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Abstract

Rationale: Metabolic syndrome (MetSyn) increases the risk of
World Trade Center (WTC) lung injury (LI). However, the
temporal relationship of MetSyn, exposure intensity, and lung
dysfunction is not well understood.

Objective: To model the association of longitudinal MetSyn
characteristics with WTC lung disease to define modifiable risk.

Methods: Firefighters, for whom consent was obtained
(N=5,738), were active duty on September 11, 2001 (9/11). WTC-
LI (n=1,475; FEV;% predicted <lower limit of normal [LLN]) and
non-WTC-LI (n=4,263; FEV,% predicted =LLN at all exams) was
the primary outcome, and FVC% predicted <LLN and FEV,/FVC
<0.70 were secondary outcomes. We assessed I) the effect of
concurrent MetSyn on longitudinal lung function by linear mixed
models, 2) the temporal effect of MetSyn and exposure by Weibull
proportional hazards, 3) the effects of MetSyn’s rate of change by
two-stage models, and 4) the nonlinear joint effect of longitudinal
MetSyn components by a partially linear single-index model (PLSI).

Measurements and Main Results: WTC-LI cases were more
often ever-smokers, arrived in the morning (9/11), and had

MetSyn. Body mass index =30 kg/m* and high-density
lipoprotein <40 mg/dl were most contributory to concurrent loss
of FEV % predicted and FVC% predicted while conserving FEV,/
FVC. Body mass index =30 kg/m” and dyslipidemia significantly
predicted WTC-LI, FVC% predicted <LLN in a Weibull
proportional hazards model. Dynamic risk assessment of WTC-
LI on the basis of MetSyn and exposure showed how reduction of
MetSyn factors further reduces WTC-LI likelihood in susceptible
populations. PLSI demonstrates that MetSyn has a nonlinear
relationship with WTC lung disease, and increases in cumulative
MetSyn risk factors exponentially increase WTC-LI risk. An
interactive metabolic-risk modeling application was developed to
simplify PLSI interpretation.

Conclusions: MetSyn and WTC exposure contribute to the
development of lung disease. Dynamic risk assessment may be
used to encourage treatment of MetSyn in susceptible
populations. Future studies will focus on dietary intervention as a
disease modifier.
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At a Glance Commentary

Scientific Knowledge on the
Subject: Globally, air pollution
contributes to pulmonary and/or
vascular disease, yielding a devastating 7
million annual deaths. Particulate matter
(PM) is a significant component of air
pollution and a prominent component of
the World Trade Center (WTC)
exposure. Furthermore, the prevalence of
metabolic syndrome (MetSyn) has
rapidly increased globally and is a risk
factor for WT'C-PM-associated lung
disease. Dynamic risk profiling of
MetSyn has been used to predict the
development of cardiovascular injury but
has not yet been extended to predict
pulmonary outcomes in a susceptible
population. Understanding the
interaction between PM and MetSyn will
provide new disease insights and further
our understanding of risk prediction.

What This Study Adds to the Field:
Our study leverages the longitudinally
phenotyped, PM-exposed Fire
Department of New York WTC cohort.
Dynamic risk assessment allows us to
define susceptibility to the development
of WTC-associated lung disease based
on the multicollinear MetSyn
phenotypic characteristics, smoking
history, and exposure intensity. Our
findings include that body mass index
and dyslipidemia imparted more risk of
the development of WTC lung disease
than smoking and that improving
MetSyn characteristics can decrease the
risk of developing WTC lung disease.
We have proposed a novel method of
characterizing risk due to MetSyn
components and developed an
interactive application to simplify
interpretation and visualization of this
model. Our novel assessment may
direct further treatment modalities to
mitigate risk of disease.

Introduction

The events of September 11, 2001 (9/11)
exposed thousands to particulate matter
(PM) (1-3). Fire Department of New York
(FDNY) first responders in the World Trade
Center (WTC)-Health Program (HP) had
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serum banked after 9/11 and continued
longitudinal medical monitoring over the
subsequent 20 years (4, 5). Early metabolic
syndrome (MetSyn) biomarkers predicted
WTC lung injury (WTC-LI; FEV, percent
predicted <lower limit of normal [LLN])
(1-14). MetSyn characteristics are routinely
measured, generalizable, and validated
biomarkers of cardiovascular disease (CVD)
(15, 16).

Our work has focused on FEV,%
predicted as a primary endpoint, as it
characterizes severity of obstructive airways
disease (OAD) (17-24). We also examine
secondary endpoints of FVC% predicted and
FEV,/FVC, which facilitate restrictive and
obstructive phenotyping (25, 26). Although
spirometry lacks defining measures of
restriction, it remains important to define its
association with MetSyn. Obesity can reduce
lung volumes consistent with restrictive
patterns, increase airway resistance, and lead
to ventilatory heterogeneity (27-36).
Adiposity also has endocrine functions that
induce airway smooth muscle proliferation
and subepithelial fibrosis that contribute to
OAD (27, 37-41). OAD patients with
comorbid CVD, diabetes, and hypertension
have a higher risk of hospitalization and
death (42, 43). Elevated triglycerides and
insulin resistance have also been associated
with OAD (44).

Although cross-sectional studies have
explored the role of MetSyn, air pollution,
and comorbid respiratory disease, few
longitudinal studies establish the timing of
disease onset (45-48). In a prospective
cohort without baseline MetSyn, poor lung
function was an independent risk factor of
developing MetSyn (49). We validated that a
one-time diagnosis of MetSyn soon after
WTC-PM exposure can predict WTC-airway
hyperreactivity and WTC-LI (5, 50, 51).
Pathways of MetSyn-induced respiratory
disease are poorly understood (52-54).

We now seek to investigate the
association of MetSyn risk, exposure, and
time with longitudinal measures of FEV;%
predicted, FVC% predicted, and FEV,/FVC
(Figure 1). First, the temporal contribution of
MetSyn on spirometry as a continuous
variable was used to identify MetSyn’s effect
on concurrent spirometry as a marker of
severity of disease. Next, we examined the
effect of MetSyn on WTC-LI disease-free
survival and used dynamic MetSyn
measurements to predict time to WTC lung
disease, allowing us to identify those at high
risk, thereby encouraging aggressive

treatment of risk factors contributing to
future disease. Modeling potential risk
reduction by reversing MetSyn was also
examined.

The complex multicollinear
relationships of MetSyn necessitate the use of
novel statistical methodology and
computational modeling algorithms. Thus,
to understand the potential nonlinear
associations of longitudinal MetSyn and
WTC-LI, we applied a novel partially linear
single-index (PLSI) hazards model with
time-dependent covariates. This model
possesses the advantage of reducing
dimensionality of multiple covariates into a
single index and allowing flexible, nonlinear
effects (55, 56). Moreover, it addresses
multicollinearity that can arise in the
examination of comorbid MetSyn
characteristics (57). PLSI modeling also
enables us to rank the contributions by
individual MetSyn characteristics to the risk
of developing WTC-LI, an important step
toward the treatment of modifiable MetSyn
factors in those at risk of developing WTC-
LI Some results have been previously
reported in abstracts (58-60).

Methods

Study Design

WTC-exposed rescue and recovery workers
(N=13,954) enrolled in the WTC-HP
(N=12,781) were included in our baseline
cohort (N =6,498) if they were active duty on
9/11 and consented to research (Figure 2).
Firefighters with MetSyn and initial
spirometry data within 180 days of 9/11 were
assessed and yielded a source cohort
(N=5,738). All clinical information,
including serial spirometry and blood tests,
were obtained from the FDNY electronic
medical record in compliance with Code of
Federal Regulations Title 21 Part 11 and were
approved by the Albert Einstein College of
Medicine (#07-09-320) and New York
University (#s16-01412/18-00474)
Institutional Review Boards (61).

Definitions

Similar to prior papers, MetSyn diagnosis
was defined based on National Cholesterol
Education Program Adult Treatment Panel
III guidelines and optimized for this study
cohort by requiring at least three of the
following five criteria: systolic blood pressure
(SBP) =130 mm Hg or diastolic blood
pressure (DBP) =85 mm Hg; high-density
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Longitudinal Clinical

Measurements
Model
* FEV, and FVC Result
* Height and Weight
* Blood Pressure Predictor
* Smoking History Response
* Glucose
« Cholesterol
* Triglycerides
* Complete blood
Count
« Chemistry panel

Covariates
« Exposure « Race
*Ageon9/11 1o
* Smoking

1. How do longitudinal components of MetSyn
affect concurrent spirometry?

Linear Mixed Model

3. Can recovery from MetSyn

reduce risk of disease?

Assess temporal contribution of MetSyn to spirometry

Two-Stage Model

Individual dichotomous MetSyn components and MetSyn score

Evaluate effects of trend direction

« FEV

1%predicted

« FVC,

%predicted

« FEV/FVC

of MetSyn components on disease

Random intercept and slope from

2. When would subjects develop disease based on

dynamic metabolic risk assessment?

Weibull Proportional Hazards Model

the first-stage linear mixed effects
model of MetSyn component

* WTC-LI

Time to: * FVC, egictea < LEN

Estimate contribution of MetSyn to disease development

* FEV,/FVC < 0.7

Individual dichotomous MetSyn components and MetSyn score

Time to: + WTC-LI « FVC,

spredicted

<LLN « FEV,/FVC < 0.7

4. What is the dynamic estimated risk of all
components of MetSyn on disease?

Partially Linear Single Index Model

Rank MetSyn components by effect on disease

MetSyn components modeled into a single index

Time to: - WTC-LI * FVC

Yopredicted

<LLN - FEV/FVC<07

Figure 1. Investigation overview. Four complementary models were used to explore MetSyn and its associations with our primary and
secondary outcomes. They include a linear mixed model (1.1), a Weibull proportional hazards model (1.2), a two-stage model (1.3), and a
partially linear mixed model (1.4). For each model, we summarize the study question, longitudinal clinical measurements used, intended model
interpretation (result), covariates, predictors, and response variable (outcomes). 9/11 = September 11, 2001; LI =lung injury; LLN =lower limit of
normal; MetSyn = metabolic syndrome; WTC = World Trade Center.

lipoprotein (HDL) <40 mg/dl; triglycerides
=150 mg/dl; glucose =100 mg/dl; or body
mass index (BMI) =30 kg/m2 at the
WTC-HP entry, used as a surrogate for
central adiposity (5, 15, 16, 50, 51, 62-66).
BMI clinical cut-points of overweight and
obesity classes I-III were assessed (67, 68).

Outcomes

WTC-LI (primary outcome) was defined at
the first post-9/11 spirometry where the
FEV,% predicted was <LLN (n =1,475) (8).
Control subjects were subjects without
WTC-LI (n=4,263) and had FEV, =LLN at
all spirometry. FVC% predicted <LLN and
FEV/FVC <0.70 were secondary outcomes
(25, 26).

Statistical Analysis

SPSS version 25 (IBM) and R (version
3.6.3)—including packages openxlsx-4.2.2,
nlme 3.1.150, tableone-0.12.0, plyr-1.8.6,
ggplot2-3.3.2, survival-3.2.7, eha-2.8.1, and
splines2-0.3.1—were used for primary
data storage, handling, and analyses.
Continuous variables were compared by
two-sample ¢ test.

Complementary modeling investigated
relationships between longitudinally
collected MetSyn and spirometry. All models
were adjusted for age, self-identified race,
smoking history, and exposure levels
(28, 69-77).

Model 1: Effect of Longitudinal
MetSyn Components on Concurrent
Spirometry as an Assessment of
Disease Severity

Linear mixed effects modeling (LME) was
used to identify the temporal contribution of
longitudinal MetSyn to longitudinal FEV;%
predicted, FVC% predicted, and FEV,/FVC
(Figure 1.1) (78, 79). MetSyn components
dichotomized into clinical cutoffs and
composite MetSyn score were assessed in
separate LME models adjusted for intercept,
time (year-scale), exposure, ever-smoking,
race, age on 9/11, and the interaction
between smoking and time. A random
intercept was assumed to account for
interindividual variation at baseline. The
interaction term accounted for smoking’s
known acceleration of lung function decline.
Time was assumed to have a linear effect.

Kwon, Lee, Crowley, et al.. Dynamic Metabolic Risk of WTC Lung Disease

Model 2: Effect of Longitudinal
MetSyn on Time to Onset of Disease
Weibull proportional hazards (Weibull-PH)
modeling with time-dependent covariates
was used to assess the dynamic risk of
MetSyn on the hazard functions of time to
disease onset (Figure 1.2) (78-80). MetSyn
score and dichotomized components were fit
in separate PH models adjusted for age on
9/11, race, smoking history, and exposure.
The estimated hazard ratios (HRs) and
Weibull baseline hazard function were used
to plot a survival curve to visualize results.
The PH assumption was examined using
cumulative sums of martingale-based
residuals (81). Dynamic prediction
incorporates time-dependent MetSyn scores
accrued during the follow-up to improve the
prediction of the risk of developing disease
(78). Given each assumed MetSyn history, we
computed the probabilities of disease
development (79, 80).

Model 3: Assessment of Recovery of
MetSyn and Risk of Future Disease
We assessed the effect of rate of change of
MetSyn on the onset time of disease to study
whether MetSyn recovery could reduce lung

1037



Exposed Rescue and Recovery

Workers
N=13,954

Enrolled in WTC-HP
N=12,781

Inclusion Criteria
¢ Active on 9/11/01

Baseline Cohort N=6,498

¢ Consented and currently enrolled in WTC-HP

Source Cohort N=5,738

Exclusion Criteria
Non-Firefighter, N=733

Post-9/11 data unavailable, N=13
Exposure data unavailable, N=10
Missing MetSyn data, N=4

WTC-LI Cases

N=1,475

FEV1 %predicted <LLN
at least once

after 9/11

Non-WTC-LI

N=4,263

FEV = LLN

1%predicted

Figure 2. Study population. Consort diagram for primary outcome of WTC-LI.
9/11 =September 11, 2001; HP = Health Program; LI =lung injury; LLN =lower limit of normal;
MetSyn = metabolic syndrome; WTC = World Trade Center.

disease risk (Figure 1.3) (82, 83). Two-stage
models fit using LME and Weibull-PH
regression to identify the hazard of change
with respect to individual MetSyn
component patterns. In the first stage, LME
was modeled as a linear function of time for
each MetSyn component (82, 83). In the
second stage, standardized best linear
unbiased predictor estimates of these
random coefficients were used as predictors
in the Weibull-PH model. HR associated
with the rate of change of each MetSyn
component reflects how the change in
directionality of each component influences
disease-free survival.

Model 4: Joint Effects of MetSyn
Components Were Modeled into a
Single Index (Dynamic Risk)

PLSI delineates the relative contribution of
multiple time-dependent MetSyn
components to the risk of developing
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disease and can be used to identify the
patient-specific prognosticating trajectory
(Figure 1.4) (55, 56, 84) Maximum partial
likelihood estimates were obtained and
standard errors were estimated using 5,000
bootstrap samples (84). Longitudinal
triglycerides and glucose were logarithmically
transformed owing to right-skewed
distributions, and MetSyn components were
standardized to 0 mean and 1 SD.

Visualization and Interpretation of
PLSI (Model 4)

Model characteristics can be interpreted using
our novel Shiny App “Interactive Metabolic
Risk Modeling Application” (https://med.nyu.
edu/nolanlab). This was built using R 4.0.3,
RStudio 1.3.1093, shiny 1.5.0, shinydashboard
0.7.1, and tidyverse 1.3.0 for data management
and graphical displays. This shows how
clinical parameters are incorporated into the
MetSyn single index score and further used to

calculate an HR of disease development (see
Figure E2 and Appendix E.3A-E.3D in the
online supplement for detailed methods and
instructions).

Results

Baseline Characteristics and
Demographics

A total of N =52,355 serial PFT's were
collected from 9/11 to time of extraction of
data, which occurred on August 1, 2017, with
an average of 9.12 (SD, 2.66) measures/
subject. Clinical measures were assessed for
the baseline cohort (N =5,738). WTC-LI
cases (1 = 1,475) were not significantly
different from non-WTC-LI cases
(n=4,263) in age, sex, race, or duration at
site. Cases were more likely to be ever-
smokers (35.25% vs. 31.29%, P =0.006) and
have high exposure compared with control
subjects (19.73% vs. 15.72%, P < 0.001).
Cases also had a lower mean FEV %
predicted at baseline before 9/11 than control
subjects (97.05 vs. 109.75, respectively) but
were clinically disease-free and active-duty
firefighters. WTC-LI cases had higher BMI
and higher amounts of SBP, DBP, and
triglycerides than control subjects, whereas
glucose, total cholesterol, and low-density
lipoprotein were not significantly different.
Cases also had lower HDL than control
subjects (50.36 vs. 52.15 mg/dl). A higher
percentage of cases had MetSyn than control
subjects (21.56% vs. 16.94%, P < 0.001)
(Table 1).

Similarly, cases with FVC <LLN
(n=2,043) had a lower FVC value at baseline
and were more likely highly exposed; had
higher BMI and higher amounts of SBP,
DBP, triglycerides, and glucose; and had less
HDL than cases with FVC =LLN
(n=3,695). Cases with FEV;/FVC <0.70
(n=852) were more likely smokers with a
lower BMI and lower amounts of
triglycerides and higher amounts of HDL
than cases with FEV/FVC =0.70
(n=4,886). Amounts of SBP, amounts of
DBP, and percentage with MetSyn were not
significantly different among them. Full
demographics of secondary endpoints are
available in Table E1.

Elevated BMI Has a Larger Effect on
FEV,% Predicted and WTC-LI Diagno-
sis than Smoking

MetSyn components with clinical cut-points
were evaluated by LME and Weibull-PH and
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Table 1. Baseline Clinical Measures

Clinical Measure

Sex, M 5,725 (99.77)
40.09 = 7.51
5,379 (93.74)
1,854 (32.31)
3.71+2.70
961 (16.75)

Age on 9/11, yr

White race
Ever-smoker

Duration, mo

Arrived morning of 9/11
Pre-9/11

Baseline Cohort (N =5,738)

Control (n=4,263)

4,256 (99.84)
40.20 +7.58
3,999 (93.81)
1,334 (31.29)
3.69 = 2.68
670 (15.72)

FEV1% predicted

Triglycerides, mg/dl

106.54 = 12.86

161.90 = 127.49

109.75 = 12.09

FVC% predicted 99.98 +11.98 102.34 = 11.64

FEV./FVC 85.19 +4.98 85.73 + 4.66
WTC-HP entry

FEV1% predicted 96.66 + 12.06 100.58 +10.10

FVC% predicted 94.74 +=11.31 97.61 +10.21

FEV,/FVC 80.73 +5.64 81.510 =4.97
MetSyn comgonents

BMI, kg/m 29.59 + 3.62 29.43 +3.47

SBP, mm Hg 123.17 £13.06 122.95 +13.18

DBP, mm Hg 76.72 +8.39 76.56 + 8.51

Glucose, mmol/L 93.59 + 19.60 93.31 £18.20

157.63 = 119.00

HDL, mg/dl 51.69 =12.82 52.15+12.89
LDL, mg/di 122.61 = 32.86 123.04 = 32.63
Total cholesterol 204.48 = 37.36 204.70 = 37.03

Diagnosis

1,040 (18.13)

722 (16.94)

Cases (n=1,475) P Value
1,469 (99.60) 0.170
39.77 =7.30 0.054
1,380 (93.56) 0.782
520 (35.25) 0.006

3.76 =2.75 0.333
291 (19.73) <0.001
97.05*+10.09 <0.001
92.98 +10.09 <0.001
83.59 £ 5.54 <0.001
85.31 £9.90 <0.001
86.38 =10.16 <0.001
78.458 £ 6.76 <0.001
30.070 = 3.96 <0.001
123.819 = 12.70 0.041
77.180 = 8.02 0.023
94.399 + 23.19 0.067
174.28 = 148.79 <0.001
50.36 = 12.55 <0.001
121.36 = 33.50 0.099
203.86 = 38.32 0.461
318 (21.56) <0.001

Definition of abbreviations: 9/11 =September 11, 2001; BMI =body mass index; DBP = diastolic blood press; HDL = high-density lipoprotein;
HP = Health Program; LDL = low-density lipoprotein; MetSyn = metabolic syndrome; SBP = systolic blood pressure; WTC = World Trade Center.
Values are displayed as mean = SD or n (%). P values are for comparisons between control subjects and cases by Student’s t test or

Pearson’s chi-square test where appropriate.

Linear Mixed Effects

BMI= 30 kg/m?
Triglycerides = 150 mg/dL
HDL <40 mg/dL

Glucose =100 mg/dL
Systolic BP =130 mmHg

Diastolic BP =85 mmHg

1
MetSyn { 2
3+

o

@ MetSyn Variable
@ Smoking:Time o+

—o—

-25 -2.0 -15 -1.0 -0.5 0.0

Effect (%)

Decreased FEV

1%predicted

Figure 3. Effect of MetSyn components on FEV% predicted assessed by linear mixed effects
models. BMI =body mass index; BP =blood pressure; HDL = high-density lipoprotein;

MetSyn = metabolic syndrome.
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displayed in a forest plot (Figures 3 and 4A).
Full data of models using all longitudinal
data can be found in Tables E2-E5. Although
smoking did not show a significant baseline
effect in LME models of FEV;% predicted,
there was significant interaction between
smoking and time in all MetSyn models

(P < 0.001). Therefore, smokers had a
greater decrease in FEV % predicted than
nonsmokers over time. The interaction
between WTC-PM and time was not
significant and was not included in final
LME models. BMI =30 kg/m? expresses the
highest effect on concurrent FEV,%
predicted longitudinally, with an effect of
—2.54% (95% confidence interval, —2.72 to
—2.36; P < 0.001). When examining the
effect of increasing cumulative MetSyn risks
on longitudinal FEV,% predicted, a
dose-response was observed. Compared
with having no MetSyn risks, having one,
two, or three or more additional risk factors
had effects of —0.67% (—0.82% to —0.52%),
—1.25% (—1.43% to —1.07%), and —2.36%
(—2.57% to —2.15%), respectively, on
longitudinal FEV% predicted (Figure 3). In
order of decreasing magnitude of effect size,
HDL, triglycerides, DBP, SBP, and glucose
had significant effects on the reduction of
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FEV,% predicted. Age, race, and exposure
were not significant risks.

A BMI dose-response was also seen in
models of longitudinal FEV ;% predicted,
with effects of —1.48%, —3.55%, and
—6.64% for having overweight, having class I
obesity, or having class II/III obesity,
respectively (Table E2) (85). Compared with
normal-weight nonsmokers, class-II-obesity
smokers had —8.34% lower FEV,%
predicted 10 years after 9/11.

Similar patterns were seen when
examining FVC% predicted. Obesity had the
most deleterious effect on longitudinal
FVC% predicted—a value of —2.89%. There
was also a BMI-dependent dose-response
similar to FEV,% predicted. Again, HDL,
triglycerides, DBP, SBP, and glucose had
significant effect sizes on FVC% predicted,
conserving the order of decreasing
magnitude size.

When investigating the effect of MetSyn
on FEV/FVC, BMI =30 kg/m?, amount of
triglycerides =150 mg/dl, and amount of
HDL <40 mg/dl were significantly
associated with increased FEV/FVC. Insulin
resistance and hypertension did not have
significant effects.

Dyslipidemia and Obesity Contribute
the Largest Risk to Time to WTC-LI
When investigating the temporal effects of
MetSyn components on the risk of developing
WTC-LL triglycerides =150 mg/dl had the
highest HR (1.48 [95% confidence interval
(CI), 1.32-1.65), followed by HDL <40 mg/
dl, at 1.39 (95% CI, 1.21-1.59), and BMI =30
kg/m?, at 1.37 (95% CI, 1.23-1.53) (Figure 4A
and Table E3).

Similar patterns were seen for the
FVC% predicted <LLN endpoint.
Triglycerides =150 mg/dl again had the
highest HR (1.64 [95% CI, 1.49-1.81]),
followed by BMI =30 kg/m?, at 1.60 (95%
CI, 1.45-1.77), and HDL <40 mg/dl, at 1.56
(95% CI, 1.38-1.76). When examining FEV,/
FVC <0.70 as an endpoint, BMI =30 kg/m’,
amount of triglycerides =150 mg/dl, and
amount of HDL <40 mg/dl were less likely
to have resulted in an obstructive pattern.

High exposure to PM (being present on
the morning of 9/11) was a significant risk
factor in all Weibull-PH models for the onset
of WTC-LI and even exceeded the risk
incurred by smoking. For example, the HR of
exposure in the triglycerides model was 1.24
(95% CI, 1.08-1.42; P=0.002), whereas the
HR of smoking in the same model was 1.21
[95% CI, 1.08-1.36) (Table E3). WTC-LI
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disease-free survival probabilities were
estimated in strata defined by number of
MetSyn points, smoking, and exposure
history (Figure 4B). Increasing number of
MetSyn points, smoking, and high exposure
(by being present on the morning of 9/11)
had the highest risk of WTC-LI compared
with their respective reference categories.
Smokers with high WTC-PM exposure and
MetSyn (=3 criteria) had the lowest survival
probability. Smokers with high WTC-PM
exposure but no MetSyn risks had similar
survival curves to never-smoking, low-
exposure individuals who had two MetSyn
points as a significant risk factor (black-
dotted and solid-blue lines are overlying).

Dynamic Risk Assessment of WTC-LI
Development Created on the Basis of
the Fitted Weibull-PH Model

This parametric modeling can capture
prediction for at least the subsequent 5 years.
Dynamic risk profiling of WTC-LI will
provide the probability of risk and potential
risk reduction with resolution of MetSyn risk
factors. To demonstrate the utility of this
model, we used the Weibull-PH model as a
survival function formula (Appendix E.2B) to
compute the expected survival probabilities
for two hypothetical subjects who both start
with two MetSyn risk factors at the first visit
but differ at the second visit (Figure E1).
Subject 1 develops MetSyn criteria on the
subsequent visit, whereas subject 2 recovers
from all MetSyn risk factors. The projected
risk of WTC-LI diverges at each subsequent
visit and shows that subject 2, who recovered
from MetSyn risks, is less likely to develop
WTC-LI than subject 1.

Recovery from MetSyn Can Decrease
Risk of WTC-LI

On the basis of the two-stage models, we
showed that the positive annual rate of
change of BMI, glucose, SBP, and DBP
increased the risk of WTC-LI (Figure 5).
HDL also had a significant inverse
relationship with WTC-LI, with increasing
HDL reducing the HR of developing WTC-
LI Conversely, reductions of BMI, glucose,
SBP, and DBP were associated with a
decreased risk of WTC-LI, whereas
individuals with decreased HDL would be
more likely to develop WTC-LLI. If assuming
that a subject has the average height of the
cohort, a 1 kg/m” reduction in BMI is
equivalent to approximately a 7-Ib weight
loss and reduced risk of WT'C-LI by 20.38%.
An increase of 10 mg/dl in HDL reduced risk

by 89.00%; a decrease of 10 mmol/L in
fasting blood glucose reduced risk by 72.36%;
and a reduction of 10 mm Hg in SBP and
DBP reduced risk by 74.93% and 136.44%,
respectively (Figure 5A).

The risk of FVC% predicted <LLN was
similarly reduced with a weight loss of 7 Ib
(19.81%), an increase of 10 mg/dl in HDL
(52.00%), a decrease of 10 mmol/L in glucose
(56.60%), and a decrease of 10 mm Hg in
DBP (116.61%). FEV,/FVC had a reduced
risk of falling below 0.70 with a decrease of
10 mmol/L in glucose (66.29%) and of 10
mm Hg in DBP (107.94%) (Figures 5B and
5C and Table E4).

Triglyceride change did not affect the
HR of WTC-LI, likely because of the relative
lack of dynamic change and near-zero slope
in the two-stage model (Stage 1).
Improvement in BMI, HDL, glucose, and
DBP reduced the risk of FVC% predicted
<LLN. For FEV,/FVC, only reductions in
glucose and DBP significantly reduced the
risk of obstruction. A reduction of SBP and
triglycerides did not reduce the risk of FVC%
predicted <LLN. BM], triglycerides, HDL,
and SBP change similarly did not affect the
outcome of FEV,/FVC <0.70.

Assessment of the Nonlinear
Relationship of Concurrent MetSyn
and Onset of WTC-LI

The PLSI hazards model identified a
nonlinear relationship with a concurrent
joint effect of standardized MetSyn and
WTC-lung-disease—free survival (Figures
6A-6C). The contribution of each MetSyn
component (estimates in Table E5, or 8; in
Appendix E.2D [Model 4]) into a cumulative
risk score (single index) is reported in Table
E5, and the overall effect of the MetSyn
single index is shown in Figure 6. BMI had
the largest-magnitude weight—0.73—in the
estimated MetSyn single index, followed by
log(triglycerides) with 0.51 and HDL with
—0.42. The overall effect of the MetSyn
single index was nonlinear. Because the
estimated link function was monotone, the
joint effect of MetSyn components in the
single index can be interpreted qualitatively
(55). When examining the extremes of the
link function for WTC-LI, having fewer
MetSyn characteristics, and thereby being on
the negative end of the spectrum of MetSyn
single indices, had modest effects on the risk
of developing WTC-LI (Figure 6A). In
contrast, when examining positive MetSyn
single indices, the risk increased
exponentially. The estimated link function
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for FVC <LLN similarly showed a decreased
likelihood of disease with negative MetSyn
single indices and an increased risk with
positive values (Figure 6B). For FEV,/FVC
<0.70, negative MetSyn single indices were
associated with more risk (Figure 6C). The
interpretation of positive MetSyn single
indices is more difficult owing to
insignificant 95% confidence interval.

Visualization and Interpretation of the
PLSI Model

Because data visualization is key to facilitating
clinical understanding and implementation,
we developed the “Interactive Metabolic Risk
Modeling Application” for model
interpretation (86). This application facilitates
the interpretation of complex dynamic
models such as our PLSI model and allows
for further assessment of how the individual
components of MetSyn impact the MetSyn
single index and HR (Figures 6A-6C, Table

E5, Figures E2-E5, and Appendix
E.3A-E3D).

Discussion

Complementary modeling facilitated our
understanding of the longitudinal MetSyn/
PM exposure phenotype by leveraging the
FDNY-WTC cohort’s 20-year data set.
Dynamic assessment allowed us to define the
risk of the development of WTC-associated
lung disease based on multicollinear MetSyn
characteristics, smoking, and WTC
exposure. BMI and dyslipidemia imparted
more risk of WTC lung disease development
than smoking. Furthermore, mitigating
MetSyn can decrease the risk of WTC
lung disease.

Dyslipidemia, a MetSyn component, is
linked to vascular disease and consequential
FEV, loss (4, 5,9, 13, 50, 51, 87-89).

Kwon, Lee, Crowley, et al.. Dynamic Metabolic Risk of WTC Lung Disease

Exposure to PM significantly increases low-
density lipoprotein, cholesterol, and
triglycerides and decreases HDL in rats and
their offspring (90). Additionally, females
exposed to tobacco smoke in utero have
higher triglycerides, lower HDL, and a
significantly higher BMI/waist circumference
than unexposed females (91, 92). Recent
studies have focused on the systemic effects
of obesity/MetSyn’s hormonal/immune-
inflammatory biomarkers in the context of
pollution and respiratory compromise (29,
32, 36, 93-96). Surfactant disruption has
been linked to acute respiratory distress
syndrome, OAD, vaping lung injury,
pulmonary fibrosis, and infectious disease
(39). The growing body of literature linking
OAD and MetSyn suggests dyslipidemia-
related inflammation as contributory (36).
Cardiovascular Health Study subjects with a
SBP > 160 mm Hg had significantly lower
FEV, values (97).
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severity (2, 104, 105). In addition,
concurrent MetSyn has significant impact
on survival risk of WT'C lung disease. When
investigating time to survival, dyslipidemia
and BMI =30 kg/m?* imparted the highest
risk of WTC-LI and FVC <LLN, even
compared with smoking. Exposure also
exhibited a near-equivalent effect to
smoking history in both Weibull-PH and
PLSI modeling. This bolsters our
understanding that MetSyn and relatively
higher WT'C-PM exposure continue to
influence the morbidity of WTC lung
disease and may contribute to persistent
symptoms in these FDNY workers.
Furthermore, the Weibull-PH model offers
dynamic risk assessment of the WTC-
exposed individuals based on their history of
all MetSyn components. This is particularly
useful as metabolic disease can differ within
the same patient over time.

Interestingly, reversal of MetSyn could
also decrease the subsequent risk of WTC
Lung Disease, thereby providing therapeutic
potential through MetSyn mitigation.
Although a reduction of triglycerides was
not significantly associated with WTC-LI
risk reduction, elevated triglycerides have
intrinsic risk and impart a significant effect
on WTC-LI over time. This finding is
consistent with the literature investigating
OAD and statins—that target triglycerides
and increase HDL. Although many studies
have shown that statins could improve
symptoms and health-related quality of life
in OAD patients, this effect was mostly
limited to those with OAD and comorbid
CVD and did not impact mortality (106).
Nevertheless, pathways of cholesterol
dysregulation are actively studied as
potential pharmacologic targets in asthma,
acute lung injury, and fibrosis (27, 37-41,
107, 108). Further investigation could
determine whether statin therapy would
benefit comorbid WTC-LI and CVD.

The novel PLSI hazards model allows
for linear and nonlinear time-dependent
covariate effects on the log hazard function
by the flexible functional form and uses a
weighted sum of risk from each component
of MetSyn to calculate a cumulative risk
score. This may also be interpreted as a
surrogate of severity of MetSyn using actual
values and preserving information, as
opposed to using the at-least-three
components of MetSyn. Although MetSyn
severity scores have been explored in prior
studies, this is the first (to our knowledge)
application of this method to model its effect

on lung function (109, 110). Furthermore,
there is an additional advantage over
traditional PH modeling in providing the
joint effect of all MetSyn components
without risk of multicollinearity and
interaction between potentially highly
correlated characteristics such as SBP and
DBP. The developed application can be used
to quickly identify the risk of WTC-related
lung function decline with user-inputted
MetSyn components. The cumulative risk
score includes information from exposure,
smoking history, and MetSyn (single index)
to derive an HR.

This study has several limitations. The
lack of a complete assessment of lung
volumes, specifically total lung capacity,
limits our ability to fully define a restrictive
phenotype; normal FEV;/FVC does not
exclude obesity-induced restriction (25).
Therefore, the authors caution
interpretation of models using FVC and
FEV/FVC because they may be affected by
potential misclassification. Although we
have assessed the relative effects of WTC
exposure not only in prior work but also in
our current manuscript, we are unable to
quantify the isolated pulmonary dysfunction
from non-WTC exposure. Furthermore,
distinguishing the contribution of WTC
exposure independent of other firefighting
or innate risk factors is also not possible
because we do not compare our participants
with an unexposed cohort. Although all
subjects in our study were WTC exposed
and were of a similar age at 9/11, the WTC-
LI cases had a significantly greater
percentage of individuals who were highly
exposed to WTC particulates than the
subjects who did not develop WTC-LI (1, 2,
4-6, 8-13). The effect of WTC exposure on
lung dysfunction is further evident in prior
studies (1, 2, 4-6, 8-13). In several of this
study’s models, WTC exposure was found to
be a significant contributor.

The cohort is also not designed to
examine the contribution from
non-WTC-exposure-related factors such
as genetics, childhood lung development,
childhood exposures, or non-WTC
occupational exposures to firefighting. At
baseline, all firefighters have occupational
exposure that is a risk to their lung health.
Under the guidance of the National Fire
Protection Association (NFPA) Standards,
the FDNY evaluates the lung function of
all firefighters annually. Pulmonary
symptoms or the need for inhalational
therapy, per NFPA standards, precludes
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performing the duties of an active-duty
firefighter (111). Rigorous preemployment
medical and fitness evaluation as required
by the NFPA limits the inclusion of those
with active pulmonary dysfunction prior
to exposure (111). Our cohort used active-
duty status as an inclusion criterion, which
limits the inclusion of subjects with active
pulmonary dysfunction prior to exposure.
Specifically, before 9/11, few firefighters
had spirometry results below the LLN
(112). After 9/11, approximately 13% of
firefighters had an FEV value below the
LLN, and even fewer had an FEV value
<70% predicted. Furthermore, lung
function loss lacked recovery, and the
trajectory differed by exposure level (113).
Retirement, disability, and pension
benefits—although present before 9/11—
also increased after 9/11, primarily because
of respiratory illness (114). Because
smoking and exposure history are self-
reported, misclassifications may occur.
Traditional measures of smoking history,
such as pack-years, or measures of
concurrent use, such as cotinine levels, are
not available. Dichotomized smoking status
to ever or never may lead to recall and/or
self-reporting bias, but more often bias
toward the null, and studies have supported
the sensitivity and reliability of these
measurements (113, 115-117). Additional
measures of WTC-PM exposure, such as
days at the WTC site and direct personal
measures of PM exposure, are not available.
However, the use of WTC site arrival time
has been associated with a higher risk of
WTC-LL airway hyperreactivity, and
chronic rhinosinusitis (5, 50, 51, 118).
Although duration of exposure (months at
the WTC site) has been assessed in prior
work, its lack of temporal granularity fails to
capture the gradation of exposure intensity
that includes the intense 9/11 morning
exposure (5, 50, 51, 119).

Although these models can perform
dynamic assessments, they assume that
MetSyn risk is constant over time. In line
with other studies, our models support that
MetSyn risk factors occur prior to onset of
WTC-LI (120). Further investigation of other
spirometric values strengthens our findings.
We elected to focus on FEV, because of its
stronger implications for severity compared
with FVC, but future studies can investigate
the impact of MetSyn on restrictive disease in
a subcohort with additional lung function
definition (106, 107). The current dynamic
risk assessment models are more clinically
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relevant to subjects who have not yet
developed WTC lung disease. Further
investigation is needed on the impact of
MetSyn recovery on reversing WTC lung
disease. We also do not correct for multiple
comparisons because this was a hypothesis-
driven analysis. However, when using a
multiple-comparison correction (e.g.,
Bonferroni), MetSyn would be still
significant in LME models, thereby
minimizing that these components of
MetSyn would be significant by chance.

In summary, dynamic risk
assessment has important therapeutic
implications. Recently, the effect of

not only was MetSyn itself a risk factor
but recovery from MetSyn lowered future
cardiovascular event susceptibility (121).
This supports our proposed risk
stratification models to target those who
have not yet developed WTC-LI with
earlier therapy against MetSyn. These
findings also reinforce the importance of
long-term monitoring of disaster
survivors. Finally, individual MetSyn
components being highly correlated has
impeded the investigation of MetSyn as
a predictor of CVD and comorbidities.
Whereas the PLSI was fitted to cohort-
specific pulmonary disease definitions,

MetSyn and its components on
morbidity/mortality. The MetSyn single
index could be used to derive an
improved definition of MetSyn with
respect to pulmonary and vascular
outcomes. Our novel assessment may
direct future studies on mitigating
MetSyn as a disease-modifying risk
factor of future PM-associated lung
disease.

Author disclosures are available with the
text of this article at www.atsjournals.org.

dynamic MetSyn on the risk of major
adverse cardiovascular events showed that

the MetSyn single index is a novel
method of quantifying the impact of
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