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Abstract

Rationale: Forced expiratory volume in 1 second (FEV,) and its
longitudinal change are mortality risk factors. Visit-to-visit FEV
variation is a risk factor for death in cystic fibrosis but has not
been studied in other cohorts.

Objectives: We sought to assess whether longitudinal visit-to-
visit FEV; variation is a mortality risk factor in rescue and
recovery workers in the Fire Department of New York who were
exposed to dust related to the collapse of the World Trade Center
on September 11, 2001 (9/11/2001).

Methods: Linear mixed-effects regression of all post-9/11/2001
FEV, measurements defined the time effect on longitudinal FEV;
decline (FEV; slope) and its standard error (visit-to-visit FEV;
variation). Cox proportional hazards and logistic models adjusted
for age and smoking assessed the association between FEV-related
risk factors and mortality. Receiver operating characteristic area
under the curve (AUC) assessed predictive model performance.

Results: Among 11,745 workers with three or more FEV,
measurements, 575 (4.9%) died. When all FEV,-related risk

factors were combined, each 5-ml/yr increase in visit-to-visit FEV;
variation increased mortality 2.1-fold (hazard ratio [HR] = 2.14; 95%

confidence interval [CI] = 1.84-2.48); each 10% predicted reduction in
the last longitudinal FEV, increased mortality 15% (HR =1.15; 95%
CI, 1.09-1.21), but each 10-ml/yr longitudinal FEV; decline was not
associated with mortality (HR =1.04; 95% CI, 0.99-1.10). The receiver
operating characteristic AUC of a fully adjusted multivariable
cumulative mortality model was 0.82 (95% CI, 0.80-0.84); for
unadjusted visit-to-visit FEV; variation, the AUC was 0.80 (95% CI,
0.78-0.82); for last longitudinal FEV,, the AUC was 0.61 (95% CI,
0.59-0.64); and for longitudinal FEV; decline, the AUC was 0.58
(95% CI, 0.56-0.61). In the ratio of participants with high
exposure/total number of participants (1,988/11,745; 16.9%), among
patients with high exposure, defined as arrival at the World Trade
Center site before noon on 9/11/2001, the risk of high visit-to-visit
FEV, variation (top quartile, =10.35 ml/yr) increased 25% (odds
ratio = 1.25; 95% CI, 1.12-1.40).

Conclusions: Visit-to-visit FEV; variation is a mortality risk
factor in rescue and recovery workers in the Fire Department of
New York City, with greater accuracy for predicting cumulative
mortality than either last longitudinal FEV; or longitudinal FEV,
decline. Further investigation in other cohorts is needed to assess
the generalizability of this rarely studied mortality risk factor.

Keywords: FEV,; mortality; longitudinal monitoring; mortality
prediction

(Received in original form January 22, 2025; accepted in final form April 25, 2025)

Supported by National Institute for Occupational Safety and Health grants U01 OH011682, U0O1 OH011480, and UO1 OHO011302 and contracts
200-2017-93326, 200-2017-93426, 75D301-22-R-72142, and 75D301-22-R-72244.

Author Contributions: Full access to all the data in the study and responsibility for the integrity of the data and the accuracy of the data
analysis: D.J.P. and M.D.W. Study concept and design: M.D.W., L.L., and K.-R.D. Acquisition, analysis, or interpretation of data: K.-R.D.,
D.G.G., D.J.P., and M.D.W. Drafting of the manuscript: K.-R.D., L.L., D.J.P., and M.D.W. Critical revision of the manuscript for important
intellectual content: all authors. Statistical analysis: D.G.G. and M.D.W. Obtained funding: D.J.P. Administrative, technical, or material support:

D.J.P. and M.D.W. Study supervision: D.J.P. and M.D.W.

Ann Am Thorac Soc Vol 22, No 9, pp 1343-1350, Sep 2025
Copyright © 2025 by the American Thoracic Society

DOI: 10.1513/AnnalsATS.202501-0930C

Internet address: www.atsjournals.org

Deforce, Lahousse, Goldfarb, et al.: Visit-to-Visit FEV; Variation and Mortality

1343

9202 Y2\ 2 UO Josn Juswulanos) Aq 60.8Z8/SYE |/6/22/211e/s1es|euue/woo dno olwapese//:sdiy Wwol) papeojumod


http://orcid.org/0000-0002-3494-4363
http://crossmark.crossref.org/dialog/?doi=10.1513/AnnalsATS.202501-093OC&domain=pdf&date_stamp=2025-08-20
http://dx.doi.org/10.1513/AnnalsATS.202501-093OC
http://www.atsjournals.org

ORIGINAL RESEARCH

The collapse of two 100-story buildings in
the World Trade Center complex (WTC) on
September 11, 2001 (9/11/2001), produced a
massive dust cloud, overwhelming the lung’s
defenses with deposition of large particles

in the lower airways (1, 2). Elevated serum
inflammatory cytokine levels were associated
with development of forced expiratory
volume in 1 second (FEV)) falling below

the lower limit of normal (3). Dust from the
WTC collapse that was added to alveolar
macrophages in vitro induced inflammatory
cytokine production like that observed in
serum (4). Manifestations of airway injury
related to the dust from the WTC collapse
included acute FEV, decline (5) and incident
obstructive airway disease (6), as well as
bronchial wall thickening and emphysema
on computed tomography (CT) scans (7).
After the acute FEV| decline, longitudinal
FEV, decline stabilized in most workers,

but 12.7% had accelerated FEV, decline
postexposure, defined by a loss of >64 ml/yr,
and 8.2% had increased FEV after the acute
post-WTC decline (8). Accelerated FEV,
decline is a manifestation of airway injury
with increased incidence of asthma, chronic
obstructive pulmonary disease (COPD),
asthma-COPD overlap syndrome, and
death (9, 10).

Rescue/recovery workers who arrived
before noon on 9/11/2001 were enveloped by
the collapse-related dust cloud and suffered
the highest level of dust exposure, a risk factor
for airway injury (6) and cardiovascular
disease (11). Visit-to-visit FEV variation is
associated with lung transplant and death in
patients with cystic fibrosis (12). The
association between visit-to-visit FEV
variation and mortality is poorly described in
other cohorts.

Notably, a single measurement of FEV,
is a biomarker of health in both the Fire
Department of New York City (FDNY)
occupational cohort and the National Health
and Nutrition Examination Survey (or,
NHANES) IIT community-based cohort (13).
Each liter reduction in baseline FEV, was
associated with a 2.3-fold greater risk for
all-cause mortality and a 3.1-fold increase
in heart disease-related mortality (10). An
FEV, <80% predicted with an FEV,/forced

vital capacity (FVC) ratio =70%, preserved
ratio impaired spirometry (PRISm), is
associated with increased mortality (14, 15)
and progression to COPD (16). The
intensive longitudinal follow-up of the closed
FDNY cohort with WTC dust exposure
provides a unique opportunity to explore
poorly described FEV| related manifestations
of airway injury and to assess whether visit-
to-visit FEV variation is a risk factor for
death. The aim of the present investigation

is to evaluate the validity of visit-to-visit
FEV, variation, last longitudinal FEV, and
longitudinal FEV, decline for mortality
prediction in WTC dust-exposed FDNY
rescue/recovery workers.

Methods

Study Population

The source population for the primary
analytic cohort included 12,314 WTC
dust-exposed FDNY rescue/recovery
workers who were actively employed by

the FDNY on 9/11/2001 and were alive on
9/12/2001. Participants who did not have
three or more pulmonary function test (PFT)
results between 9/12/2001 and 12/31/2023,
with high-quality (Grade A or B) FEV,
measurements, were excluded (n = 569),
resulting in an analytic cohort of 11,745
(Figure 1). There were 575 (4.9%) deaths
recorded in the analytic cohort from
9/12/2001 to 12/31/2023 (Table 1). FDNY
participants provided written informed
consent, and the study was approved by the
Montefiore Medical Center and Albert
Einstein College of Medicine Institutional
Review Board (approval number 07-09-320).

Study Design

This cohort study evaluated the association
between lung function, as measured by
various FEV-related metrics, and mortality.
The primary exposure metrics included
visit-to-visit FEV variation, longitudinal
FEV decline, and last longitudinal FEV.

PFT
Prebronchodilator (pre-BD) spirometry
measured FEV following a protocol

described elsewhere (5). Spirometry data
were included if at least two acceptable
measures with an American Thoracic Society
grade of A or B were available. FEV, percent
predicted values were calculated by dividing
the observed FEV| measurements by the
expected values on the basis of sex, height,
and age, using the Global Lung Function
Initiative race-neutral reference equations
(17). Longitudinal FEV, decline and visit-to-
visit FEV variation data were derived from
153,288 medical monitoring spirometries
obtained during the period of 9/12/2001-
12/31/2023, using linear mixed-effects
models. Clinically indicated spirometry

data were not included in the analysis.

Mortality Ascertainment

Mortality data for the FDNY cohort were
ascertained through FDNY WTC records
(9/12/2001 through 12/31/2023).

Other Cohort Characteristics

In the FDNY cohort, demographic and
cardiometabolic data were acquired from
the FDNY WTC Health Program database.
Smoking history data were collected through
self-administered surveys completed during
periodic medical evaluations. Participants
were classified as ever-smokers if they
reported a history of smoking on at least

one monitoring questionnaire.

Statistical Analysis

We used descriptive statistics to summarize
demographic, exposure, and lung function
variables. Continuous variables were
reported as means and standard deviations
or medians with interquartile ranges,
whereas categorical variables were presented
as counts and percentages.

We used a linear mixed-effects
modeling approach in SAS to estimate
individual-specific intercepts and slopes
for FEV; over time. First, the dataset was
prepared by calculating the time elapsed in
years from the earliest recorded date for
each subject. We applied PROC MIXED to
model FEV] as a function of the time variable.
The model included both fixed and random
effects, with random intercepts and slopes
specified for each participant to account for
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Figure 1. Study population of FDNY rescue and recovery workers. The source population
consisted of 12,314 FDNY rescue/recovery workers who were employed by the FDNY on 9/11/
2001, were present at the WTC site between 9/11/2001 and 7/24/2002, and were alive on 9/12/
2001. A total of 569 individuals with fewer than three spirometry tests during the same period
were excluded with a final study population of 11,745. FDNY = Fire Department of New York City;
FEV, =forced expiratory volume in 1 second; WTC =World Trade Center complex.

subject-specific variation. Following the
mixed-effects modeling, the fixed and random
effects estimates were extracted and combined
using data-processing steps. These combined
estimates included subject-specific intercepts
and slopes, representing the individual-level
baseline FEV and the rate of FEV decline
over time. Additionally, an overall standard
error for the combined estimates was
calculated as the square root of the sum of
squared standard errors for the fixed and
random effects. This approach provided
precise estimates of individual-specific

FEV intercepts and slopes, enabling a
detailed analysis of trends in FEV trajectory
over time.

We used Cox proportional hazards
models to estimate the mortality hazard
associated with FEV| metrics, adjusted
for age at last PFT and smoking history.
Follow-up time started at last FEV;
measurement and ended at death or on
12/31/2023, whichever was earlier. We
evaluated FEV;-related metrics together
in a single Cox model. We performed a
sensitivity analysis on the participants
(n=1,641) with last longitudinal FEV,
<80% predicted, to assess the impact of
PRISm on mortality in this cohort. PRISm
was defined as a last longitudinal FEV,/FVC
ratio of =70%.

Logistic regression models assessed the
association between FEV ,-related metrics
and cumulative mortality for the period of
9/12/2001 through 12/31/2023. We evaluated
predictive performance using receiver
operating characteristic (ROC) curves.
Model calibration was analyzed by
comparing observed and predicted

mortality across deciles of risk. We used
multivariable logistic regression, with visit-
to-visit FEV| variation equal to or greater
than the top quartile as the outcome (=10.3
ml/yr), to assess the relationship of high
FEV, variation with arrival time to the
WTC before noon on 9/11/2001 (high
exposure), smoking, and age. The
multivariable logistic model also contained
the first medical monitoring FEV;/FVC
ratio <70% and cardiometabolic risk
factors, including systolic blood pressure,
BM]I, and glucose levels as covariates.
Database management and statistical
analyses were performed using SAS,
Version 9.4 (SAS Institute Inc.); SPSS,
Version 29 (IBM Corporation); and
GraphPad Prism, Version 9 (GraphPad
Software Inc.).

Results

Cohort Characteristics

The FDNY cohort had a mean age of

39.3 years (SD =7.8) on 9/11/2001 and

were predominantly male (96.6%) and
White (87.5%); 36.4% were ever-smokers,
and 16.9% had high exposure to the WTC
dust, defined as arrival at the WTC site
before noon on 9/11/2001. The cohort had
normal lung function, 101.0 = 14.7 FEV;%
predicted at their first post-9/11 PFT. The
average rate of FEV| decline was —36.2 ml/yr
(SD =15.6). As expected with airway injury
produced by massive dust exposure at the
WTC collapse, the proportion of cohort
members with pre-BD FEV; <80% increased
from 6.6% on first longitudinal FEV; to

Deforce, Lahousse, Goldfarb, et al.. Visit-to-Visit FEV Variation and Mortality

14% on last longitudinal FEV . Similarly, a
pre-BD screening FEV;/FVC ratio <70%
increased from 2.8% on first longitudinal
FEV,/FVC ratio to 9.9% on last longitudinal
FEV/FVC ratio. The median visit-to-visit
FEV, variation was 8.96 ml/yr, and the top
quartile of FEV variation was =10.3 ml/yr
(Table 1).

The cohort had intensive longitudinal
lung function measurements with 153,288
FEV| measurements in the period of 9/12/
2001-12/31/2023, resulting in 13.0 = 4.1
measurements per person. Obstructive
airway disease treated with inhaled
corticosteroids and long-acting [3-agonists
for more than 2 years was common
(n=2,209; 18.8% of the cohort). Of the 2,519
cohort members referred to a single hospital
pulmonary function laboratory for BD PFTs,
354 (14.1%) had a post-BD FEV/FVC ratio
of <70. Interstitial lung diseases, including
sarcoidosis and pulmonary fibrosis, were rare
(0.7% and 0.6%, respectively). In this healthy
worker cohort, 444 (3.8%) had fasting blood
glucose =120 mg/dl, and 849 (7.2%) had a
systolic blood pressure =140 mm Hg.
Alternately 4,047 (34.5%) had a BMI =30.
The cohort was 59.0 * 8.5 years old on
their last PFT and suffered 575 deaths over
190,384 person-years of follow-up from
their third PFT until 12/31/2023. There were
26,617 person-years of follow-up from their
last PFT until death or 12/31/2023.

Mortality Hazard Associated with
FEV,-Related Risk Factors

We performed a time-to-event analysis

with follow-up time starting after the last
PFT, resulting in a crude mortality rate of
21.6 per 1,000 person-years. Visit-to-visit
FEV variation, last longitudinal FEV,

and longitudinal FEV, decline were all
significantly associated with mortality when
added as single variables to an adjusted Cox
model (Table 2). Surprisingly, when all three
variables are added to the same Cox model,
longitudinal FEV decline per 10 ml/yr was
no longer associated with mortality (hazard
ratio [HR] = 1.04; 95% confidence interval
[CI] =0.99-1.10). In contrast, each 5-ml/yr
increase in visit-to-visit FEV variation
increased mortality hazard over twofold
(HR =2.14; 95% CI, 1.84-2.48), and each
10% reduction in the last longitudinal
FEV,% predicted increased mortality hazard
by 15% (HR =1.15; 95% CI, 1.09-1.21).

In the subgroup with last longitudinal
FEV,% predicted of <<80%, PRISm (defined
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Table 1. Cohort characteristics

Variable

Demographics
Age on 9/11/2001, mean = SD
Sex, male, n (%)
Race, White, n (%)
Smoking, ever, n (%)
Smoking on first exam

Never

Former

Current
High WTC exposure, n (%)
Lung function
Number of PFTs per person, mean = SD
Number of FEV{ measurements
FEV, slope, ml/yr, mean + SD

Visit-to-visit FEV, variation, ml/yr, median (IQR)

First FEV, % predicted, mean = SD
First FEV, <80%, n (%)

Last FEV; % predicted, mean = SD
Last FEV, <80% predicted, n (%)
First FEV4/FVC, mean = SD

First FEV/FVC <70%, n (%)

Last FEV,/FVC, mean + SD

Last FEV4/FVC <70%, n (%)

Lung disease, n (%)

ICS/LABA treatment =2 yr
Post-BD FEV,4/FVC <70*
Pulmonary fibrosis®

Sarcoidosis?

Cohort Data

39.3+7.8
11,366 (96.8)
10,273 (87.5)
4,280 (36.4)

13.0 + 4.1
153,288
—-36.2+15.6
8.96 (8.23-10.35)
101.0 + 14.7
774 (6.6)
96.6 + 16.4
1,641 (14.0)

Cardiovascular risk factors at first monitoring exam

Blood glucose, mean = SD
Blood glucose =120 mg/dl, n (%)
SBP, mean + SD

SBP =140 mm Hg, n (%)
BMI, mean = SD

BMI =30, n (%)

Longitudinal follow-up
Deaths, n (%)

Age at last PFT, mean = SD
Person-years since third PFT
Person-years since last PFT

93.3+21.6
444(3.8)
119+13.3
849 (7.2)
29.1+43
4,047 (34.5)

575 (4.9)
59.0 + 8.5
190,384
26,617

Definition of abbreviations: BD = bronchodilator; BMI = body mass index; FEV, = forced
expiratory volume in 1 second; FVC = forced vital capacity; ICS =inhaled corticosteroid;
IQR =interquartile range; LABA =long-acting B-agonist; PFT = pulmonary function test;
SD = standard deviation; WTC = World Trade Center complex.

N=11,745. Values are presented as mean * SD or as n (%), unless otherwise indicated.

*Referral BD PFT in 2,519 cohort members.
TCleven and colleagues, 2024 (34).
*Hena and colleagues, 2018 (36).

as FEV,/FVC ratio =70%) increased the
mortality hazard by 95% (HR = 1.95; 95% ClI,
1.31-2.92). Similar to the whole cohort,
longitudinal FEV; decline was not associated
with mortality (HR = 1.04; 95% CI,
0.96-1.12), but each 5-ml/yr increase in visit-
to-visit FEV variation increased the
mortality hazard by 93% (HR =1.93; 95% CI,
1.40-2.65), and each 10% reduction in the
last longitudinal FEV,% predicted increased
mortality hazard by 25% (HR = 1.25; 95% CI,
1.08-1.45).
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Predictive Model Performance

Because logistic mortality models estimate
probability of death at the end of follow-up,
they are more useful in death prediction than
time-to-event survival analysis. We
performed cumulative mortality analysis
with follow-up starting after the third PFT,
resulting in a crude mortality rate of 3 per
1,000 person-years. The lower crude
mortality rate in the cumulative mortality
analyses compared with the time-to-event
analysis is likely related to immortal time bias

AnnalsATS Volume 22 Number 9 | September 2025

produced by the age difference between
9/11/2001 and the age at last longitudinal
FEV; (39.3 = 7.8 yrvs. 59.0 = 8.5yr). As a
result, age at last-longitudinal-FEV; and
longitudinal-FEV/ is used in the cumulative
mortality models. An additional advantage
of predicting the probability of death is the
ability to compare expected mortality

with observed mortality to test model
performance using a receiver operating
characteristic area under the curve
(ROC-AUC). AROC-AUCof 1
demonstrates perfect concordance between
expected and observed mortality, whereas
an AUC of 0.5 indicates no predictive
validity (Figure 2).

Visit-to-visit FEV variation as a single
variable (unadjusted risk factor) had an AUC
of 0.80 (95% CI, 0.78-0.82). Compared with
other unadjusted risk factors of mortality,
visit-to-visit FEV variation emerged as the
one with the best predictive performance
compared with other FEV-related mortality
risk factors, with AUC values ranging
from 0.61 to 0.53 (Figure 2). The full
predictive model incorporating visit-to-visit
FEV variation, last longitudinal FEV,
longitudinal FEV decline, and other
well-defined mortality risk factors of age
and smoking history had an AUC 0f0.82
(95% CI, 0.80-0.84); the predictive model
without longitudinal FEV decline was not
significantly different from the full model,
with an AUC of 0.82 (95% CI, 0.80-0.84).
The multivariable predictive model missing
visit-to-visit FEV variation had an AUC of
0.66 (95% CI, 0.64-0.68), which was
significantly lower than the AUC of visit-to-
visit FEV variation as an unadjusted risk
factor (AUC = 0.80; 95% CI, 0.78-0.82).

We performed a calibration analysis
comparing the expected mortality produced
by the full model with the observed mortality
separating the cohort into deciles of risk.
The top 10% of risk in the full predictive
model had an expected mortality of 23.6%
and an observed mortality of 23.7%. For the
next decile of risk, the expected mortality is
7.7% and the observed mortality is 9.6%.
Conversely, the bottom 10% of risk has
an expected mortality of 0.82% and an
observed mortality of 0.94%. Similarly,
when unadjusted visit-to-visit FEV,
variation was used as a single variable
predicting cumulative mortality, the top
10% of risk had an expected mortality of
22.5% and an observed mortality of 22.4%.
The bottom 10% of risk had an expected
mortality of 1.5% and an observed
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Table 2. Survival hazard associated with FEV-related risk factors

FEV,-Related Risk Factor

Risk factors in three separate Cox models*
Visit-to-visit FEV, variation per 5 ml/yr
Last longitudinal FEV per 10% decline
Longitudinal FEV decline per 10 ml/yr
Risk factors in one Cox model*
Visit-to-visit FEV, variation per 5 ml/yr
Last longitudinal FEV4 per 10% decline
Longitudinal FEV, decline per 10 ml/yr

Risk factors in those with last longitudinal FEV; <80% predictedJr

Visit-to-visit FEV, variation per 5 ml/yr
Last longitudinal FEV4 per 10% decline
Longitudinal FEV, decline per 10 ml/yr

Last longitudinal FEV,/FVC ratio =70% (PRISm)

HR Lower Limit
2.20 1.90
1.17 1.11
1.10 1.05
2.16 1.86
1.14 1.09
1.04 0.99
1.927 1.401
1.253 1.083
1.037 0.961
1.953 1.307

95% CI
Upper Limit P Value
2.55 <0.001
1.22 <0.001
1.15 <0.001
2.51 <0.001
1.20 <0.001
1.10 0.128
2.65 <0.001
1.45 0.002
1.119 0.352
2.924 0.001

Definition of abbreviations: Cl = confidence interval; FEV, =forced expiratory volume in 1 second; HR = hazard ratio; PRISm = preserved ratio

impaired spirometry.

*Cox models adjusted for age at last PFT and smoking.

TN=1,641, with 146 deaths.

mortality of 0.7%. A linear regression of
predicted/observed data demonstrates an
R? 0f 0.99 for the full model and an R of
0.98 when unadjusted visit-to-visit FEV,
variation was used to predict cumulative
mortality.

Baseline Covariates Associated

with Subsequent Visit-to-Visit

FEV, Variation

We used multivariable logistic regression to
assess the association between covariates
measured at the beginning of longitudinal
follow-up and subsequent high visit-to-visit
FEV, variation, defined as variation equal to
or greater than the top quartile (Figure 3),
with all covariates added to a single model to

adjust for collinearity. The odds of high
visit-to-visit FEV variation increased
1.7-fold in those with an FEV,/FVC

ratio of <70%; increased 30% with
increasing age per 10 years; increased 30%
in former smokers and 33% in current
smokers; increased 66% with increasing
glucose per 10 mg/dl; increased 25% in
those with high exposure to WTC dust
versus intermediate and low exposure;
increased 21% with increasing systolic
blood pressure per 10 mm Hg; and increased
13% with increasing BMI per 5 U. This
suggests that exposure to dust, smoking,
and cardiometabolic risk factors are
independently associated with subsequent
high visit-to-visit FEV variation.

AUC 95% ClI

Ever-Smoker

Visit-to-visit-FEV;-variation
Last-longitudinal-FEV; %predicted

Longitudinal-FEV-decline

Age at last-longitudinal PFT

ALL FEV, related risk-factors
WITHOUT longitudinal-FEV4-decline

WITHOUT visit-to-visit-FEV,-variation

0.800 0.780 0.820 T
0.613 0.589 0.637
0.590 0.570 0.620 A
0.580 0.560 0.610 -
0.527 0.501
0.822 0.803 0.840 |
0.821 0.802 0.840

0.659 0.635 0.683 |

0.553 1 o

Discussion

Intensive follow-up of the FDNY WTC
dust-exposed cohort, with 13 longitudinal
PFTs per person over 22 years and complete
death data, provides an exceptional
opportunity to characterize FEV,-related
mortality risk factors. Recently, Todd and
colleagues (12) reported that visit-to-visit
FEV variation is a risk factor for death or
lung transplantation in cystic fibrosis. We
now report that visit-to-visit FEV variation
is strongly associated with mortality in this
previously healthy cohort that suffered
massive exposure to dust and products of
combustion from the 9/11/2001 attack on the
WTC. Visit-to-visit FEV variation has a

o
e
e

o+
(a2
=

0.4 0.5

T T T 1
0.6 0.7 0.8 0.9

ROC Area Under Curve (AUC)

Figure 2. Logistic models assessed performance of FEV;-related and epidemiologic covariates as risk factors for mortality. Unadjusted visit-to-visit
FEV, variation had a higher ROC-AUC than that of all other unadjusted mortality risk factors. Shown are the ROC-AUCs for three multivariable
logistic models. Model 1 included age, smoking, visit-to-visit FEV4 variation, last longitudinal FEV+, and longitudinal FEV, decline as covariates.
Model 2 has longitudinal FEV; decline removed from Model 1. Model 3 has visit-to-visit FEV variation removed from Model 1. The ROC-AUCs of
Models 1 and 2 are not significantly different. Model 3 has a lower ROC-AUC than unadjusted visit-to-visit FEV; variation. AUC = area under the
curve; Cl =confidence interval; FEV; =forced expiratory volume in 1 second; ROC = receiver operating characteristic.
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OR 95% CI

Pre-BD FEV,/FVC<70% 1.68 1.33 2.13 1 e
Age 2001 per 10 years 1.33 1.25 1.40 7 e
Former Smoker 1.30 1.15 1.46 7 e
Current Smoker 1.33 1.17 1.51 1 e
High WTC exposure 1.25 1.12 1.40 T re
Glucose per 10mg/dI 1.65 1.34 2.04 A —e—
Systolic BP per 10mm/Hg 1.21 1.17 1.25 - .
BMI per 5 units 1.13 1.07 1.19 A hd —

05 10 15 20 25

Odds Ratio

Figure 3. Association of covariates measured on first medical monitoring exam with visit-to-
visit FEV4 variation equal to or greater than the top quartile as the outcome. All covariates
combined in a single logistic model to account for collinearity. The odds ratios and 95%
confidence intervals are shown. BD = bronchodilator; BMI = body mass index; BP = blood
pressure; Cl = confidence interval; FEV, =forced expiratory volume in 1 second; FVC =forced
vital capacity; OR = odds ratio; WTC = World Trade Center complex.

higher AUC compared with last longitudinal
FEV, and longitudinal FEV, decline.
Unadjusted visit-to-visit FEV variation also
has a higher predictive accuracy for death

in this cohort than an individual’s age or
smoking status. Removing visit-to-visit FEV;
variation from a multivariable mortality
prediction model markedly decreases the
predictive accuracy (the AUC) of mortality
prediction, whereas removing longitudinal
FEV decline does not significantly change
the predictive accuracy of the mortality
model’s performance. The strength of visit-
to-visit FEV variation as a mortality risk
factor in this low mortality cohort is
remarkable.

One of the characteristics of WTC
dust-related airway injury is a dose-response
relationship with more pathology in those
who were caught in the dust cloud on the
morning of 9/11/2001 (high WTC exposure)
when compared with those who arrived after
noon on 9/11/2001. High WTC exposure is
associated with 25% increased odds of being
in the top quartile of visit-to-visit FEV
variation, suggesting that this FEV-related
mortality risk factor is, in part, due to intense
WTC dust exposure produced by being
enveloped in the dust cloud. Cigarette
smoking and baseline airflow obstruction,
defined by a pre-BD FEV/FVC ratio of
<70%, are independently associated with
increased odds of 30% and 68%, respectively,
of being in the top quartile of visit-to-visit
FEV, variability. Further research is required
to better understand the pathogenesis of
visit-to-visit FEV;-variation as a manifestation
of airway injury.

Results from time-to-event Cox survival
models demonstrate visit-to-visit FEV,
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variation, last longitudinal FEV, and
longitudinal FEV, decline are all significantly
associated with mortality when added as
single FEV;-related risk factors to Cox
models adjusted for age at last PFT and
smoking history. Each 5-ml/yr increase in
visit-to-visit variation is associated with a
twofold increase in mortality. Each 10%
decrease in last longitudinal FEV/ is
associated with a 15% increase in mortality,
and each 10-ml/yr further decline in FEV is
associated with a 10% increase in mortality.
Strikingly, when longitudinal FEV, decline is
combined with last longitudinal FEV, and
visit-to-visit FEV variation, longitudinal
FEV] decline is no longer significantly
associated with mortality, suggesting that
visit-to-visit FEV, variation and last
longitudinal FEV are both collinear with
longitudinal FEV, decline and more
informative than longitudinal FEV; decline.
This finding requires independent
replication in other longitudinal cohorts.
Because visit-to-visit FEV variation is
typically interpreted as measurement error,
the present analysis used mixed-effects
linear models, which account for random
effects and repeated measurement correlation
structure. This report used 153,288 FEV,
measurements (13.0 = 4.1 per person)
over 22 years. Therefore, we obtained
measurements approximately every 2 years
in a population with a decline of
—36.2 = 15.6 ml/yr. High intervisit variation
in spirometry has been reported for healthy
individuals and for those with established
COPD (16). The definition of “visit-to-visit
FEV] variation” is one of two components
of the FEV trajectory derived from our
linear mixed-effects model that yield intervisit

variation when combined. A high visit-to-
visit FEV, variation reflects fluctuations in
lung function with different patterns over
time. Future investigations using more
advanced modeling are needed to identify
which specific patterns of FEV variation are
associated with mortality.

Cardiovascular biomarkers predict
susceptibility to lung injury in WTC
dust-exposed firefighters (18). There is a
complex relationship between WTC dust
exposure, lung function, cardiovascular risk
factors, and cardiovascular mortality (10, 11,
19). We now report that the top quartile of
visit-to-visit FEV variation is significantly
correlated with numerous cardiometabolic
risk factors, including BM], systolic blood
pressure, and blood sugar (Figure 3). Prior
studies have shown that low cross-sectional
FEV is associated with cardiovascular
mortality and morbidity in community-
based cohorts, with and without diabetes,
that were not exposed to WTC dust (20-22).
While the mortality risk associated with visit-
to-visit FEV variation is poorly defined, the
association of visit-to-visit systolic blood
pressure variation has been reported in both
community-based and hypertensive cohorts
(23-27). Future research is required to define
the relationship between visit-to-visit FEV,
variation and visit-to-visit systolic blood
pressure variation.

There are several reasons to conclude
that visit-to-visit FEV, variation is a
pathophysiologically relevant individual
characteristic and not just measurement
error. These include I) a twofold increase in
mortality hazard for each 5-ml/yr visit-to-
visit FEV variation increase, 2) the high
predictive validity for mortality prediction
in cumulative mortality analysis, and 3)
an analogy to visit-to-visit blood pressure
variation as a mortality risk factor.
Ultimately, the validity and generalizability
of visit-to-visit FEV variation as a mortality
risk factor requires replication in multiple
different cohorts. Visit-to-visit FEV,
variation also occurs in children with well-
controlled asthma (28). This FEV-related
risk factor, however, has not been used as an
outcome in intervention studies.

This study has several strengths. The
FDNY WTC health program is a closed
cohort with little longitudinal dropout and
intensive follow-up over the past 22 years.
The cohort has been characterized by over
120 peer-reviewed publications (29) covering
a broad range of disease states related to
obstructive airway disease caused by WTC

AnnalsATS Volume 22 Number 9 | September 2025

9202 YOI\ $Z UO Josn JUsWUIBA0S) AQ 601/8Z8/SYE |/6/22/3101e/S1es|euue/woo dno olwapeoe//:sdiy Wolj papeojumod



ORIGINAL RESEARCH

dust-related airway injury, including
changes in FEV] trajectory (5, 30, 31),
variable and fixed obstructive airway disease
(6, 8-10), upper airway disease (32, 33),
pulmonary fibrosis (34), sarcoidosis (35, 36),
and cardiovascular disease risk factors (11,
18, 19) as risk factors for airway disease. We
now add increased visit-to-visit FEV
variation and PRISm to the mortality risk
factors associated with WTC-dust exposure.
There are however significant
limitations to the present investigation.
The FDNY cohort has unique exposure to
extremely high levels of dust and products of
combustion. It is a healthy worker cohort
that comprises predominantly white males
and has a lower mortality when compared
with the general population (13). There was
no attempt to present a causal analysis to
better understand the associations reported
in this analysis. The generalizability of the
observations from this cohort requires
replication in independent cohorts. The
screening spirometries used in the medical
monitoring program did not have a post-BD
measurement reducing the specificity of the
FEV,/FVC ratio. Interstitial lung diseases,
however, are rare in this cohort (Table 1).
Clinically indicated chest CT in 4,277 WTC
dust-exposed firefighters had a high
prevalence of bronchial wall thickening,
emphysema, and air trapping (7).
Additionally in CT scans from 6,655
workers, only 80 patients had pulmonary

fibrosis (34) and only 74 firefighters had
post-9/11 biopsy-confirmed sarcoidosis after
abnormal imaging (36). Of the 2,519
members of this cohort who were referred to
a single hospital-based pulmonary function
laboratory, only 14.1% had a post-BD FEV,/
FVCratio of <70%. Fixed and/or variable
airflow obstruction diagnosed using BD-PFT
and/or a methacholine challenge test
provided indication for prolonged treatment
with inhaled corticosteroids and long-acting
[B-agonists in 18.8% of the cohort.
Pseudorestrictive physiology, now called
PRISm, was common soon after 9/11/2001
(6), but 8.2% of the cohort had improved
FEV] after a steep trans-9/11 FEV decline
(8) with conversion of the PRISm physiology
to standard airflow obstruction. An
FEV/FVC ratio of <70% on screening
spirometry increased from 2.8% on first
post-9/11/2001 exam to 9.9% on last
longitudinal spirometry. PRISm on last
longitudinal spirometry is associated with a
nearly twofold increase in mortality. Finally,
respiratory diseases accounted for only
28/475 (6%) of the total deaths (10). Heart
disease and cancer mortality are the
predominant disease-specific mortality
categories associated with lung function
decline. This extensive phenotyping of the
FDNY WTC-exposed cohort suggests that
low FEV on screening spirometries obtained
in the medical monitoring program

predominately represent obstructive airway
disease and not interstitial lung disease.

In summary, we report a rarely studied
association between visit-to-visit FEV,
variation and mortality in a cohort that
suffered airway injury after a massive dust
exposure from the WTC collapse. Like
systolic blood pressure variation, visit-to-visit
FEV, variation may be a pathophysiologically
important patient characteristic that increases
susceptibility to death. Further investigation
is required to assess whether FEV, variation
and blood pressure variation have a common
cause. If so, one could hypothesize that
chronic inflammation was the common
link between blood pressure variation,
lung function variation, and increased
susceptibility to death. Given the unique
aspects of the FDNY WTC cohort, the
current observations need to be replicated
independently in other cohorts to test the
generalizability of the association between
visit-to-visit FEV, variation and mortality.
If visit-to-visit FEV, variation is a risk factor
for poor outcome in community cohorts
and disease-specific cohorts, such as soldiers
returning from Iraq and Afghanistan (37, 38),
then future treatment studies could collect
data on FEV, variation as a prespecified
outcome. M

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