. Models adjusted for age, race, educational
level, diabetes, hypertension, season, a penalized spline for the year, and average air temperature matching the
exposure window of PM2.5.

and recovery also led to similar inferences (Web Table 3).
Finally, when comparing the main models with the abnor-
mally high dichotomous ones, the direction patterns are
similar except for the association between high WTC ex-
posure and glucose levels, which did not maintain its
significance in the dichotomous model (Table 4).

The associations of WTC exposure and PM2.5 with
glucose or total cholesterol varied by diabetes status. A
1-IQR increase in 6-month average PM2.5 exposure was
associated with larger glucose increases among people with
diabetes (5.03 mg/dL, 95% CI: 2.04, 8.02) compared with
people without diabetes (0.16 mg/dL, 95% CI: –0.19, 0.52).
Similarly, we observed higher glucose and cholesterol levels
associated with higher WTC-related exposures among those
with diabetes. However, the association between PM2.5
exposure and total cholesterol was more pronounced among
people without diabetes (1.92 mg/dL, 95% CI: 1.21, 2.64)
compared with people with diabetes (−0.44 mg/dL, 95%
CI: –2.47, 1.58) (Figure 1). Regarding potential reverse
causality due to disease status during the WTC attack,

our results suggest that neither diabetes nor hypertension
diagnostics were associated with WTC-related exposure.
Among people with preexisting diabetes (n = 456), 15.8%,
62.2%, and 21.9% were exposed to low, intermediate, and
high WTC-related exposure levels, respectively. Among
people with preexisting hypertension (n = 1,598), 16.9%,
59.6%, and 23.5% were exposed to low, intermediate,
and high WTC-related exposure levels, respectively. These
frequencies do not differ from the distribution of WTC-
related exposure among responders who did not have these
pre-existing conditions (15.8%, 62.9%, and 21.3% for
low, intermediate, and high WTC-related exposure levels,
respectively).

Our findings suggest that the mediator role of PM2.5
exposure in the association between WTC exposure and both
glucose and cholesterol levels is negligible. First, comparing
mean PM2.5 levels among responders who relocated at least
once during the study period, we found similar average
PM2.5 levels in their first recorded address (8.38 μg/m3)
and relocation address (8.30 μg/m3). Second, the interme-

Table 3. Estimatesa for the Change in Glucose or Total Cholesterol Associated With World Trade Center Exposure
Categories, World Trade Center Health Program, New York, 2004–2019

WTC-Related
Exposure
Category

Glucose (n = 82,015) Total Cholesterol (n = 96,155)

No. Unit Change 95% CI No. Unit Change 95% CI

Low 11,338 0 Referent 13,929 0 Referent

Intermediate 52,778 0.36 −0.16, 0.88 61,466 0.99 0.30, 1.67

High 17,483 0.82 0.22, 1.43 20,760 0.06 −0.74, 0.86

Abbreviations: CI, confidence interval; PM2.5, particulate matter with an aerodynamic diameter less than or equal
to 2.5 μm; WTC, World Trade Center.

a We used generalized additive models to estimate the change in glucose and cholesterol levels associated
with the WTC-exposure categories. Separate models were fitted for each outcome. Models adjusted for PM2.5
exposure averaged six months before the study visit, age, race, education level, diabetes diagnostic, hypertension
diagnostic at the time of the testing, season, a penalized spline for the year, and 6-month average air temperature.
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92 Knobel et al.

Table 4. Odds Ratio of Abnormally High Levels of Glucose (>100) and Total Cholesterol (>200) Associated
With World Trade Center Exposure Categories and Interquartile Change of 6-Month Average Fine Particulates
Exposure, World Trade Center Health Program, New York, 2004–2019a

Exposure
Glucose (n = 82,015) Total Cholesterol (n = 96,155)

No. OR 95% CI No. OR 95% CI

PM2.5 6-month average 1.04 0.99, 1.09 1.08 1.04, 1.12

WTC-related exposure

Low 11,338 0 Referent 13,929 0 Referent

Intermediate 52,778 1.03 0.98, 1.08 61,466 1.04 1.01, 1.08

High 17,483 1.08 1.02, 1.14 20,760 1.01 0.96, 1.05

Abbreviations: CI, confidence interval; OR, odds ratio; PM2.5, particulate matter with an aerodynamic diameter
less than or equal to 2.5 μm; WTC, World Trade Center.

a We used generalized additive models to simultaneously estimate the odds ratio of abnormally high levels of
glucose (>100 mg/gL) and total cholesterol (>200 mg/dL) associated with 1-unit interquartile-range increase of 6-
month averaged PM2.5 (3.09 μg/m3) and the WTC exposure categories. Models adjusted for age, race, educational
level, diabetes, hypertension, season, a penalized spline for the year, and a 6-month average air temperature.

diate WTC-related exposure was not associated with PM2.5
levels (0.01 μg/m3, 95% CI -0.01;0.03). Third, the highest
exposure category was associated with a mean decrease of
−0.03 μg/m3 (95% CI: −0.06, –0.01) in PM2.5 levels. In
mediation analyses, PM2.5 mediated −1.7% (95% CI: −6.2,
–1.0) of the association between high WTC exposure and
glucose and 33.6% (95% CI: −70.6, 63.0) of the association
with cholesterol. Finally, the effect estimates of the models
without adjustment for PM2.5 were extremely similar to
those found in the main analysis (Web Table 4).

DISCUSSION

Our findings show that extreme air pollution exposure
during the WTC disaster and intermediate-term PM2.5 expo-
sure are independently associated with increased glucose
and total cholesterol levels among WTCHP responders dur-
ing 20 years of follow-up. The intermediate WTC-exposure
category was associated with higher total cholesterol, but the
association was attenuated at the highest exposure category.
This might be related to residual confounding or exposure

Figure 1. Estimates for the change in glucose (A) and total cholesterol (B) associated with World Trade Center (WTC) exposure categories
and interquartile range (IQR) change of 6-month average particulate matter with an aerodynamic diameter less than or equal to 2.5 μm (PM2.5)
exposure, stratified by diabetes status, World Trade Center Health Program, New York, 2004–2019. We used generalized additive models to
estimate the change in glucose and cholesterol levels associated with a 1-unit increase in IQR for PM2.5 (3.09 μg/m3) and the WTC-exposure
categories (reference level: WTC low). PM2.5 6-month average was obtained from a highly resolved spatiotemporally model. WTC exposure
incorporates data on total time working at the WTC site, exposure to the cloud of debris from the WTC collapse, and work directly on the pile
of debris. Both exposures were included simultaneously in the models. Separate models were fitted for each outcome. Models adjusted for age,
race, education level, hypertension diagnostic at the testing time, season, a penalized spline for the year, and 6-month average air temperature.
Models were stratified by diabetes status. WTC2, intermediate exposure; WTC3, high exposure.
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measurement error. Finally, people with diabetes were more
susceptible to these exposures except for the associations
between PM2.5 and cholesterol levels.

Systematic reviews have showcased an association
between PM2.5 and an increase in type 2 diabetes—10-
μg/m3 increase in PM2.5 associated with an odds ratio of
1.09 in meta-analysis (3) and cardiovascular disease risk—
approximately 10% risk increase (27). In addition, several
studies have found associations between intermediate-term
PM2.5 exposure and glucose levels (22), cholesterol levels
(24), or both (23, 28). For example, a study in Taiwan
(23) found a 36.55-mg/dL increase in glucose and 75.95-
mg/dL increase in cholesterol per IQR PM2.5 change (20.42
mg/dL). A direct comparison with our effect sizes is not
possible due to the different methods used to calculate
the effect size or the substantial differences in exposure
levels. Although the effect estimates observed in our study
are small, considering the ubiquitous nature of PM2.5 and
the extent of the population exposed, these differences are
of public health concern. Higher glucose values can be
translated into higher cardiovascular disease risk (Shaye
et al. (29)) and alter the cardiometabolic risk trajectory even
within the normal range.

To our knowledge, our results are the first to investigate
and showcase an association between WTC-related expo-
sure and increases in glucose and total cholesterol levels.
Previous literature supports an association between non-
WTC occupational dust exposure and increased risk of dia-
betes (30) and diverse cardiovascular disease risk markers
(31). Several longitudinal studies have shown associations
between WTC-related exposures and heart disease (32),
stroke (33), and overall cardiovascular disease risk (34).
Others found no association between WTC-related exposure
and diabetes or cardiovascular disease (35). Using different
WTC exposure measures (i.e., composite indices, day-of-
arrival, or total hours of on-site work) could be a potential
source for inconsistencies as each measure could implicitly
include different information, like trauma or injury. Until
now, to our knowledge, diabetes has been associated with
WTC exposure only through PTSD (12) and not through
dust-related exposures.

A central finding of our study is the higher vulnera-
bility to WTC and PM2.5 exposure observed among peo-
ple with diabetes. We found stronger associations between
WTC and PM2.5 exposure with glucose and cholesterol
levels among people with diabetes, except for the associ-
ation between PM2.5 and cholesterol. Similar to our find-
ings, existing literature has found larger air-pollution health
impacts among people with diabetes. For example, Zanobetti
et al. (36) found that people with diabetes have a doubled
risk of cardiovascular-related hospital admission related to
PM10 exposure compared with those without diabetes. Sim-
ilarly, Yitshak-Sade et al. (6) found larger associations of
intermediate-term PM2.5 exposure on the risk of increased
glucose levels among people with diabetes. This increased
vulnerability to air pollution, supported by our study, may
also be attributed to inflammatory and coagulation pro-
cess changes and the consequential insulin resistance and
vascular dysfunction observed among people with diabetes
(37). However, our findings of more substantial associations

between PM2.5 and total cholesterol in the population with-
out diabetes contradict existing evidence: Yitshak-Sade et al.
(6) found stronger associations of PM2.5 with low-density
lipoprotein and triglycerides among people with diabetes.
The stronger PM2.5-cholesterol associations among those
without diabetes may be due to stratification by other unmea-
sured variables closely related to diabetes, such as hyper-
lipidemia and lipid-modifying medications, due to their high
correlation with diabetes status.

Strengths and limitations

The use of the WTCHP is a major strength of this study.
First, the participants of WTCHP are thoroughly charac-
terized, which allows for comprehensive adjustment in the
models. Second, we could detect environmental health asso-
ciations with glucose and total cholesterol levels—two crit-
ical cardiometabolic health indicators—and capture more
subtle changes in the participants’ metabolism. Finally, we
observed air pollution’s adverse health associations in an
occupational cohort with a relatively healthy population.

However, this study has a few limitations. First, self-
reported WTC exposure may lead to potential misclassi-
fication. However, previous studies regarding the adverse
impacts of WTC-related exposures have used self-reported
measures and have found associations between higher expo-
sures and adverse health impacts (18, 38). Similarly, while
the composite measure used to capture WTC-related expo-
sure has not been validated, it has been linked to other
health outcomes in studies that observed worse health out-
comes in higher exposure categories (18–20). Second, an
unexposed reference population is unavailable. However,
the variability of WTC exposure within the cohort popula-
tion was sufficient to detect associations with our studied
outcomes. In addition, address history was collected only
starting in 2012. Therefore, exposures assigned for earlier
years may be subject to exposure misclassification. How-
ever, our sensitivity analysis suggests that this did not bias
the results observed in our study. Third, we did not have
access to information on potentially important confounders
such as smoking and physical activity. Finally, the selected
population included in the WTCHP cohort may limit the
generalizability of our findings. However, our study provides
evidence of harmful PM2.5 associations among a relatively
healthy population of workers in which underlying chronic
conditions are less prevalent. Additionally, the WTC-related
associations observed among this cohort may be supportive
of other populations that experienced exposures of a similar
nature, such as wildfires and, sadly, future terrorist attacks.

Conclusion

Our study shows that both extreme air pollution events
and intermediate-term PM2.5 exposure may have indepen-
dent metabolic consequences. We observed increases in
glucose and total cholesterol levels associated with WTC-
related exposure and subsequent intermediate-term residen-
tial PM2.5 exposure. These observed associations were
especially pronounced among people with diabetes. This
study adds new evidence on links between WTC exposures
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and cardiometabolic outcomes. Our findings suggest that
extreme air pollution exposure is associated with cardio-
metabolic health and reaffirm that diabetes status plays
an essential role in the association between PM2.5 and
cardiometabolic health.

Federally funded health care is provided to responders
only for diseases certified to be related to 9/11 exposure.
However, certifiable diseases are limited to those for which
the evidence is robust—mainly cancer and respiratory dis-
eases (39). Cardiometabolic diseases are not currently con-
sidered certifiable as the evidence is scarce and mixed (40).
Therefore, establishing a new link between WTC exposure
and cardiometabolic health might substantially affect health-
care costs and accessibility for WTC rescue and recovery
workers.

ACKNOWLEDGMENTS

Author affiliations: Department of Environmental
Medicine and Public Health, Icahn School of Medicine at
Mount Sinai, New York, New York, United States (Pablo
Knobel, Allan C. Just, Elena Colicino, Susan L.
Teitelbaum, Heresh Amini, Maayan Yitshak Sade); and
Division of Cardiology, Department of Medicine, Icahn
School of Medicine at Mount Sinai, New York, New York,
United States (Mary Ann McLaughlin).

This study was supported by the Centers for Disease
Control and Prevention, National Institute for Occupational
Safety and Health (cooperative agreements and contracts
200-2002-00384, U10-OH008216/23/25/32/39/75,
200-2011-39356/61/77/84/85/88, and 200-2017-93325).
This study was also supported by the Mount Sinai
transdisciplinary center on early environmental exposures
(P30 ES023515), and National Institute of Environmental
Health Sciences (R01ES034864 and KL2TR004421). H.A.
is supported by the Novo Nordisk Foundation Challenge
Programme (NNF17OC0027812). E.C. was supported by
the National Institute of Environmental Health Sciences
(R01 ES032242).

Restricted by our Data Use Agreement with the World
Trade Center Health Program Data Center, the cohort data
that support the findings of this study are neither sharable
nor publicly available. Academic and nonprofit researchers
who are interested in using this data may contact the data
center directly. Data collected under the WTC Health
Program can be made available to researchers upon
completion of all required documentation.

We thank the staff of the World Trade Center (WTC)
Worker and Volunteer Medical Screening, Medical
Monitoring and Treatment, and Health Programs; the labor,
community, and volunteer organization stakeholders; and
the WTC rescue and recovery workers, who gave of
themselves so readily in response to the WTC attacks and
to whom the WTC Health Program is dedicated.

Presented at the 2023 Mexico–USA Exposome
Symposium (Mount Sinai Institute for Exposomic Research
and the National Institute of Public Health (INSP)), May

22–24, 2023. Mexico City, Mexico; New York City
Epidemiology Forum 2023, June 5, 2023, New York, New
York; and Clinical Climate Change 2023: Clinical Care for
Workers in the Climate Crisis (Mount Sinai Institute for
Exposomic Research), June 6, 2023, New York, New York.

The content is solely the responsibility of the authors and
does not necessarily represent the official views of the
National Institutes of Health.

Conflict of interest: none declared.

REFERENCES

1. Kochanek KD, Xu J, Arias E. Mortality in the United States,
2019. NCHS Data Brief. 2020;395:1–8.

2. Eze CI, Hemkens GL, Bucher CH, et al. Association between
ambient air pollution and diabetes mellitus in Europe and
North America: Systematic Review and Meta-Analysis.
Environ Health Prospect. 2015;123(5):381–389.

3. Liu F, Chen G, Huo W, et al. Associations between long-term
exposure to ambient air pollution and risk of type 2 diabetes
mellitus: a systematic review and meta-analysis. Environ
Pollut. 2019;252(Pt B):1235–1245.

4. Li Y, Xu L, Shan Z, et al. Association between air pollution
and type 2 diabetes: an updated review of the literature. Ther
Adv Endocrinol Metab. 2019;10:2042018819897046.

5. Yitshak-Sade M, Kloog I, Liberty IF, et al. Air pollution and
serum glucose levels: a population-based study. Medicine.
2015;94(27):e1093.

6. Yitshak-Sade M, Kloog I, Liberty IF, et al. The association
between air pollution exposure and glucose and lipids levels.
J Clin Endocrinol Metabol. 2016;101(6):2460–2467.

7. D’Agostino RB, Vasan RS, Pencina MJ, et al. General
cardiovascular risk profile for use in primary care: the
Framingham Heart Study. Circulation. 2008;118(4):E86–E.

8. Mahsin MD, Cabaj J, Saini V. Respiratory and cardiovascular
condition-related physician visits associated with wildfire
smoke exposure in Calgary, Canada, in 2015: a population-
based study. Int J Epidemiol. 2021;51(1):166–178.

9. Gerstein H. Glucose: a continuous risk factor for
cardiovascular disease. Diabet Med. 1997;14(S3):S25–S31.

10. Nordestgaard BG, Chapman MJ, Ray K, et al. Lipoprotein (a)
as a cardiovascular risk factor: current status. Eur Heart J.
2010;31(23):2844–2853.

11. Dasaro CR, Holden WL, Berman KD, et al. Cohort profile:
World Trade Center health program general responder cohort.
Int J Epidemiol. 2017;46(2):e9–e.

12. Miller-Archie SA, Jordan HT, Ruff RR, et al. Posttraumatic
stress disorder and new-onset diabetes among adult survivors
of the World Trade Center disaster. Prev Med. 2014;66:
34–38.

13. Moline JM, McLaughlin MA, Sawit ST, et al. The prevalence
of metabolic syndrome among law enforcement officers who
responded to the 9/11 World Trade Center attacks. Am J Ind
Med. 2016;59(9):752–760.

14. Kim H, Kriebel D, Liu B, et al. Standardized morbidity ratios
of four chronic health conditions among World Trade Center
responders: comparison to the National Health Interview
Survey. Am J Ind Med. 2018;61(5):413–421.

15. Gavett SH. World trade center fine particulate
matter–chemistry and toxic respiratory effects: an overview.
Environ Health Perspect. 2003;111(7):971.

Am J Epidemiol. 2024;193(1):87–95

D
ow

nloaded from
 https://academ

ic.oup.com
/aje/article/193/1/87/7242978 by C

H
AM

BLEE IN
FO

R
M

ATIO
N

 C
EN

TER
 user on 14 M

arch 2024



WTC, Air Pollution, and Cardiometabolic Health 95

16. Lippmann M, Cohen MD, Chen LC. Health effects of World
Trade Center (WTC) dust: an unprecedented disaster’s
inadequate risk management. Crit Rev Toxicol. 2015;45(6):
492–530.

17. Kalashnikov DA, Schnell JL, Abatzoglou JT, et al. Increasing
co-occurrence of fine particulate matter and ground-level
ozone extremes in the western United States. Sci Adv. 2022;
8(1):eabi9386.

18. Wisnivesky JP, Teitelbaum SL, Todd AC, et al. Persistence of
multiple illnesses in World Trade Center rescue and recovery
workers: a cohort study. The Lancet. 2011;378(9794):
888–897.

19. Sigel K, de la Hoz RE, Markowitz SB, et al. Lung cancer
incidence among world trade center rescue and recovery
workers. Cancer Med. 2022;11(16):3136–3144.

20. Stein CR, Cooney ML, Frank B, et al. Mental health
mediators of subjective cognitive concerns among World
Trade Center responders. J Psychiatr Res. 2021;140:
187–196.

21. Just AC, Arfer KB, Rush J, et al. Advancing methodologies
for applying machine learning and evaluating spatiotemporal
models of fine particulate matter (PM2.5) using satellite data
over large regions. Atmos Environ. 2020;239:117649.

22. Erqou S, Clougherty JE, Olafiranye O, et al. Particulate
matter air pollution and racial differences in cardiovascular
disease risk. Arterioscler Thromb Vasc Biol. 2018;38(4):
935–942.

23. Chuang K-J, Yan Y-H, Chiu S-Y, et al. Long-term air
pollution exposure and risk factors for cardiovascular
diseases among the elderly in Taiwan. Occup Environ Med.
2011;68(1):64–68.

24. McGuinn LA, Schneider A, McGarrah RW, et al. Association
of long-term PM2.5 exposure with traditional and novel lipid
measures related to cardiovascular disease risk. Environ Int.
2019;122:193–200.

25. Brook RD, Newby DE, Rajagopalan S. Air pollution and
cardiometabolic disease: an update and call for clinical trials.
Am J Hypertens. 2018;31(1):1–10.

26. Hasbani NR, Ligthart S, Brown MR, et al. American Heart
Association’s Life’s Simple 7: lifestyle recommendations,
polygenic risk, and lifetime risk of coronary heart disease.
Circulation. 2022;145(11):808–818.

27. Rajagopalan S, Al-Kindi SG, Brook RD. Air pollution and
cardiovascular disease: JACC state-of-the-art review. J Am
Coll Cardiol. 2018;72(17):2054–2070.

28. Shin W-y, Kim J-h, Lee G, et al. Exposure to ambient fine
particulate matter is associated with changes in fasting

glucose and lipid profiles: a nationwide cohort study. BMC
Public Health. 2020;20(1):1–11.

29. Shaye K, Amir T, Shlomo S, et al. Fasting glucose levels
within the high normal range predict cardiovascular outcome.
Am Heart J. 2012;164(1):111–116.

30. Yun B, Sim J, Lee S, et al. The relationship between
occupational dust exposure and incidence of diabetes in male
workers: a retrospective cohort study. Diabet Med. 2022;
39(6):e14837.

31. Grahn K, Broberg K, Gustavsson P, et al. Occupational
exposure to particles and biomarkers of cardiovascular
disease—during work and after vacation. Int Arch Occup
Environ Health. 2022;95(7):1537–1548.

32. Jordan HT, Miller-Archie SA, Cone JE, et al. Heart disease
among adults exposed to the September 11, 2001 World
Trade Center disaster: results from the World Trade Center
Health Registry. Prev Med. 2011;53(6):370–376.

33. Yu S, Alper HE, Nguyen A-M, et al. Risk of stroke among
survivors of the September 11, 2001, World Trade Center
disaster. J Occup Environ Med. 2018;60(8):e371–e376.

34. Sloan NL, Shapiro MZ, Sabra A, et al. Cardiovascular
disease in the World Trade Center Health Program
General Responder Cohort. Am J Ind Med. 2021;64(2):
97–107.

35. Alper HE, Yu S, Stellman SD, et al. Injury, intense dust
exposure, and chronic disease among survivors of the World
Trade Center terrorist attacks of September 11, 2001. Inj
Epidemiol. 2017;4(1):1–10.

36. Zanobetti A, Schwartz J. Cardiovascular damage by airborne
particles: are diabetics more susceptible? Epidemiology.
2002;13(5):588–592.

37. O’Neill MS, Veves A, Zanobetti A, et al. Diabetes enhances
vulnerability to particulate air pollution–associated
impairment in vascular reactivity and endothelial function.
Circulation. 2005;111(22):2913–2920.

38. Hall CB, Liu X, Zeig-Owens R, et al. The duration of an
exposure response gradient between incident obstructive
airways disease and work at the World Trade Center site:
2001–2011. PLoS Currents. 2015;
7:ecurrents.dis.8a93e7682624698558a76a1fa8c5893f.

39. Gargano LM, Mantilla K, Fairclough M, et al. Review of
non-respiratory, non-cancer physical health conditions from
exposure to the World Trade Center disaster. Int J Environ
Res Public Health. 2018;15(2):253.

40. Mears MJ, Aslaner DM, Barson CT, et al. Health effects
following exposure to dust from the World Trade Center
disaster: an update. Life Sci. 2021;289:120147.

Am J Epidemiol. 2024;193(1):87–95

D
ow

nloaded from
 https://academ

ic.oup.com
/aje/article/193/1/87/7242978 by C

H
AM

BLEE IN
FO

R
M

ATIO
N

 C
EN

TER
 user on 14 M

arch 2024


	 The Association of Air Pollution Exposure With Glucose and Lipid Levels: The Role of an Extreme Air Pollution Event Alongside 2 Decades of Moderate Exposure
	METHODS
	RESULTS
	DISCUSSION 


