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a b s t r a c t 

Background: As the World Trade Center (WTC) General Responder Cohort ages, it is imperative to study their 

aging process and identify factors that can be targeted for interventions. 

Objectives: Our goal was to utilize a previously developed WTC Clinical Frailty Index (CFI) to identify distinct 

frailty trajectories and associated factors in this cohort. 

Design: A latent class mixed model evaluated frailty trajectories using WTC CFIs. Multinomial regression models 

were used to assess associations between frailty trajectory and sociodemographic and WTC characteristics. 

Setting: We utilized data collected during routine WTC monitoring visits from 2004 until 2021. 

Participants: The participants were WTC general responders. 

Measurements: Relative risk ratios (RRR) assessed associations with a 95 % confidence interval (CI). 

Results: Three distinct linear frailty trajectories were identified: high CFI (indicating higher frailty), low CFI, and 

progressively increasing CFI. Compared with the low CFI group, females were more likely to be in the high CFI and 

progressively increasing CFI groups (RRR 1.66, 95 %CI 1.46, 1.90; RRR 1.32, 95 %CI 1.15, 1.53, respectively). 

Education beyond high school and elevated income were protective against high CFI and progressively increasing 

CFI groups. Individuals that self-identified as Hispanic had an elevated RRR for the high CFI group (RRR 1.17, 

95 %CI 1.04, 1.31). Occupation on 9/11, such as construction and maintenance and repair, as well as high/very 

high WTC exposure were significantly associated with both the high CFI and progressively increasing CFI groups. 

Conclusions: Several sociodemographic and WTC variables were associated with more hazardous frailty trajecto- 

ries in WTC general responders. This work is beneficial to informing and directing future interventions for those 

at higher-risk for more hazardous frailty progression. 
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. Introduction 

After the events of September 11, 2001 and subsequent clean-up

nd recovery efforts of the fallen World Trade Center (WTC) towers

nd other sites, researchers have endeavored to understand the last-

ng effects of the significant environmental exposures and physiologi-

al trauma to those who participated in these efforts as general respon-

ers. Aerodigestive diseases along with mental health conditions, such

s post-traumatic stress disorder, have subsequently been found to be

ommon in this WTC general responder population [ 1 ]. Newer research
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as highlighted a concern for a higher risk of cognitive impairment

 2 , 3 ]. Along with this elevated burden of disease, general responders

ho are a part of the WTC Health Program (WTCHP) are aging (median

ge of 60 in 2023) and are at an increased risk for a host of aging-

elated conditions [ 4 ]. Thus, there is a growing need to understand how

ging-related diseases influence the health of the general responder pop-

lation, as well as to understand the potential role of WTC exposures in

ugmenting these aging-related conditions. Our research group has be-

un to address this need by evaluating frailty, a syndrome commonly

een in the older population, in WTC general responders. 
ience, Icahn School of Medicine at Mount Sinai, 1 Gustave L. Levy Place, New 
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Frailty is characterized by the accumulation of deficits associated

ith dysregulation in multiple physiological systems. This multisystem

ysregulation makes it difficult to return to a homeostatic state after

tress or an insult and increases one’s vulnerability to poor health out-

omes [ 5–7 ]. Thus, frailty is associated with adverse events including

alls, hospitalizations, and even death [ 6 ]. One frailty measurement pre-

iously utilized by our group in the WTC General Responder Cohort

WTCGRC) is the Frailty Index [ 8 ]. The Frailty Index model is a well-

alidated approach to measure frailty and is an assessment of one’s ac-

umulated functional and health deficits, presented as a ratio to the

otal potential deficits, with a higher proportion of deficits indicating

 higher frailty [ 8–10 ]. While the specific deficits and sample popula-

ions can vary, a recent meta-analysis showed that the Frailty Index was

ignificantly associated with mortality [ 10 ]. We recently developed a

TC Clinical Frailty Index (CFI) using routinely collected clinical data

rom general responders 40 years of age and older who had at least

ne WTCHP follow-up surveillance or monitoring visit between 2012

nd 2017. Variables from the physical examination and health-related

uestionnaires were systematically evaluated for inclusion into the final

odel [ 11 ]. The final WTC CFI was 30 items and included deficits such

s diabetes, fair/poor self-rated health, difficulty climbing several flights

f stairs, and abnormal heart examination [ 8 ]. Frailty in WTC general

esponders as determined by the WTC CFI was found to be associated

ith a higher WTC exposure severity as well as all-cause mortality [ 8 ].

Frailty is increasingly being recognized as a dynamic syndrome.

railty can change over time with varying rates of change [ 12 ]. The

enefits of characterizing frailty over time include identifying individ-

als who may be on a poor trajectory (that is those with accelerated

rogression of frailty severity with age), as well as understanding the

isk factors associated with distinct patterns of trajectories [ 13 ]. Previ-

us investigations have worked to identify particularly hazardous frailty

rajectories in the geriatric population, including those associated with

igher mortality [ 14–16 ]. One population-based cohort study addition-

lly found steep frailty trajectories to be associated with increased vis-

ts to the emergency room and hospital [ 17 ]. Although the methodolo-

ies vary, risk factors for these types of poor frailty trajectories include

emale sex, lower educational achievement, obesity, and living alone

 13 , 15 , 18 ]. Given the high burden of disease in the aging WTC general

esponders, it is important to understand if there are WTC-specific fac-

ors such as the WTC exposure severity or job performed in the clean-up

nd recovery efforts at the WTC site, as well as general responder so-

iodemographic characteristics that may alter frailty trajectory in this

opulation. This knowledge may enable further evaluation of interven-

ions with the goal of mitigating poor trajectories [ 19 , 20 ]. Thus, the

im of this study was to use the previously developed WTC CFI to deter-

ine frailty trajectories in WTC general responders and evaluate factors

ssociated with these trajectories. 

. Methods 

.1. Study sample and WTC CFI 

The WTCGRC has been previously described [ 8 , 21 ]. Briefly, general

esponders are those who participated in the rescue and recovery ac-

ivities at the WTC site after the events of September 11, 2001. Gen-

ral responders who enrolled in the WTCHP are followed for yearly

ealth surveillance or monitoring visits [ 21 ]. During these monitor-

ng visits with a healthcare professional, a physical examination along

ith a survey with demographic and health-related questions, named

he Interviewer-Administered Medical Questionnaire (IAMQ), are com-

leted. Additional information routinely ascertained includes a Self-

dministered Mental Health Questionnaire (SAMHQ), which is collected

tarting from the second monitoring visit. 

We utilized the previously developed WTC CFI to evaluate frailty

rajectories in WTC general responders (Supplemental Table 1) [ 8 ]. The

TC CFI is derived from 30 items that are taken from clinical data rou-
2

inely obtained during yearly monitoring visits. A WTC CFI score of 0.25

r higher indicated frailty. The current study calculated the WTC CFI

rom longitudinal data collected during WTCHP monitoring visits that

ook place between 2004 and 2021. Additional covariates evaluated in

ur frailty trajectory models included education, race/ethnicity, income,

TC exposure severity, and occupation on 9/11. Occupation on 9/11

as categorized as protective services (protective service and military

pecific occupations), construction, maintenance and repair (building,

rounds cleaning, and maintenance; and electrical, telecommunications,

nd other installation and repair occupations), and other [ 22 ]. WTC ex-

osure severity was a previously defined composite variable based on

uestions from a survey performed at the WTCHP initial visit [ 21 , 23 ].

t compiles questions related to a general responder’s time spent at the

TC site, their exposure to dust/debris, and their participation in the

leanup efforts and categorizes them into levels based on severity of

xposure (low, medium, high, and very high) [ 23 , 24 ]. 

All data used in this study were collected from WTCHP general re-

ponders who previously consented to have their WTC monitoring data

sed for research. The Institutional Review Board (IRB) of Icahn School

f Medicine at Mount Sinai approved this current study. 

.2. Statistical analyses 

We used a latent class mixed model to construct frailty trajectory

roups using WTC monitoring data from WTCHP general responders

rom 2004 to 2021. WTCHP general responders with at least one mon-

toring visit were included. Visits were excluded if they were missing

ore than 3 WTC CFI measures. There were no exclusion criteria based

n age. To create the model, we estimated the WTC CFI for each included

ndividual general responder at each yearly monitoring visit using an av-

rage score of the 30 items after an appropriate binary categorization

as applied (Supplemental Table 1) [ 8 ]. Then, we modeled individual

railty trajectories using these estimated WTC CFIs at all follow-up mon-

toring visits and grouped subsets of the WTC general responders into

roup frailty trajectories based on similarities of the individual trajec-

ories [ 25 ]. We evaluated different numbers of frailty trajectory groups

nd selected the appropriate number (three) based on parsimony as well

s both the Akaike (AIC) and Bayesian (BIC) Information Criteria, widely

tilized methods for model selection (Supplemental Figure 1) [ 26 ]. To

ccommodate repeated estimated WTC CFIs for multiple monitoring fol-

ow up visits, the latent class mixed model included a random intercept

nd random slope per individual. To decide group selection, the model

eported each individual general responders’ probability of belonging

o each trajectory group. The highest individual probability was used to

lassify general responders into the appropriate frailty trajectory group.

ased on the shape of the identified frailty trajectories, we named the

lasses as low CFI (LCFI), high CFI (HCFI), and progressively increasing

FI (PICFI). Using linear terms and cubic splines, we also assessed the

t of linear and non-linear time trends for the group frailty trajectories

espectively. The AIC and BIC were used to select the number of classes

nd the overall fit of the model (Supplemental Table 2 and Supplemen-

al Figure 2). Based on these values and the overall fit, a linear model

as chosen. 

The outcome of interest was WTC CFI trajectory group (LCFI, HCFI,

r PICFI). The independent variables included sociodemographic (age

t 9/11, sex, highest education level, race/ethnicity, and income) and

TC-specific variables (occupation on 9/11, WTC exposure severity,

nd time since 9/11). 

We also used a multinomial regression model to examine asso-

iations between WTC CFI trajectory membership, treated as a cat-

gorical variable, and sociodemographic variables (sex, education,

ace/ethnicity, income) and WTC-specific variables (WTC exposure

everity and occupation on 9/11). The following are the reference

roups utilized for each variable: sex (reference male), education (refer-

nce high school or less), race/ethnicity (reference non-Hispanic white),

ncome (reference less than $30,000), WTC exposure severity (reference
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Fig. 1. Frailty Trajectories for World Trade Center General Responders 

based on World Trade Center Clinical Frailty Index. HCFI: High Clinical 

Frailty Index Group (slope of 0.00153 CFI unit/year), PICFI: Progressively In- 

creasing Clinical Frailty Index Group (0.00309 CFI unit/year), and LCFI: Low 

Clinical Frailty Index Group (0.00063 CFI unit/year). 

(  

g  
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a  

i  

l  
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w  

a  
ow), and occupation on 9/11 (reference protective services). Each re-

ression model was adjusted for other covariate sociodemographic and

TC-specific variables. A supplemental analysis evaluated the WTC CFI

rajectories and their association adjusting for age at 9/11. In all mod-

ls, the LCFI trajectory served as the reference group, and coefficients

ere interpreted as the change in the relative risk ratio (RRR) among

TC general responders assigned to a given trajectory versus the LCFI

rajectory. A 95 % confidence interval (CI) was utilized. All analyses

ere conducted using R (version 4.0.2) with the latent class mix models

lcmm) R package utilized for modelling [ 25 , 27 ]. 

. Results 

This analysis included 16,571 WTC general responders with a to-

al of 66,293 observations (that were unique WTCHP monitoring visits)

etween October 2004 and January 2021. General responders were in-

luded if they had one or more monitoring visits during this time frame.

escriptive characteristics are also provided for general responders with

ne visit versus multiple visits (Supplemental Table 3). The characteris-

ics between these two groups were largely similar. 

All individuals were subsetted into three linear WTC CFI trajectories

 Fig. 1 ), as suggested by the parsimony criterion, AIC and BIC (Supple-

ental Figure 1). To support our decision to utilize the linear time WTC

FI trajectories, performance metrics were evaluated with the linear

odel found to perform better (Supplemental Table 2 and Supplemental

igure 2). The HCFI group demonstrated an elevated CFI at a younger

ge with a slope of 0.00153 CFI unit/year. The LCFI group showed a low

FI at an early age with a slight increase in CFI over time (0.00063 CFI

nit/year). The slope was the steepest (0.00309 CFI unit/year) in the

ICFI group that had a modest CFI at a younger age with a progressive

ncrease with age. 

Table 1 presents sociodemographic and WTC-specific variables in

ach WTC CFI trajectory. More individuals completed schooling be-

ond high school in the LCFI group compared to the other two groups
Table 1 

Cohort Characteristics at Time of Entrance to the World Trade 

Variable (N) 

Low WTC CFI 

Trajectory (347,431) 

H

Tr

Age (years) at 9/11, mean (SD) 38 (8) 40

Sex, % 

Female 12 20

Male 88 80

Education, % 

High School or Less 21 41

More than High School 79 59

Race/Ethnicity, % 

Non-Hispanic Black 14 13

Hispanic 22 32

Non-Hispanic Other 2.8 2.

Non-Hispanic White 62 53

Income Category, % 

Less than $30,000 4.8 22

$30,000–60,000 27 32

$60,000–80,000 30 23

More than $80,000 38 22

Frailty Index, median (Q1, Q3) 0.03 (0, 0.07) 0.

Occupation on 9/11, % 

Construction 14 35

Protective Services 63 30

Other 15 23

Maintenance and Repair 8.1 12

Severity of WTC Exposure, % 

High/Very High 23 21

Intermediate 63 67

Low 15 12

Time Since 9/11, mean (SD) 13.5 (3.9) 13

CFI: Clinical Frailty Index, WTC: World Trade Center, Q: quarti

3

79 % compared with 71 % in the PICFI group and 59 % in the HCFI

roup). While the majority of WTC general responders in each group

elf-identified as non-Hispanic white, 32 % of those that self-identified

s Hispanic had a HCFI compared with 22 % in the LCFI and 25 %

n the PICFI groups. In the HCFI group, more individuals had incomes

ess than $30,000 (22 % versus 4.8 % in the LCFI group and 10 % in

he PICFI group). Interestingly, the percentage of individuals increased

ith increasing income level in the LCFI group. Occupation on 9/11

lso varied between WTC CFI trajectory groups. Sixty-three percent of
Center Health Program. 

igh WTC CFI 

ajectory (27,559) 

Progressively Increasing WTC 

CFI Trajectory (19,920) 

 (8) 40 (9) 

 16 

 84 

 29 

 71 

 14 

 25 

4 2.8 

 58 

 10 

 31 

 29 

 30 

37 (0.26, 0.47) 0.17 (0.10, 0.23) 

 22 

 46 

 21 

 11 

 22 

 64 

 14 

.2 (3.8) 13.4 (3.8) 

le, SD: standard deviation. 
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Table 2 

Relative Risk Ratios Comparing the High WTC CFI Trajectory and Progressively Increasing WTC CFI Trajectory Classes with the Low WTC 

CFI Trajectory Class. 

High WTC CFI Trajectory Progressively Increasing WTC CFI Trajectory 

Relative Risk Ratio 95 % Confidence Interval Relative Risk Ratio 95 % Confidence Interval 

Sex 

Female Sex 1.66 1.46 1.90 1.32 1.15 1.53 

Male Sex Ref – – Ref – –

Education 

More than High School 0.66 0.59 0.73 0.80 0.72 0.90 

High School or Less Ref – – Ref – –

Income Category 

$30,000–60,000 0.43 0.36 0.51 0.69 0.57 0.85 

$60,000–80,000 0.37 0.31 0.44 0.70 0.57 0.86 

More than $80,000 0.31 0.26 0.37 0.59 0.48 0.73 

Less than $30,000 Ref – – Ref – –

Race/Ethnicity 

Non-Hispanic Black 1.01 0.88 1.17 0.96 0.83 1.12 

Hispanic 1.17 1.04 1.31 1.11 0.98 1.25 

Non-Hispanic Other 0.91 0.69 1.20 0.98 0.74 1.31 

Non-Hispanic White Ref – – Ref – –

Pre-9/11 Occupation on 9/11 

Construction 4.17 3.67 4.74 2.12 1.84 2.45 

Other 2.45 2.16 2.77 1.84 1.61 2.10 

Maintenance and Repair 2.64 2.25 3.10 1.86 1.56 2.21 

Protective Services Ref – – Ref – –

Severity of WTC Exposure 

High/Very High 1.82 1.55 2.13 1.20 1.03 1.41 

Intermediate 1.41 1.23 1.62 1.05 0.91 1.20 

Low Ref – – Ref – –

WTC: World Trade Center, CFI: Clinical Frailty Index. 

W  

s  

g  

H  

g  

s

 

g  

C  

m  

9  

H  

b  

0  

h  

R  

c  

f  

W  

P  

0

 

t  

t  

g  

p  

c  

h  

s  

g  

g

 

t  

W  

t  

9

4

 

l  

r  

n  

t  

t  

t  

C  

o  

a  

r  

a  

t  

a  

l  

t  

g  

t  

i

 

t  

c  

g  

h  

t  

i  

p  

f  

c  

t  

t  

[  

b  

p  
TC general responders in the LCFI group had a job title of “protective

ervices ” which was higher than the HCFI (30 %) or the PICFI (46 %)

roups. The “construction ” job title was seen more frequently in the

CFI group (35 %) compared with the LCFI group (14 %) and the PICFI

roup (22 %). The severity of WTC exposure and time since 9/11 were

imilar between WTC CFI classes. 

A multinomial regression model was utilized to examine sociodemo-

raphic and WTC-specific variables and their association between WTC

FI trajectory classes ( Table 2 ). Compared with the LCFI group, being fe-

ale was associated with an elevated RRR in both the HCFI (RRR 1.66,

5 %CI 1.46, 1.90) and PICFI (RRR 1.32, 95 %CI 1.15, 1.53) groups.

aving an educational level greater than high school was protective in

oth HCFI and PICFI groups versus the LCFI group (RRR 0.66, 95 %CI

.59, 0.73 and RRR 0.80, 95 %CI 0.72, 0.90, respectively). Additionally,

aving an income level over $30,000 were associated with a lowered

RR for both the HCFI and PICFI groups. Those identifying as Hispanic

ompared to Non-Hispanic White general responders had a higher RRR

or the HCFI compared to the LCFI group (RRR 1.17, 95 %CI 1.04, 1.31).

hile a higher RRR was also seen for those identified as Hispanic in the

ICFI group, statistical significance was not reached (RRR 1.11, 95 %CI

.98, 1.25). 

Interestingly, having a “construction ” job compared with a “protec-

ive services ” job had 4 times (RRR 4.17, 95 %CI 3.67, 4.74) and 2

imes (RRR 2.12, 95 %CI 1.84, 2.45) higher risks for the HCFI and PICFI

roups, respectively. The other jobs, “other ” and “maintenance and re-

air, ” also had significantly elevated RRRs for both the HCFI and PICFI

lasses compared with the LCFI class. Finally, individuals who had a

igh/very high WTC exposure severity compared with a low WTC expo-

ure level had a RRR of 1.82 (95 %CI 1.55, 2.13) for being in the HCFI

roup and a RRR of 1.20 (95 %CI 1.03, 1.41) for being in the PICFI

roup when compared with the LCFI group. 

A secondary multinomial regression model was completed that addi-

ionally adjusted for age at 9/11. The associations are largely the same.

hen age was included in the model, the association between the PICFI

rajectory and self-identifying as Hispanic was strengthened (RRR 1.16,

5 %CI 1.03, 1.32; Supplemental Table 4). 
4

. Discussion 

Our study showed three distinct frailty trajectories in the WTCGRC:

ow, high, and progressively increasing suggesting that the WTC CFI is a

obust marker of aging that captured the multidimensional and dynamic

ature of frailty over time and is a suitable measure to investigate frailty

rajectories. The HCFI and PICFI classes may suggest more hazardous

rajectories in that the slopes of these classes were steeper than that of

he LCFI class. Moreover, the HCFI class demonstrated an elevated WTC

FI exceeding the theoretical cutoff of frailty (that is an FI estimate

f 0.25) even at a relatively young age [ 8 ]. While the PICFI class had

 modest CFI at a younger age approaching that of the LCFI class, a

apidly progressive increase in the frailty trajectory was observed with

ge. The risk factors for these two hazardous trajectories were largely

he same and included female sex, lower levels of education and income,

 construction-type occupation on 9/11, and an elevated WTC exposure

evel. Interestingly, self-identifying as Hispanic was also associated with

he HCFI group. This study provides important insight into possible sub-

roups of the WTCGRC that may be at higher risk of rapid progression

owards worsening frailty and thus candidates for early healthy aging

nterventions. 

In our cohort, we found that women were more likely to belong to

he more hazardous WTC CFI trajectories. Previous studies that have

lustered frailty trajectories and evaluated group association had hetero-

eneous findings in the association between the female sex and a more

azardous or “worse ” frailty trajectory [ 18 , 28 , 29 ]. This frailty trajec-

ory analysis expands upon our previous work developing the WTC CFI

n this population which showed a higher risk for frailty in women com-

ared with men (incidence rate ratio of 1.33), and it echoes findings

rom a 2017 meta-analysis that examined sex differences in frailty in

ommunity-dwelling adults over the age of 65 years [ 8 , 30 ]. The idea of

he “male-female health survival paradox, ” in which women are found

o live longer even with increased frailty has been previously proposed

 30 , 31 ]. While it is not fully known why this occurs, the higher num-

er of non-life threatening chronic conditions that women develop com-

ared to men may be contributory [ 32 ]. An example illustrative of this
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dea in the WTCGRC is a 2016 study that found an increased risk of

sthma and gastroesophageal reflux in women [ 33 ]. Thus, further work

s needed to understand how this paradox, particularly regarding the

ssociation between a more hazardous trajectory and mortality, may

ifferentially affect female and male WTC general responders. 

Another important finding from this current study is the increased

isk of a high WTC CFI trajectory in general responders who identified

s Hispanic compared with non-Hispanic White individuals. Few studies

ave extensively evaluated the association between race/ethnicity and

railty. In these studies, the Hispanic population has a variable associ-

tion with frailty; however, there is heterogeneity in the study popu-

ations [ 34–37 ]. For example, in a recent study using the Multiethnic

ohort, Latino women (odds ratio 1.44, 95 % CI 1.31–1.59) but not

atino men (odds ratio 1.03, 95 % CI 0.90–1.29) had increased odds of

railty after adjusting for age, educational status, marital status, and so-

ial economic factors [ 34 ]. Whereas another study from 2021 that used

ata from the National Health and Aging Trends Study found increased

dds of frailty in the Hispanic population after adjusting for age, sex,

ncome, and geographical region of the country [ 35 ]. Our finding adds

o this literature by indicating that self-identifying as Hispanic may se-

ectively influence frailty trajectory particularly in WTC general respon-

ers who have higher CFI estimates at an earlier age (i.e., those in the

CFI class). However, the lack of a statistically significant association

etween self-identifying as Hispanic and the PICFI trajectory when not

djusting for age at 9/11 suggests that the risk conferred may be dif-

erent depending on the type of frailty trajectory. This is valuable be-

ause it highlights the complex interplay between identified factors in

his study as well as likely other factors, including culture and social

upport [ 13 ]. 

Our study also evaluated other risk factors including educational sta-

us, occupation on 9/11, and WTC exposure. For educational status, we

ound higher education attainment to be protective against hazardous

railty trajectories (HCFI and PICFI) in the WTC general responders. This

nding is consistent with a recent systematic review which showed a

enefit of education on the rate of change towards worsening frailty

 13 ]. Uniquely, our study found that certain types of occupation on 9/11

ncreased risk for both HCFI and PICFI trajectories. Although, there is

imited literature evaluating the role of occupation on frailty trajecto-

ies, one study observed an association between occupational class and

railty trajectory and hypothesized that physical and physiological haz-

rds of one’s occupation can have a long-term impact [ 38–40 ]. Our data

upport this theory given the events of the 9/11 attack and the subse-

uent clean-up and recovery occurred over 20 years prior, and yet we

re still seeing variations in frailty trajectory associated with occupation

erformed by WTC general responders. Other studies have shown dif-

erences in frailty trajectories in late-life based on employment history

 41 , 42 ]. Manual labor-type jobs have been associated with frailty; this

s similarly observed in our study of WTC general responders who had a

onstruction occupation on 9/11 [ 43 , 44 ]. However, it should be noted

hat little is known regarding the WTCGRC and their occupations after

he completion of clean-up and recovery efforts at WTC. While certain

ccupations on 9/11 appear to confer a greater risk to hazardous frailty

rajectory, further research is needed to better understand how the re-

ponders’ more recent work histories may have affected frailty. Finally,

ur study found a link between the severity of WTC exposure, particu-

arly high/very high levels, and hazardous frailty trajectories. Our previ-

us study also found an association between point estimates of WTC CFI

nd WTC exposure severity, with a higher risk associated with high/very

igh exposure level compared to intermediate exposure level [ 8 ]. While

he WTC exposure was unique and unlike the composition of common

nvironmental pollutants, several studies have highlighted the possible

mpact of the environment on frailty. In a 2019 survey of Chinese adults

ged 65 or older, PM2.5 as well as long-term air pollution were found

o be associated with frailty [ 45 ]. Others have shown a similar associ-

tion between frailty and air pollution and phthalates [ 46–48 ]. Taken

ogether, it could be hypothesized that the high-degree of environmental
5

oxicant exposure at the WTC site may be contributory to the accelera-

ion towards worsening frailty in WTC general responders. 

Various strategies have been employed to evaluate frailty trajectories

ncluding linear mixed models, random effect models, and generalized

stimating equations [ 13 ]. For this study, we utilized mixture models

ue to: (1) the ability to handle large datasets, as we have with the

TCGRC, (2) the robustness and stability in providing parameter esti-

ates with post-fit accuracy measures, and (3) the flexibility in evalu-

ting both linear and non-linear trajectories. Stow et al. also used latent

rowth mixture modeling in a group of adults aged 75 years and older

nd found three distinct frailty trajectories with a rapidly rising trajec-

ory most associated with mortality [ 14 ]. This modelling strategy has the

enefit of accommodating challenges such as missing data or repeated

ariables, and it may be useful for outcome prediction and intervention

lanning [ 49 , 50 ]. 

Our study has several limitations that should be noted. First, this is

 retrospective analysis, and thus other factors that may play a role in

railty development were not readily available for consideration. How-

ver, future research on frailty trajectories in the general responder

opulation could expound upon the risk factors identified in this study

o evaluate additional and related candidate social, occupational, and

ealth factors, as described in the literature [ 13 ]. Importantly, it would

lso be beneficial for future work to evaluate the interactions between

hese risk factors. While the WTC CFI in general responders prior to

004 is unknown, it is likely that the HCFI group had an elevated frailty

ndex prior to 9/11. Thus, the associations seen in specific sociodemo-

raphic (sex, education, income) and WTC (occupation on 9/11, WTC

xposure severity) covariates in this group compared to the LCFI group

ay be more difficult to interpret. As such, the impact and causal in-

uence of 9/11 environmental exposures on the frailty trajectory in the

CFI group are not fully identified. However, the association of 9/11

nvironmental exposures with the PICFI group compared to the LCFI

roup, both of which had similar WTC CFIs in 2004, lends support to

his association. Second, individuals were included in the analysis only

f they had sufficient data to calculate WTC CFI estimates, and thus this

ay have created some bias in our analyzable cohort. Moreover, while

here are a number of validated and operationalized frailty definitions,

here is currently no consensus definition. As such, different frailty mea-

ures have been used to study frailty trajectories in the literature [ 51 ].

ur findings were derived using a deficit accumulation FI model; how-

ver, it is not known whether the results may differ if a physical frailty

ased definition is applied. Furthermore, future studies that include a

ost-prediction inference to the WTC CFI may account for analytic vari-

bility of latent class mix models and contribute to improved charac-

erization of WTC general responders who experience frailty. Finally,

he WTCGRC as well as the WTC exposures that they encountered are

nique, and thus the generalizability of our findings may be limited. 

. Conclusion 

We identified several risk factors that are associated with a more

azardous frailty trajectory in general responders who participated in

he clean-up and recovery efforts at the WTC site after the attack on

eptember 11. These risk factors include being female, self-identifying

s Hispanic, higher WTC exposure, and doing construction work at the

TC site. The identification of these factors may be used clinically to

evelop and implement early healthy aging interventions focused on

hese high-risk groups. 
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