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Posttraumatic stress disorder (PTSD) has been linked to increased prevalence and incidence of cognitive and physical impairment. When
comorbid, these conditions may be associated with poor long-term outcomes. We examined associations between chronic PTSD and symp-
tom domains with cognitive and physical functioning in World Trade Center (WTC) responders nearly 20 years after the September 11,
2001, terrorist attacks. Participants included a cross-sectional sample of 4,815 responders who attended a monitoring program in 2015–
2018. Montreal Cognitive Assessment scores less than 23 indicated cognitive impairment (CogI); Short Physical Performance Battery
scores 9 or lower on a hand-grip test indicated physical impairment (PhysI). Comorbid cognitive/physical impairment (Cog/PhysI) was
defined as having cognitive impairment with at least one objective PhysI indicator. Clinical chart review provided PTSD diagnoses; symp-
tom domains were assessed using the PTSD Checklist. Participants were on average 53.05 years (SD = 8.01); 13.44% had PTSD, 7.8%
had CogI, 24.8% had PhysI, and 5.92% had comorbid Cog/PhysI. Multivariable-adjusted multinomial logistic regression demonstrated
that Responders with PTSD have more than three times the risk of Cog/PhysI (adjusted RR = 3.29, 95% CI 2.44- 4.44). Domain-specific
analyses revealed that emotional numbing symptoms predicted an increased risk of PhysI (adjusted RR= 1.57, 95% CI 1.08-2.28), whereas
reexperiencing symptoms were associated with comorbid Cog/PhysI (adjusted RR = 3.96, 95% CI, 2.33-6.74). These results suggest that
responders with chronic PTSD may have increased risk of deficits beyond age-expected impairment characterized by the emergence of
comorbid Cog/PhysI at midlife.

Nearly two decades after the September 11, 2001, terrorist
attacks on the World Trade Center (WTC) in New York City
(9/11), first responders and nontraditional rescue and recov-
ery workers and volunteers, hereafter referred to as “WTC re-
sponders” or “responders,” continue to bear a high burden of
persistent WTC-related psychiatric symptoms, including post-
traumatic stress disorder (PTSD). In the aftermath of the at-
tacks,WTC responders experienced severe psychological stres-
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sors while engaged in rescue and recovery operations, including
witnessing people jumping from the burning towers and dig-
ging through the rubble for survivors and victims’ belongings
(Dasaro et al., 2017). Many responders endured long hours on-
site, inhaling burning jet fuel, chemicals, and pulverized dust
from the collapsed towers (Stellman et al., 2008). Responders
are currently in their mid-fifties on average, and many are now
experiencing cognitive dysfunction common in neurodegener-
ative conditions (Clouston, Diminich, et al., 2019).
Previous research has estimated that as many as one-fifth of

WTC responders met the screening criteria for PTSD in the af-
termath of exposure and nearly half developed WTC-related
chronic stress symptoms, which persisted for years (Bromet
et al., 2016). Posttraumatic stress disorder is heterogeneous
in presentation and comprises distinct symptom clusters, in-
cluding those related to avoidance, hyperarousal, and reexpe-
riencing of trauma-related reminders, thoughts, and feelings
(American Psychiatric Association [APA], 2013). Recent stud-
ies have further highlighted the complexity of the disorder and
challenges in its treatment, demonstrating regional differences
in the brain (Fenster et al., 2018), advanced epigenetic aging
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(Miller et al., 2018), and increased functional impairment (Shea
et al., 2010) associated with distinct symptom clusters.
Individuals with PTSD commonly experience a number of

comorbid and debilitating medical conditions and psychiatric
disorders, including cardiovascular disease (Beristianos et al.,
2016) and major depressive disorder (Flory & Yehuda, 2015).
Further, PTSD has been associated with increased impairment
across a number of domains, including cognition and physical
mobility, which drastically interfere with quality of life (Schurr
et al., 2006). Collectively, research conducted predominantly
in samples of older adults and veteran populations has indi-
cated that PTSD is independently associated with cognitive
deficits (Schuitevoerder et al., 2013) and a higher incidence
of self-reported physical disabilities (Lippa et al., 2015;
Samuelson et al., 2017; Wrocklage et al., 2016). However,
studies to date have not examined the associations between
chronic posttraumatic stress and both cognitive functioning
and objective assessments of physical mobility in adults during
midlife, when functioning should be relatively intact. The av-
erage age of responders during the WTC search, recovery, and
rehabilitation operations was 39 years. Developing a nuanced
understanding of the impact that WTC-related PTSD has on
long-term cognitive and physical health is critical to inform
treatment, reduce the burden of disease, and enhance quality
of life in aging responders.
Current neurobiological models of PTSD indicate that

hypothalamic–pituitary–adrenal (HPA) axis hyperactivity and
persistent stress symptoms result in a gradual degradation of the
brain and body (de Quervain et al., 2017; Stuller et al., 2012).
Increasingly, PTSD has been linked to inflammation (Miller
et al., 2018) as well as cardiovascular, metabolic, and systemic
changes, which, in turn, may accelerate aging processes and
result in premature aging-related conditions, such as dementia
(Flatt et al., 2018) and frailty. In line with the results of neu-
roimaging (Greenberg et al., 2014) and epidemiological studies
(Dohrenwend et al., 2006; Marmar et al., 2015) of older vet-
erans and combat-exposed individuals that have demonstrated
that chronic stress is related to poor cognitive performance
and functional impairment, accumulating evidence from our re-
search group indicates that WTC responders, who have an av-
erage age of 53 years at present, are experiencing a higher in-
cidence of disease and disability compared to older, unexposed
adults from the general population (Clouston et al., 2019) which
may reflect early senescence. For example, telomere length, a
marker of cellular aging associated with the severity of post-
traumatic stress symptoms (Shalev et al., 2014) and early mor-
tality in older adults (Epel et al., 2009) was found to be lon-
gitudinally associated with declines in pulmonary functioning
(Clouston, Edelman, et al., 2019). Responders with PTSD have
been shown to exhibit poorer performance on cognitive assess-
ments (Clouston et al., 2016) and increased deficiencies in mo-
tor tasks indicative of aging-related processes, such as chair rise
and grip strength (Clouston, Guralnik et al., 2017; Mukherjee
et al., 2019), than those without PTSD.
Emerging work across animal models and human neu-

roimaging studies that examines the mechanisms between

PTSD and cognitive and physical impairments demonstrates
that unremitting psychological stress contributes to structural
and functional brain changes via inflammatory and cellular pro-
cesses (Shalev et al., 2014) as well as reduced peripheral β-
amyloid distribution (Clouston, Deri, et al., 2019) and increased
β-amyloid deposition and hyperphosphorylated tau burden in
the brain in animal models (Baglietto-Vargas et al., 2015; Devi
et al., 2010; Rissman et al., 2007; Rothman et al., 2012) and in
vivo studies in humans (Mohamed et al., 2018, 2019; Morgese
et al., 2017). Increased deposition of β-amyloid and protein-tau
are well-established pathological features of Alzheimer’s dis-
ease (Jack et al., 2018). Thus, PTSD has increasingly been ex-
amined as a risk factor for dementia (Qureshi et al., 2010; Yaffe
et al., 2010).
Although researchers have long recognized that cognitive

and physical impairments frequently co-occur, these associa-
tions have primarily been studied in older populations (Boyle
et al., 2009, 2010) that have utilized self-reported assessments
of physical functioning. The risks of both physical and cogni-
tive disabilities tend to increase with age (Nahhas et al., 2010;
Singh-Manoux et al., 2012) and their co-occurrence is generally
indicative of poorer health outcomes (Yu et al., 2019). However,
little is known about how deficits might be exacerbated when
examined in concert with posttraumatic stress symptoms.
One interpretation of the association between PTSD and ear-

lier onset of both cognitive and physical impairments (Cog-
PhysI) among WTC responders may be that chronic posttrau-
matic stress exacerbates the normal aging process, resulting in
an age-related disease characterized by independent increases
in the risk of both cognitive impairment (CogI) and physical
impairment (PhysI). Conversely, if PTSD causes a condition
characterized by comorbid Cog/PhysI, PTSD could be expected
to predict an increased risk of comorbid Cog/PhysI in particu-
lar. To address this question, we examined the associations be-
tween chronic PTSD and the risk of CogI, PhysI, and comor-
bid Cog/PhysI among a well-characterized cohort of highly ex-
posed WTC responders at midlife. First, we sought to identify
differences in functioning (i.e., unimpaired, CogI, PhysI, co-
morbid Cog/PhysI) between WTC responders across sociode-
mographic factors and motor tasks (i.e., walking speed, bal-
ance, chair-rise speed, hand-grip strength) associated with ag-
ing and cognition. We then examined the prevalence of limita-
tions across these domains among responders with comorbid
Cog/PhysI. Next, we explored how PTSD and symptom do-
mains (i.e., reexperiencing, avoidance, hyperarousal, and emo-
tional numbing) might be associated with different risks of (a)
PhysI without CogI, (b) CogI without PhysI, and (c) comorbid
Cog/PhysI.

Method

Participants and Procedure

The 9/11 attacks at the WTC in New York City exposed
over 100,000 individuals working at Ground Zero, the former
site of the WTC, to a range of environmental toxins, including
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the inhalation of dust, fumes, and airborne particulate matter.
In addition to hazardous working conditions, WTC responders
were engaged in a number of highly distressing and trauma-
tizing tasks, such as sifting through debris for human remains
and transporting bodies and victims’ belongings for identifica-
tion. Thousands of responders were on-site within minutes of
the attacks and most remained at the WTC site through June
2002, when clean-up efforts were complete. As a result, and
given the unknown long-term effects that WTC-related expo-
sures might have on responders and survivors, in 2002, the U.S.
Centers for Disease Control and Prevention (CDC) established
the WTC Health Program (WTC-HP), a federally funded pro-
gram involving eight clinics throughout New York, to provide
annual monitoring and treatment for WTC-related conditions.
The WTC-HP at Stony Brook University is an open-

enrollment program. Enrollees complete visits every 12–18
months. In 2014, the program at Stony Brook University in-
corporated cognitive screenings, followed in 2015 by assess-
ments including objective indicators of physical functioning to
monitor aging-related changes among enrollees. In total, 4,827
WTC responders completed both cognitive and physical func-
tional assessments. Due to small numbers, responders with a
history of stroke (n = 6) were excluded from these analyses,
and individuals who lacked information from other covariates
were also excluded (n = 6).
Participants in the current investigation represented 72.3% of

the responders who attendedmonitoring visits. The final sample
was composed of 4,815 responders, most of whom were male
(91.1%) and non-Hispanic White (71.4%). Over one-quarter of
the participants (26.2%) had a college degree. The mean par-
ticipant age was 51 years at the time of assessment. More than
half of the sample (55.5%) reported having spent more than 5
weeks on the debris pit/pile while on-site at theWTC, and most
individuals reported a low exposure severity while on-site at
the WTC. The institutional review board at Stony Brook Uni-
versity approved all procedures. All participants provided in-
formed consent.

Measures

Demographic Characteristics
Demographic characteristics were collected, including age in

years, sex (female vs. male); race/ethnicity, categorized as non-
Hispanic White, non-Hispanic Black, non-Hispanic other, and
Hispanic; educational attainment, categorized as high school or
less, some college, and university degree; and information on
diagnoses of diabetes, hypertension, and heart problems.

Cognitive Impairment
Cognitive impairment was measured using the Montreal

Cognitive Assessment (MoCA; Nasreddine et al., 2005), a brief
clinician-administered assessment. The MoCA, which was ad-
ministered by trained clinical research staff, is an objective and
sensitive measure of cognitive function, with high sensitivity
and specificity in detecting CogI and dementia (Freitas et al.,

2013; Ismail et al., 2010; Luis et al., 2009). The assessment
consists of a brief 30-point screening of eight cognitive domains
that can be completed in 10–15 min. A cutoff score of less than
23 was used to indicate CogI (Clouston, Diminich, et al., 2019).
Prior work has found a much higher sensitivity and specificity
(96% and 95%, respectively) when using a cutoff score of 23
compared to a score of 26 (Luis et al., 2009).

Physical Functioning
In 2015, trained clinical research staff administered four

brief, validated assessments of physical functioning and impair-
ment, three of which are components of the Short Physical Per-
formance Battery (SPPB; Guralnik et al., 1994). Assessments
were categorized using validated cut points to define PhysI,
namely (a) walking speed (< 0.8 m/s; Lauretani et al., 2003),
(b), chair-rise speed (>13 seconds; Whitney et al., 2005), and
(c) the inability to hold three balancing positions for aminimum
of 10 s. Performance assessments were scored according to the
standard scoring algorithm for the SPPB, with scores ranging
from 0 to 12. Scores of 12 indicate good functioning (Guralnik
et al., 2000), and scores of 9 or lower have good sensitivity and
specificity in relation to detecting frailty in older adults (da Câ-
mara et al., 2013) and were used to operationalize functional
impairment in the present study. We further assessed reduc-
tions in hand-grip strength (kg), a validated biomarker of ag-
ing (Sanderson & Scherbov, 2014), by measuring maximal grip
across two trials of grip strength in both hands using a Vernier
(Beaverton, OR) digital hand grip dynamometer. Maximal grip
strength across all trials was reported. Responders were catego-
rized as having low grip strength if their maximal grip strength
fell 1.5 standard deviations below the sex-specific mean grip
strength (i.e., 57.4 lb for men, 36.1 lb for women) reported in
this population (Mukherjee et al., 2019).

WTC-related Posttraumatic Stress
The 17-item PTSD Checklist–Civilian Version (PCL; Blan-

chard et al., 1996), administered at enrollment and each moni-
toring visit, was used to identifyWTC responders with probable
WTC-related PTSD. To reduce the potential for PTSD symp-
toms to be subject to reverse causation, PCL scores from the
assessment most proximal to the enrollment wave were used
in the present analyses. Each symptom is rated using a 5-point
scale ranging from 1 (not at all) to 5 (extremely). Items were
summed, with a total score range of 17 to 85. Scores of 44 or
higher were used to indicate WTC-related probable PTSD. The
PCL is a validated measure based on the PTSD criteria given
in the fourth edition of the Diagnostic and Statistical Manual
of Mental Disorders (DSM-IV) and is used to assess four un-
derlying symptom domains, including reexperiencing, avoid-
ance, emotional numbing, and hyperarousal symptoms (King
et al., 1998). The internal reliability of the PCL in this sample
was excellent (Cronbach’s α = .95), and the measure has been
shown to be very good at identifying clinically diagnosed PTSD
(area under the curve [AUC] = .86; Blanchard et al., 1996).
In the present sample, Cronbach’s alpha values for the PTSD
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symptom domains of reexperiencing, avoidance, emotional
numbing, and hyperarousal were .96, .94, .97, and .98, respec-
tively. For the present analyses, PCL scores from participants’
first monitoring visit, which occurred an average of 9.09 years
before the cognitive and physical assessments, were utilized.

World Trade Center Exposures
Prior work has identified increased risks of pulmonary con-

ditions (Wisnivesky et al., 2011) and cancer (Li et al., 2012)
in relation to known exposures to the WTC site dust cloud, as
measured using a validated self-report measure of exposure his-
tory (Liu et al., 2014). To determine the pulmonary and carcino-
genic exposure severity for participants in the present study, we
replicated the continuous exposure severity metric identified
by Li et al. (2012). Because much of this metric is weighted
toward dust cloud exposures but exposures that affect neuro-
logical functioning are likely to differ in size and specifica-
tion as compared to pulmonary exposures, we additionally ac-
counted for the length of time spent working on the pit/pile to
create a proxy for exposure to fine particulate matter that was
most intense in the weeks and months after the first post-9/11
rainfall (Lioy & Georgopoulos, 2006). Because PTSD may be
more likely to result when individuals are injured, we identified
whether responders reported, at enrollment, any physical injury
at the WTC site that was severe enough to require medical at-
tention. Finally, we examinedwhether individuals reported hav-
ing any head injuries at the WTC site, using data from multiple
sources, including a structured survey, detailed medical history,
and clinical records that identified diagnoses of head trauma.

Data Analysis

Percentages ormean values and standard deviationswere cal-
culated to describe the sample. The prevalence estimates for
CogI were calculated by age group for descriptive purposes;
95% confidence intervals were also calculated. Next, we ex-
amined the prevalence of reduced functioning across motor
tasks (i.e., walking, balance, chair-rise, hand-grip strength) that
might be uniquely associated with the severity of co-occurring
Cog/PhysI. Because the outcome is nominal in nature, multi-
nomial logistic regression (Long & Freese, 2006) was used
to identify associations with and predictors of PTSD with
and (a) PhysI without CogI, (b) CogI without PhysI, and (c)
co-occurring Cog/PhysI. Multivariable-adjusted relative risks
(aRR) are reported alongside 95% confidence intervals and
accompanying p values. McFadden’s adjusted pseudo-R2 was
used to indicate model fit. To determine the extent to which co-
morbid Cog/PhysI was associated with PTSD diagnostic status
versus symptom domains, we ran two demographic-adjusted
models examining (a) PTSD diagnosis and (b) PTSD symp-
tom clusters are reported. All model assumptions were tested:
No multicollinearity was identified, Cook’s distance identified
no influential data, and logistic linearity was supported. Previ-
ous work has shown that well-established risk factors for neu-
rodegenerative disorders, including cardiovascular disease, di-

abetes, and educational attainment, did not explain the asso-
ciations between PTSD and PhysI (Clouston, Guralnik, et al.,
2017) or CogI (Clouston et al., 2016). Because these are well-
established correlates, we included these factors in the fully ad-
justed models. The analyses were completed using Stata (Ver-
sion 15).

Results

Demographic information can be found in Table 1. Of the
4,815 responders included in the present study, 655 (13.60%,
95% CI [12.65%, 14.60%]) had CogI and 1,480 (30.73%, 95%
CI [29.44%, 32.06%]) had PhysI. The average participant age
was 53.05 years (SD = 8.01), and 13.44%, 95% CI [12.49,
14.44] of the sample had PTSD. Table 1 shows the sample char-
acteristics stratified into responders with CogI only (n = 375),
PhysI only (n = 1,200), comorbid Cog/PhysI (n = 280), and
neither CogI nor PhysI (n = 2,960). In total, 5.82%, 95% CI
[5.17%, 6.51%], of responders had comorbid Cog/PhysI, which
represented 42.75%, 95% CI [38.92%, 46.64%], of those with
CogI. The risk of comorbid Cog/PhysI increased at a rate of
7.37%, 95% CI [6.31%, 8.45%], per year of age. Specifically,
WTC responders with compared to without PTSD had more
than 3 times increased risk for co-occurring Cog/PhysI, aRR =
3.295, 95% CI [2.444, 4.441]. Nonimpaired responders were
the youngest, followed by responders with CogI alone and those
with PhysI or comorbid Cog/PhysI. In this population, CogI
was associated with all measures of PhysI: The risk of CogI
increased with evidence of reduced hand-grip strength, aRR =
1.82, 95% CI [1.58, 2.09], p < .001; chair-rise speed, aRR =
1.31, 95% CI [1.14, 1.50], p < .001; and walking speed, aRR
= 1.74, 95% CI [1.44, 2.09]; p < .001; as well as with balance
impairment, aRR = 1.97, 95% CI [1.61, 2.41], p < .001.
To highlight the overall prevalence of reduced function-

ing on motor tasks that might be associated with comorbid
Cog/PhysI severity, Table 2 presents the occurrence of impair-
ments across motor tasks associated with cognitive function-
ing and aging. Declines in chair-rise speed were the most com-
mon, followed by reductions in hand-grip strength, reductions
in walking speed, and balance impairment. Follow-up analyses
further revealed that amongWTC responders with co-occurring
Cog/PhysI, PhysI was most common across indicators of chair-
rise speed and hand grip strength.
As shown in Table 3, multivariable-adjusted multinomial lo-

gistic regression determined that responders with PTSD had
2 times the risk of PhysI and an increased risk of comorbid
Cog/PhysI compared to thosewithout PTSD. In addition, PTSD
was associated with an increased risk of CogI. However, these
associations were less robust.
A second model in Table 3 (full estimates are provided in

the Supplementary Materials) examining the unique contribu-
tion of PTSD symptom domains to PhysI, CogI, and comorbid
Cog/PhysI revealed that the emotional numbing and reexperi-
encing symptom domains were independently associated with
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an increased risk of PhysI and comorbid Cog/PhysI, respec-
tively. In unadjusted models, WTC responders with higher lev-
els of emotional numbing symptoms had a 181% increase in
the risk of PhysI compared to responders who endorsed PTSD
across other domains. After adjusting for covariates, includ-
ing age and sex, the risk of PhysI remained significant, al-
though less robust. However, in fully adjusted models that ac-
counted for sociodemographic factors and included the severity
of WTC-related exposures and medical comorbidities (i.e., hy-
pertension, diabetes), emotional numbing symptoms were no
longer a significant predictor of PhysI. Consistent with previ-
ous work, however, the analyses did identify an association be-
tween working more than 5 weeks on the pit/pile and an in-
creased risk of CogI alone as well as with an increased risk
of comorbid Cog/PhysI, although pulmonary exposure sever-
ity was protective. The fully adjusted models identified asso-
ciations between an increased risk of (a) PhysI alone and age,
Hispanic ethnicity, heart problems, and diabetes; (b) CogI alone
and age, race/ethnicity, and lower educational attainment; and
(c) comorbid Cog/PhysI and older age, Black race, diabetes,
and lower educational attainment.
Across all models, the reexperiencing symptom domain re-

mained a robust predictor for comorbid Cog/PhysI (see Ta-
ble 3). Responders who endorsed higher levels of reexperienc-
ing symptoms had a 4-fold increase in the risk for comorbid
Cog/PhysI in the unadjusted models. In subsequent models that
accounted for sociodemographic factors and WTC-related ex-
posures as well as comorbid medical conditions, the increase in
risk remained highly significant.

Discussion

In the aftermath of the 9/11 terrorist attacks, responders
worked tirelessly as part of the search, rescue, and recovery
operations at the WTC site. Thousands of individuals inhaled
an array of toxins (e.g., clouds of dust, burning fuel) and en-
dured physical (e.g., digging through rubble, hauling debris)
and repeated exposures to traumatic and stressful events (e.g.,
exposure to blood, human remains). TheseWTC responders are
now approaching midlife. Converging evidence indicates that
PTSD remains among the top five psychiatric conditions re-
ported by WTC-exposed individuals. Further, responders with
chronic PTSD have an increased risk for impairments across
both cognitive and physical domains of functioning, both of
which are commonly associated with older age and neurode-
generative conditions (Clouston, Diminich, et al., 2019; Clous-
ton, Guralnik, et al., 2017; Mukherjee et al., 2019).
Increasingly, PTSD, a psychiatric condition withmarked het-

erogeneity in symptom presentation, has been linked with CogI
(Schuitevoerder et al., 2013), often a prodrome for dementia,
and PhysI (Hedden & Gabrieli, 2004). Thus, given the con-
siderable evidence indicating that chronic stress may influ-
ence aging processes (Miller & Sadeh, 2014), we examined the
extent to which PTSD was associated with CogI, PhysI, and
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Table 3
Age- and Sex-Adjusted Risk Ratios (aRRs) Examining the Associations Among Posttraumatic Stress Disorder Status, World Trade
Center Exposure Factors, and PTSD Symptoms and the Risks of Cognitive and Physical Impairment

Physical impairment only Cognitive impairment only
Comorbid cognitive and physical

impairment

Model aRR
b

95% CI aRR
b

95% CI aRR
b

95% CI ∼R2b

PTSD
Unadjusted 2.025*** [1.675, 2.448] 1.391* [1.009, 1.918] 3.888*** [2.931, 5.157] .011
Demographically
adjusted

1.891*** [1.558, 2.296] 1.270 [0.918, 1.756] 3.425*** [2.556, 4.588] .043

Fully adjusted* 1.831*** [1.503, 2.230] 1.254 [0.903, 1.742] 3.295*** [2.444, 4.441] .050
WTC exposure

a

WTC exposure
severity

0.987* [0.974, 0.999] 0.988 [0.968, 1.007] 0.973* [0.950, 0.996]

> 5 weeks on-site 1.110 [0.953, 1.293] 1.425** [1.118, 1.816] 1.365* [1.028, 1.813]
WTC injury 1.173 [0.960, 1.431] 1.052 [0.759, 1.458] 1.072 [0.746, 1.540]
WTC head injury 0.901 [0.527, 1.543] 1.480 [0.689, 3.179] 1.415 [0.664, 3.014]

PTSD symptoms
Unadjusted .021

Reexperiencing 1.350 [0.976, 1.868] 1.508 [0.892, 2.551] 4.366*** [2.625, 7.260]
Avoidance 0.914 [0.724, 1.155] 0.861 [0.587, 1.261] 0.908 [0.615, 1.342]
Emotional
numbing

1.706** [1.180, 2.465] 0.972 [0.527, 1.790] 1.235 [0.679, 2.246]

Hyperarousal 1.376* [1.033, 1.834] 1.332 [0.841, 2.111] 1.128 [0.688, 1.848]
Demographically
adjusted

.051

Reexperiencing 1.263 [0.908, 1.757] 1.375 [0.809, 2.338] 3.868*** [2.288, 6.538]
Avoidance 0.976 [0.770, 1.237] 0.901 [0.612, 1.327] 1.081 [0.722, 1.618]
Emotional
numbing

1.534* [1.055, 2.228] 0.919 [0.496, 1.701] 0.977 [0.526, 1.818]

Hyperarousal 1.407* [1.052, 1.884] 1.324 [0.832, 2.108] 1.168 [0.705, 1.937]
Fully adjusted .058
Reexperiencing 1.236 [0.886, 1.723] 1.347 [0.79, 2.295] 3.962*** [2.327, 6.745]
Avoidance 1.007 0.793, 1.278] 0.897 [0.608, 1.325] 1.102 [0.734, 1.655]
Emotional
numbing

1.570* [1.079, 2.285] 0.900 [0.485, 1.672] 0.971 [0.519, 1.817]

Hyperarousal 1.322 [0.986,1.773] 1.353 [0.849, 2.158] 1.105 [0.663, 1.841]

Note. WTC = World Trade Center. Unadjusted analyses do not account for any covariates; minimally adjusted analyses incorporated age, sex, education, and
race/ethnicity; and fully adjusted models additionally account for WTC exposure severity, any WTC-related injury, WTC-related head injuries or illness, hyperten-
sion, heart problems, and diabetes; aExposure models report results from matching fully adjusted PTSD models. bCovariable-adjusted risk ratio. Adjusted relative risk
ratios provide the likelihood of an event occurring in the exposure group in comparison to the likelihood occurring in the referent group. As a measure of effect size, an
aRR value less than 1.00 indicates the risk is decreased, and an aRR value greater than 1.00 indicates an increased risk. cValue can range from 0 to 1 and compares the
likelihood for the intercept only model to the likelihood for the model with the predictors.
*p < .05. **p < .01. ***p < .001.

co-occurring Cog/PhysI among WTC responders. The results
of the present study indicate that although the mean age of
the responders included in the present analyses was 54 years,
WTC responders with PTSD have an increased risk of PhysI
and face an increased risk for co-occurring Cog/PhysI more
commonly seen in older adults. Notably, the strength of these
associations remained after adjusting for a number of covari-
ates, including educational attainment and cardiovascular dis-

ease, both of which are risk factors for neurodegenerative
disorders.
The present findings further reveal differences across motor

tasks associated with cognitive functioning and aging, which
may be important comorbidity with CogI in this cohort. A re-
duction in hand-grip strength was the most common comor-
bid condition with CogI, followed closely by reduced chair-rise
speed. In addition, the results revealed that of responders with
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CogI, nearly half also had PhysI. Previous work has found that
reductions in grip strength are a rigorous biomarker for aging
(Sanderson & Scherbov, 2014) that is related to CogI (Dug-
gan et al., 2018, 2019) and is highly associated with PTSD
(Mukherjee et al., 2019) as well as an increased risk of mild
cognitive impairment, a transient stage between normative ag-
ing and dementia (Boyle et al., 2010). Walking speed is a good
predictor of the risk of mortality (Studenski et al., 2011) and is
associated with neuroinflammatory diseases. Indeed, PhysI is
a common hallmark of neurodegenerative diseases including,
for example, amyotrophic lateral sclerosis and Parkinson’s-type
dementias (Boyle et al., 2009, 2010).
A hallmark of PTSD is its complexity in presentation, with

symptoms fluctuating over time. Our findings are largely con-
sistent with existing research conducted in veteran popula-
tions that has demonstrated unique associations with emotional
numbing symptoms and epigenetic aging (Wolf et al., 2019)
as well as self-reported impairments across social and occu-
pational functioning (Shea et al., 2010). Although we did not
find associations between symptoms of hyperarousal or avoid-
ance with PhysI, CogI, or comorbid Cog/PhysI, which previous
work has indicated are predictive of higher levels of systemic
inflammation (Passos et al., 2015) and heightened autonomic
reactivity (Yehuda et al., 2015), we propose that these differ-
ences are likely attributed to the range of WTC-exposures ex-
perienced versus combat exposure and individual differences
within theWTC-cohort relative to veterans andmilitary person-
nel. Collectively, these findings underscore the importance of
chronic PTSD as a significant risk factor for earlier onset PhysI
and comorbid Cog/PhysI, more commonly seen in older adults,
amongWTC rescue and recovery workers and further highlight
the unique associations between specific PTSD symptoms and
long-term physical and cognitive functioning.
Neurobiological models of PTSD highlight the role of pro-

longed stress, with dysregulated physiological processes across
biological systems associated with inflammation and struc-
tural and functional brain changes (Lohr et al., 2015; Picard
& McEwen, 2018). Previous research has linked PTSD to hip-
pocampal and amygdala volume reduction (Gilbertson et al.,
2002; O’Doherty et al., 2015); white matter lesions (Pitman
et al., 2001); white matter integrity, diffusivity, and anisotropy
(Daniels et al., 2013; Davenport et al., 2015); glucose uptake in
the amygdala (Buchsbaum et al., 2015; Zhu et al., 2016); and
neuroinflammation and microglial activation (Seibyl, 2012).
Thus, researchers increasingly posit that PTSD is a multisys-
temic disorder whereby reactivation of traumamemories results
in elevated levels of inflammation, exacerbating symptoms of
aging-related diseases in the body, with prolonged stress accel-
erating cellular aging and apoptosis and resulting in more rapid
aging (Greenberg et al., 2014) and premature mortality (Lohr
et al., 2015).
Taken together, these analyses support the view that chronic

PTSD may be related to an increased risk of comorbid
Cog/PhysI, for which deficits across motor tasks, namely re-
ductions in hand-grip strength and chair-rise speed may act

as prodromal indicators. Because cognitively impairing condi-
tions usually arise after substantial losses in brain matter are
evident, these results may suggest that investigators interested
in understanding the risk of PTSD with co-morbid Cog/PhysI
may need to better understand the extent to which neurodegen-
eration is evident in prodromal PhysI. Future work is needed to
improve the characterization of the prodromal condition.
The present results should be considered within the context

of several limitations. It may be difficult to generalize the find-
ings, as responders were predominantly employed in law en-
forcement, male, self-identified asWhite, and comprised a pop-
ulation of rescue and recovery workers exposed to the histori-
cal events of the 9/11 terrorist attacks. ThereforeWTC-exposed
individuals are not representative of the general population and
may not be similar to other first-responder and nontraditional
workers and volunteer populations. Nonetheless, this sample
did not differ regarding age, exposure levels, and levels of post-
traumatic stress in relation to other WTC cohorts (Dasaro et al.,
2017). In addition, the WTC responders in the present sam-
ple may be subject to selection bias, as they are made up of
well-educated, relatively healthy individuals who voluntarily
enrolled in the WTC-HP for monitoring after working at the
WTC. Furthermore, many responders, such as police officers
and firefighters, likely participated in disaster training as re-
quired by various employers and agencies prior to 9/11, which
potentially enhanced resilience against themultitude of psycho-
logical stressors while working on-site at the WTC.
As noted in previous work (Clouston, Diminich, et al., 2019;

Clouston, Guralnik, et al., 2017; Clouston, Pietrzak, et al.,
2017), inhalation of fine airborne particles and dust exposure
while on-site may indeed have contributed to an increased risk
of CogI. However, as previously theorized, it is likely this risk is
most commonly due to an increased risk of inhaled particulate
matter including—notably, particulate matter less than 2.5 mm
in size (Haghani et al., 2020). Responders were exposed to a
large amount of inhaled particulate matter that was aerosolized
for months following theWTC disaster (Lioy & Georgopoulos,
2006). The role of WTC-related environmental exposures and
subsequent exposures to physical stressors in relation to PhysI,
CogI, or comorbid Cog/PhysI was not explored in the present
study. Moreover, WTC-related environmental exposures have
been associated with a number of age-related diseases, includ-
ing poor pulmonary functioning (Banauch et al., 2005), in-
creased incidence of cancer (Li et al., 2012), and aerodiges-
tive disease (Wisnivesky et al., 2011). In the present study, we
replicated earlier results showing that the length of time spent
on the pit/pile at the WTC site was associated with CogI, but
we additionally showed that the profile was somewhat different
from PTSD-related CogI in that WTC exposures were associ-
ated with both CogI alone and comorbid Cog/PhysI. This was
the first study of which we are aware to also report that overall
pulmonary exposures were protective. This may not be surpris-
ing: The most severe pulmonary exposures occurred in the day
of the attacks, when airborne particulate matter was coarsest.
During this time, many responders were so severely exposed
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that they did not return to the site. However, our findings sug-
gest that the increased risk for PhysI and comorbid Cog/PhysI
remained highly significant in models that were fully adjusted
for the severity of WTC exposures; exposure information was
collected retrospectively and may have been subject to recall
bias.
The present study did not assess the extent to which phys-

ical and/or psychological stressors in subsequent years may
have been associated with PhysI, CogI, or comorbid Cog/PhysI
among responders. We also did not account for the age CogI
or PhysI onset, as the measures were not part of the broader
monitoring program. Although longitudinal work has identi-
fied an increased incidence of CogI in WTC responders with
PTSD (Clouston, Diminich, et al., 2019), to date, little is known
about changes in PhysI. The analyses were not adjusted for
the presence and time of onset of other psychiatric and med-
ical conditions in individuals with CogI, PhysI, neither, or both
(Cog/PhysI). Future analyses will examine the contributions of
specific medical conditions prevalent in WTC cohorts.
In the present study, we examined how PTSD and its symp-

tom domains were associated with an increased risk of CogI,
PhysI, and/or comorbid Cog/PhysI in responders to the 9/11
terrorist attacks on the WTC in New York City. When individ-
uals were differentiated into groups based on the presence of
PhysI, CogI, and comorbid Cog/PhysI, significant associations
emerged, with PTSD as a risk factor for both PhysI and co-
morbid Cog/PhysI. The analyses revealed that PTSD remained
a strong predictor of Cog/PhysI, with focal effects in the re-
experiencing symptom domain. It is important to note that ro-
bust associations between PTSD and both PhysI and comorbid
Cog/PhysI remained after controlling for vascular risk factors
and disease burden that can account for an increased risk of
neurodegenerative disease. The results may suggest that WTC
responders with chronic PTSD have an increased risk for more
than age-expected deficits across cognitive and functional do-
mains, which may be indicative of a multisystemic disorder
characterized by the emergence of Cog/PhysI at midlife. More
research is warranted to understand the links between chronic
PTSD and the presence of aging-related conditions.

Open Practices Statement

The study reported in this article was not formally preregis-
tered. Due to the sensitivity of medical diagnoses and the use
of dates in this study, data and materials have not been made
available on a permanent third-party archive. Data and material
requests should be sent via email to the corresponding author
at Sean.C louston@stonybrookmedicine.edu

References
American Psychiatric Association. (2013). Diagnostic and statistical manual
of mental disorders (5th ed.). Author. https://doi.org/10.1176/appi.books.
9780890425596

Baglietto-Vargas, D., Chen, Y., Suh, D., Ager, R.R., Rodriguez-Ortiz, C. J.,
Medeiros, R., Myczek, K., Green, K. N., Baram, T. Z., & LaFerla, F. M.

(2015). Short-term modern life-like stress exacerbates Aβ-pathology and
synapse loss in 3xTg-AD mice. Journal of Neurochemistry, 134(5), 915–
926. https://doi.org/10.1111/jnc.13195

Banauch, G. I., Dhala, A., Alleyne, D., Alva, R., Santhyadka, G., Krasko, A.,
Weiden, M., Kelly, K. J., & Prezant, D. J. (2005). Bronchial hyperreactiv-
ity and other inhalation lung injuries in rescue/recovery workers after the
World Trade Center collapse. Critical Care Medicine, 33(1 Suppl), S102–
106. https://doi.org/10.1097/01.ccm.0000151138.10586.3a

Beristianos, M. H., Yaffe, K., Cohen, B., & Byers, A. L. (2016). PTSD and
risk of incident cardiovascular disease in aging veterans. The American Jour-
nal of Geriatric Psychiatry, 24(3), 192–200. https://doi.org/10.1016/j.jagp.
2014.12.003

Blanchard, E. B., Jones-Alexander, J., Buckley, T. C., & Forneris, C.
A. (1996). Psychometric properties of the PTSD Checklist (PCL). Be-
haviour Research and Therapy, 34(8), 669–673. https://doi.org/10.1016/
0005-7967(96)00033-2

Boyle, P. A., Buchman, A. S., Wilson, R. S., Leurgans, S. E., & Bennett, D.
A. (2009). Association of muscle strength with the risk of Alzheimer’s dis-
ease and the rate of cognitive decline in community-dwelling older per-
sons. Archives of Neurology, 66(11), 1339–1344. https://doi.org/10.1001/
archneurol.2009.240

Boyle, P. A., Buchman, A. S., Wilson, R. S., Leurgans, S. E., & Bennett, D.
A. (2010). Physical frailty is associated with incident mild cognitive impair-
ment in community-based older persons. Journal of the American Geriatrics
Society, 58(2), 248–255.

Bromet, E., Hobbs, M., Clouston, S., Gonzalez, A., Kotov, R., & Luft,
B. (2016). DSM-IV post-traumatic stress disorder among World Trade
Center responders 11–13 years after the disaster of 11 September 2001
(9/11). Psychological Medicine, 46(4), 771–783. https://doi.org/10.1017/
S0033291715002184

Buchsbaum, M. S., Simmons, A. N., DeCastro, A., Farid, N., & Matthews, S.
C. (2015). Clusters of low 18F-fluorodeoxyglucose uptake voxels in combat
veterans with traumatic brain injury and post-traumatic stress disorder. Jour-
nal of Neurotrauma, 32(22), 1736–1750. https://doi.org/10.1089/neu.2014.
3660

Clouston, S. A., Kotov, R., Pietrzak, R. H., Luft, B. J., Gonzalez, A., Richards,
M., Ruggero, C. J., Spiro, A., & Bromet, E. J. (2016). Cognitive impair-
ment among World Trade Center responders: Long-term implications of re-
experiencing the 9/11 terrorist attacks. Alzheimers &Dementia, 4(1), 67–75.
https://doi.org/10.1016/j.dadm.2016.08.001

Clouston, S. A. P., Deri, Y., Diminich, E., Kew, R. R., Kotov, R., Stewart, C.,
Yang, X., Gandy, S., Sano, M., Bromet, E. J., & Luft, B. J. (2019). Post-
traumatic stress disorder associated with total amyloid burden and amyloid-
ß 42/40 ratios in plasma: Results from a pilot study of World Trade Cen-
ter responders. Alzheimer’s & Dementia, 11(1), 216–220. https://doi.org/10.
1016/j.dadm.2019.01.003

Clouston, S. A. P., Diminich, E. D., Kotov, R., Pietrzak, R. H., Richards, M.,
Spiro, A., Deri, Y., Carr, M., Yang, X., Gandy, S., Sano, M., Bromet, E. J.,
& Luft, B. J. (2019). Incidence of mild cognitive impairment inWorld Trade
Center responders: Long-term consequences of re-experiencing the events
on 9/11/2001. Alzheimer’s & Dement, 11(1), 628–636. https://doi.org/10.
1016/j.dadm.2019.07.006

Clouston, S. A. P., Edelman, N. H., Aviv, A., Stewart, C., & Luft, B. J. (2019).
Shortened leukocyte telomere length is associated with reduced pulmonary
function and greater subsequent decline in function in a sample of World
Trade Center responders. Scientific Reports, 9(1), 8148. https://doi.org/10.
1038/s41598-019-44625-1

Clouston, S. A. P., Guralnik, J. M., Kotov, R., Bromet, E. J., & Luft, B. J.
(2017). Functional limitations among responders to the World Trade Center

Journal of Traumatic Stress DOI 10.1002/jts. Published on behalf of the International Society for Traumatic Stress Studies.

https://doi.org/10.1176/appi.books.9780890425596
https://doi.org/10.1176/appi.books.9780890425596
https://doi.org/10.1111/jnc.13195
https://doi.org/10.1097/01.ccm.0000151138.10586.3a
https://doi.org/10.1016/j.jagp.2014.12.003
https://doi.org/10.1016/j.jagp.2014.12.003
https://doi.org/10.1016/0005-7967(96)00033-2
https://doi.org/10.1016/0005-7967(96)00033-2
https://doi.org/10.1001/archneurol.2009.240
https://doi.org/10.1001/archneurol.2009.240
https://doi.org/10.1017/S0033291715002184
https://doi.org/10.1017/S0033291715002184
https://doi.org/10.1089/neu.2014.3660
https://doi.org/10.1089/neu.2014.3660
https://doi.org/10.1016/j.dadm.2016.08.001
https://doi.org/10.1016/j.dadm.2019.01.003
https://doi.org/10.1016/j.dadm.2019.01.003
https://doi.org/10.1016/j.dadm.2019.07.006
https://doi.org/10.1016/j.dadm.2019.07.006
https://doi.org/10.1038/s41598-019-44625-1
https://doi.org/10.1038/s41598-019-44625-1


Chronic PTSD and Comorbid Impairment 625

Attacks 14 years after the disaster: Implications of chronic posttraumatic
stress disorder. Journal of Traumatic Stress, 30(5), 443–452. https://doi.org/
10.1002/jts.22219

Clouston, S. A. P., Pietrzak, R. H., Kotov, R., Richards, M., Spiro, A., Scott, S.,
Deri, Y.,Mukherjee, S., Stewart, C., Bromet, E. J., & Luft, B. J. (2017). Trau-
matic exposures, posttraumatic stress disorder, and cognitive functioning in
World Trade Center responders. Alzheimer’s & Dementia, 3(4), 593–602.
https://doi.org/10.1016/j.trci.2017.09.001

da Câmara, S. M. A., Alvarado, B. E., Guralnik, J. M., Guerra, R. O., &
Maciel, Á. C. C. (2013). Using the Short Physical Performance Battery to
screen for frailty in young-old adults with distinct socioeconomic condi-
tions. Geriatrics & Gerontology International, 13(2), 421–428. https://doi.
org/10.1111/j.1447-0594.2012.00920.x

Daniels, J. K., Lamke, J. P., Gaebler, M., Walter, H., & Scheel, M. (2013).
White matter integrity and its relationship to PTSD and childhood trauma:
A systematic review andmeta-analysis.Depression and Anxiety, 30(3), 207–
216. https://doi.org/10.1002/da.22044

Dasaro, C. R., Holden, W. L., Berman, K. D., Crane, M. A., Kaplan, J. R., Luc-
chini, R. G., Luft, B. J., Moline, J. M., Teitelbaum, S. L., Tirunagari, U. S.,
Udasin, I. G., Weiner, J. H., Zigrossi, P. A., & Todd, A. C. (2017). Cohort
profile: World Trade Center health program general responder cohort. In-
ternational Journal of Epidemiology, 46(2), e9. https://doi.org/10.1093/ije/
dyv099

Davenport, N. D., Lim, K. O., & Sponheim, S. R. (2015). White matter abnor-
malities associated with military PTSD in the context of blast TBI. Human
Brain Mapping, 36(3), 105–1064. https://doi.org/10.1002/hbm.22685

de Quervain, D., Schwabe, L., & Roozendaal, B. (2017). Stress, glucocorti-
coids, and memory: Implications for treating fear-related disorders. Nature
Reviews Neuroscience, 18(1), 7–19. https://doi.org/10.1038/nrn.2016.155

Devi, L., Alldred, M. J., Ginsberg, S. D., & Ohno, M. (2010). Sex-and
brain region-specific acceleration of β-amyloidogenesis following behav-
ioral stress in a mouse model of Alzheimer’s disease.Molecular Brain, 3(1),
34. https://doi.org/10.1186/1756-6606-3-34

Dohrenwend, B.P., Turner, J. B., Turse, N. A., Adams, B. G., Koenen, K. C., &
Marshall, R. (2006). The psychological risks of Vietnam for U.S. veterans:
A revisit with new data and methods. Science, 313(5789), 979–982. https:
//doi.org/10.1126/science.1128944

Duggan, E. C., Graham, R. B., Piccinin, A. M., Jenkins, N. D., Clouston,
S., Muniz-Terrera, G., & Hofer, S. M. (2018). A systematic review of pul-
monary function and cognition in aging. Journal of Gerontology: Series B,
75(5), 937–952. https://doi.org/10.1093/geronb/gby128

Duggan, E. C., Piccinin, A. M., Clouston, S., Koval, A. V., Robitaille, A.,
Zammit, A. R., Wu, C., Brown, C. L., Lee, L. O., Finkel, D., Beasley,
W. H., Kaye, J., Muniz Terrera, G., Katz, M., Lipton, R. B., Deeg, D.,
Bennett, D. A., Bjork, M. P., Johansson, B., … Hofer, S. M. (2019). A
multi-study coordinated meta-analysis of pulmonary function and cogni-
tion in aging. Journals of Gerontology: Series A, 74(11), 1793–1804. https:
//doi.org/10.1093/gerona/glz057

Epel, E. S.,Merkin, S. S., Cawthon, R., Blackburn, E. H., Adler, N. E., Pletcher,
M. J., & Seeman, T. E. (2009). The rate of leukocyte telomere shortening
predicts mortality from cardiovascular disease in elderly men. Aging, 1(1),
81–88. https://doi.org/10.18632/aging.100007

Fenster, R. J., Lebois, L. A., Ressler, K. J., & Suh, J. (2018). Brain circuit dys-
function in post-traumatic stress disorder: From mouse to man. Nature Re-
views Neuroscience, 19(9), 535–551. https://doi.org/10.1038/s41583-018-
0039-7

Flatt, J. D., Gilsanz, P., Quesenberry, C. P., Albers, K. B., & Whitmer, R. A.
(2018). Post-traumatic stress disorder and risk of dementia among members
of a health care delivery system. Alzheimer’s & Dementia, 14(1), 28–34.
https://doi.org/10.1016/j.jalz.2017.04.014

Flory, J. D., & Yehuda, R. (2015). Comorbidity between post-traumatic stress
disorder and major depressive disorder: Alternative explanations and treat-
ment considerations. Dialogues in Clinical Neuroscience, 17(2), 141. https:
//doi.org/10.31887/dcns.2015.17.2/jflory

Freitas, S., Simoes, M. R., Alves, L., & Santana, I. (2013). Montreal Cog-
nitive Assessment: Validation study for mild cognitive impairment and
Alzheimer’s disease. Alzheimer Disease and Associated Disorders, 27(1),
37–43. https://doi.org/10.1097/WAD.0b013e3182420bfe

Gilbertson, M.W., Shenton, M. E., Ciszewski, A., Kasai, K., Lasko, N. B., Orr,
S. P., & Pitman R. K. (2002). Smaller hippocampal volume predicts patho-
logic vulnerability to psychological trauma. Nature Neuroscience, 5(11),
1242–1247. https://doi.org/10.1038/nn958

Greenberg, M. S., Tanev, K., Marin, M. F., & Pitman, R. K. (2014). Stress,
PTSD, and dementia. Alzheimer’s & Dementia, 10(3 Suppl), S155–165.
https://doi.org/10.1016/j.jalz.2014.04.008

Guralnik, J. M., Ferrucci, L., Pieper, C. F., Leveille, S. G., Markides, K. S., Os-
tir, G. V., Studenski, S., Berkman, L. F., &Wallace, R. B. (2000). Lower ex-
tremity function and subsequent disability: consistency across studies, pre-
dictive models, and value of gait speed alone compared with the short phys-
ical performance battery. Journal of Gerontology: Series A, 55(4), M221–
231. https://doi.org/10.1093/gerona/55.4.m221

Guralnik, J. M., Simonsick, E. M., Ferrucci, L., Glynn, R. J., Berkman, L. F.,
Blazer, D. G., Scherr, P. A., & Wallace, R. B. (1994). A short physical per-
formance battery assessing lower extremity function: Association with self-
reported disability and prediction of mortality and nursing home admission.
Journal of Gerontology, 49(2), M85–M94. https://doi.org/10.1093/geronj/
49.2.M85

Haghani, A., Morgan, T. E., Forman, H. J., & Finch, C. E. (2020). Air pollu-
tion neurotoxicity in the adult brain: Emerging concepts from experimen-
tal findings. Journal of Alzheimer’s Disease. Advance online publication.
https://doi.org/10.3233/jad-200377

Hedden, T., & Gabrieli, J. D. (2004). Insights into the aging mind: A view from
cognitive neuroscience. Nature Reviews Neuroscience, 5(2), 87–96. https:
//doi.org/10.1038/nrn1323

Ismail, Z., Rajji, T. K., & Shulman, K. I. (2010). Brief cognitive screening in-
struments: An update. International Journal of Geriatric Psychiatry, 25(2),
111–120. https://doi.org/10.1002/gps.2306

Jack, Jr., C. R., Bennett, D. A., Blennow, K., Carrillo, M. C., Dunn, B., Hae-
berlein, S. B., Holtzman D. M., Jagust, W., Jessen, F., Karlawish, J., Liu,
E., Molinuevo, J. L., Montine, T., Phelps, C., Rankin, K. P., Rowe, C. C.,
Scheltens, P., Siemers, E., Snyder, H. M., … Silverberg, N., (2018). NIA-
AA research framework: Toward a biological definition of Alzheimer’s dis-
ease. Alzheimer’s & Dementia, 14(4), 535–562. https://doi.org/10.1016/j.
jalz.2018.02.018

King, D. W., Leskin, G. A., King, L. A., & Weathers, F. W. (1998). Confirma-
tory factor analysis of the Clinician-Administered PTSD Scale: Evidence
for the dimensionality of posttraumatic stress disorder. Psychological As-
sessment, 10(2), 90. https://doi.org/10.1037/1040-3590.10.2.90

Lauretani, F., Russo, C. R., Bandinelli, S., Bartali, B., Cavazzini, C., Di Io-
rio, A., Corsi, A. M., Rantanen, T., Guralnik, J. M., & Ferrucci, L. (2003).
Age-associated changes in skeletal muscles and their effect on mobility: an
operational diagnosis of sarcopenia. Journal of Applied Physiology, 95(5),
1851–1860. https://doi.org/10.1152/japplphysiol.00246.2003

Li, J., Cone, J. E., Kahn, A. R., Brackbill, R. M., Farfel, M. R., Greene, C. M.,
Hadler, J. L., Stayner, L. T., & Stellman, S. D. (2012). Association between
World Trade Center exposure and excess cancer risk. JAMA, 308(23), 2479–
2488. https://doi.org/10.1001/jama.2012.110980

Lioy, P. J., & Georgopoulos, P. (2006). The anatomy of the exposures that
occurred around theWorld Trade Center site: 9/11 and beyond. Annals of the

Journal of Traumatic Stress DOI 10.1002/jts. Published on behalf of the International Society for Traumatic Stress Studies.

https://doi.org/10.1002/jts.22219
https://doi.org/10.1002/jts.22219
https://doi.org/10.1016/j.trci.2017.09.001
https://doi.org/10.1111/j.1447-0594.2012.00920.x
https://doi.org/10.1111/j.1447-0594.2012.00920.x
https://doi.org/10.1002/da.22044
https://doi.org/10.1093/ije/dyv099
https://doi.org/10.1093/ije/dyv099
https://doi.org/10.1002/hbm.22685
https://doi.org/10.1038/nrn.2016.155
https://doi.org/10.1186/1756-6606-3-34
https://doi.org/10.1126/science.1128944
https://doi.org/10.1126/science.1128944
https://doi.org/10.1093/geronb/gby128
https://doi.org/10.1093/gerona/glz057
https://doi.org/10.1093/gerona/glz057
https://doi.org/10.18632/aging.100007
https://doi.org/10.1038/s41583-018-0039-7
https://doi.org/10.1038/s41583-018-0039-7
https://doi.org/10.1016/j.jalz.2017.04.014
https://doi.org/10.31887/dcns.2015.17.2/jflory
https://doi.org/10.31887/dcns.2015.17.2/jflory
https://doi.org/10.1097/WAD.0b013e3182420bfe
https://doi.org/10.1038/nn958
https://doi.org/10.1016/j.jalz.2014.04.008
https://doi.org/10.1093/gerona/55.4.m221
https://doi.org/10.1093/geronj/49.2.M85
https://doi.org/10.1093/geronj/49.2.M85
https://doi.org/10.3233/jad-200377
https://doi.org/10.1038/nrn1323
https://doi.org/10.1038/nrn1323
https://doi.org/10.1002/gps.2306
https://doi.org/10.1016/j.jalz.2018.02.018
https://doi.org/10.1016/j.jalz.2018.02.018
https://doi.org/10.1037/1040-3590.10.2.90
https://doi.org/10.1152/japplphysiol.00246.2003
https://doi.org/10.1001/jama.2012.110980


626 Diminich et al.

New York Academy of Science, 1076, 54–79. https://doi.org/10.1196/annals.
1371.002

Lippa, S. M., Fonda, J. R., Fortier, C. B., Amick, M. A., Kenna, A., Mil-
berg, W. P., & McGlinchey, R. M. (2015). Deployment-related psychi-
atric and behavioral conditions and their association with functional disabil-
ity in OEF/OIF/OND veterans. Journal of Traumatic Stress, 28(1), 25–33.
https://doi.org/10.1002/jts.21979

Liu, B., Tarigan, L. H., Bromet, E. J., & Kim, H. (2014). World Trade Center
disaster exposure-related probable posttraumatic stress disorder among re-
sponders and civilians: A meta-analysis. PLoS One, 9(7). https://doi.org/10.
1371/journal.pone.0101491

Lohr, J. B., Palmer, B. W., Eidt, C. A., Aailaboyina, S., Mausbach, B. T.,
Wolkowitz, O. M., Thorp, S. R., & Jeste, D. V. (2015). Is post-traumatic
stress disorder associated with premature senescence? A review of the lit-
erature. The American Journal of Geriatric Psychiatry, 23(7), 709–725.
https://doi.org/10.1016/j.jagp.2015.04.001

Long, J. S., & Freese, J. (2006). Regression models for categorical
dependent variables using Stata. Stata Press. https://doi.org/10.1177/
1536867x0600600208

Luis, C. A., Keegan, A. P., & Mullan, M. (2009). Cross-validation of the Mon-
treal Cognitive Assessment in community-dwelling older adults residing in
the Southeastern U.S. International Journal of Geriatric Psychiatry, 24(2),
197–201. https://doi.org/10.1002/gps.2101

Marmar, C. R., Schlenger, W., Henn-Haase, C., Qian, M., Purchia, E., Li, M.,
Corry, N., Williams, C. S., Ho, C. -L., Horesh, D., Karsoft, K. -I., Shalev,
A., & Kulka, R. A. (2015). Course of posttraumatic stress disorder 40 years
after the Vietnam War: Findings from the National Vietnam Veterans Lon-
gitudinal Study. JAMA Psychiatry, 72(9), 875–881. https://doi.org/10.1001/
jamapsychiatry.2015.0803

Miller, M. W., Lin, A. P., Wolf, E. J., & Miller, D. R. (2018). Oxidative stress,
inflammation, and neuroprogression in chronic PTSD. Harvard Review of
Psychiatry, 26(2), 57. https://doi.org/10.1097/hrp.0000000000000167

Miller, M. W., & Sadeh, N. (2014). Traumatic stress, oxidative stress, and
post-traumatic stress disorder: neurodegeneration and the accelerated-aging
hypothesis. Molecular Psychiatry, 19(11), 1156–1162. https://doi.org/10.
1038/mp.2014.111

Mohamed, A. Z., Cumming, P., Gotz, J., Nasrallah, F., & Department of De-
fense Alzheimer’s Disease Neuroimaging. (2019). Tauopathy in veterans
with long-term posttraumatic stress disorder and traumatic brain injury. Eu-
ropean Journal of Nuclear Medicine and Molecular Imaging, 46(5), 1139–
1151. https://doi.org/10.1007/s00259-018-4241-7

Mohamed, A. Z., Cumming, P., Srour, H., Gunasena, T., Uchida, A., Haller,
C. N., & Nasrallah, F. (2018). Amyloid pathology fingerprint differentiates
post-traumatic stress disorder and traumatic brain injury. Neuroimage: Clin-
ical, 19, 716–726. https://doi.org/10.1016/j.nicl.2018.05.016

Morgese, M. G., Schiavone, S., & Trabace, L. (2017). Emerging role of
amyloid-beta in stress response: Implication for depression and diabetes.
European Journal of Pharmacology, 817, 22–29. https://doi.org/10.1016/j.
ejphar.2017.08.031

Mukherjee, S., Clouston, S., Kotov, R., Bromet, E., & Luft, B. (2019). Hand-
grip strength of World Trade Center (WTC) responders: The role of re-
experiencing posttraumatic stress disorder (PTSD) symptoms. International
Journal of Environ Research and Public Health, 16(7), 1128. https://doi.org/
10.3390/ijerph16071128

Nahhas, R.W., Choh, A. C., Lee,M., Chumlea,W.M., Duren, D. L., Siervogel,
R. M., Sherwood, R. J., Towne, B., & Czerwinski, S. A. (2010). Bayesian
longitudinal plateau model of adult grip strength. American Journal of Hu-
man Biology, 22(5), 648–656. https://doi.org/10.1002/ajhb.21057

Nasreddine, Z. S., Phillips, N. A., Bedirian, V., Charbonneau, S., Whitehead,
V., Collin, I., Cummings, J. L., & Chertkow, H. (2005). The Montreal
Cognitive Assessment, MoCA: A brief screening tool for mild cognitive
impairment. Journal of the American Geriatric Society, 53(4), 695–699.
https://doi.org/10.1111/j.1532-5415.2005.53221.

O’Doherty, D. C., Chitty, K.M., Saddiqui, S., Bennett,M. R., & Lagopoulos, J.
(2015). A systematic review and meta-analysis of magnetic resonance imag-
ing measurement of structural volumes in posttraumatic stress disorder. Psy-
chiatry Research, 232(1), 1–33. https://doi.org/10.1016/j.pscychresns.2015.
01.002

Passos, I. C., Vasconcelos-Moreno, M. P., Costa, L. G., Kunz, M., Brietzke,
E., Quevedo, J., Salum, G., Magalhaes, P. V., Kapczinski, F., & Kauer-
Sant’Anna, M. (2015). Inflammatory markers in post-traumatic stress dis-
order: A systematic review, meta-analysis, and meta-regression. The Lancet
Psychiatry, 2(11), 1002–1012.

Picard, M., & McEwen, B. S. (2018). Psychological stress and mitochondria:
A conceptual framework. Psychosomatic Medicine, 80(2), 126.

Pitman, R. K., Shin, L. M., & Rauch, S. L. (2001). Investigating the pathogen-
esis of posttraumatic stress disorder with neuroimaging. Journal of Clinical
Psychiatry, 62(Suppl 17), 47–54.

Qureshi, S. U., Kimbrell, T., Pyne, J. M., Magruder, K. M., Hudson, T. J., Pe-
tersen, N. J., Hong-Jen, Y., Schulz, P. E., & Kunik, M. E. (2010). Greater
prevalence and incidence of dementia in older veterans with posttraumatic
stress disorder. Journal of the American Geriatric Society, 58(9), 1627–
1633. https://doi.org/10.1111/j.1532-5415.2010.02977.x

Rissman, R. A., Lee, K. -F., Vale, W., & Sawchenko, P. E. (2007).
Corticotropin-releasing factor receptors differentially regulate stress-
induced tau phosphorylation. Journal of Neuroscience, 27(24), 6552–6562.
https://doi.org/10.1523/jneurosci.5173-06.2007

Rothman, S. M., Herdener, N., Camandola, S., Texel, S. J., Mughal, M. R.,
Cong, W. -N., Martin, B., & Mattson, M. P. (2012). 3xTgAD mice ex-
hibit altered behavior and elevated Aβ after chronic mild social stress. Neu-
robiology of Aging, 33(4), 830. e831–830. e812. https://doi.org/10.1016/j.
neurobiolaging.2011.07.005

Samuelson, K.W., Abadjian, L., Jordan, J. T., Bartel, A., Vasterling, J., & Seal,
K. (2017). The association between PTSD and functional outcome is medi-
ated by perception of cognitive problems rather than objective neuropsy-
chological test performance. Journal of Traumatic Stress, 30(5), 521–530.
https://doi.org/10.1002/jts.22223

Sanderson, W. C., & Scherbov, S. (2014). Measuring the speed of aging
across population subgroups. PLoS One, 9(5), e96289. https://doi.org/10.
1371/journal.pone.0096289

Schuitevoerder, S., Rosen, J. W., Twamley, E. W., Ayers, C. R., Sones, H.,
Lohr, J. B., Goetter, E. M., Fonzo, G. A., Holloway, K. J., & Thorp, S.
R. (2013). A meta-analysis of cognitive functioning in older adults with
PTSD. Journal of Anxiety Disorders, 27(6), 550–558. https://doi.org/10.
1016/j.janxdis.2013.01.001

Schnurr, P. P., Hayes, A. F., Lunney, C. A., McFall, M., & Uddo, M. (2006).
Longitudinal analysis of the relationship between symptoms and quality of
life in veterans treated for posttraumatic stress disorder. Journal of consult-
ing and clinical psychology, 74(4), 707–713. https://doi.org/10.1037/0022-
006X.74.4.707

Seibyl, J. (2012). Imaging neuroinflammation in post-traumatic stress dis-
order. Defense Technical Information Center. https://doi.org/10.21236/
ada602887

Shalev, I., Moffitt, T. E., Braithwaite, A. W., Danese, A., Fleming, N. I.,
Goldman-Mellor, S., Harrington, H. L., Houts, R. M., Israel, S., Poulton, R.,
Robertson, S. P., Sudgen, K., Williams, B., & Caspi. (2014). Internalizing
disorders and leukocyte telomere erosion: A prospective study of depression,

Journal of Traumatic Stress DOI 10.1002/jts. Published on behalf of the International Society for Traumatic Stress Studies.

https://doi.org/10.1196/annals.1371.002
https://doi.org/10.1196/annals.1371.002
https://doi.org/10.1002/jts.21979
https://doi.org/10.1371/journal.pone.0101491
https://doi.org/10.1371/journal.pone.0101491
https://doi.org/10.1016/j.jagp.2015.04.001
https://doi.org/10.1177/1536867x0600600208
https://doi.org/10.1177/1536867x0600600208
https://doi.org/10.1002/gps.2101
https://doi.org/10.1001/jamapsychiatry.2015.0803
https://doi.org/10.1001/jamapsychiatry.2015.0803
https://doi.org/10.1097/hrp.0000000000000167
https://doi.org/10.1038/mp.2014.111
https://doi.org/10.1038/mp.2014.111
https://doi.org/10.1007/s00259-018-4241-7
https://doi.org/10.1016/j.nicl.2018.05.016
https://doi.org/10.1016/j.ejphar.2017.08.031
https://doi.org/10.1016/j.ejphar.2017.08.031
https://doi.org/10.3390/ijerph16071128
https://doi.org/10.3390/ijerph16071128
https://doi.org/10.1002/ajhb.21057
https://doi.org/10.1111/j.1532-5415.2005.53221
https://doi.org/10.1016/j.pscychresns.2015.01.002
https://doi.org/10.1016/j.pscychresns.2015.01.002
https://doi.org/10.1111/j.1532-5415.2010.02977.x
https://doi.org/10.1523/jneurosci.5173-06.2007
https://doi.org/10.1016/j.neurobiolaging.2011.07.005
https://doi.org/10.1016/j.neurobiolaging.2011.07.005
https://doi.org/10.1002/jts.22223
https://doi.org/10.1371/journal.pone.0096289
https://doi.org/10.1371/journal.pone.0096289
https://doi.org/10.1016/j.janxdis.2013.01.001
https://doi.org/10.1016/j.janxdis.2013.01.001
https://doi.org/10.1037/0022-006X.74.4.707
https://doi.org/10.1037/0022-006X.74.4.707
https://doi.org/10.21236/ada602887
https://doi.org/10.21236/ada602887


Chronic PTSD and Comorbid Impairment 627

generalized anxiety disorder, and post-traumatic stress disorder. Molecular
Psychiatry, 19(11), 1163–1170. https://doi.org/10.1038/mp.2013.183

Shea, M. T., Vujanovic, A. A., Mansfield, A. K., Sevin, E., & Liu, F. (2010).
Posttraumatic stress disorder symptoms and functional impairment among
OEF and OIF National Guard and Reserve veterans. Journal of Traumatic
Stress, 23(1), 100–107. https://doi.org/10.1002/jts.20497

Singh-Manoux, A., Kivimaki, M., Glymour, M. M., Elbaz, A., Berr, C.,
Ebmeier, K. P., Ferrie, J. E., & Dugravot, A. (2012). Timing of onset of
cognitive decline: results from Whitehall II prospective cohort study. BMJ,
344(4), d7622. https://doi.org/10.1136/bmj.d7622

Stellman, J. M., Smith, R. P., Katz, C. L., Sharma, V., Charney, D. S., Herbert,
R., Moline, J., Luft, B. J., Markowitz, S., Udasin, I., Harrison, D., Baron,
S., Landrigan, P. J., Levin, S. M., & Southwick, S. (2008). Enduring men-
tal health morbidity and social function impairment in world trade center
rescue, recovery, and cleanup workers: the psychological dimension of an
environmental health disaster. Environmental Health Perspectives, 116(9),
1248–1253. https://doi.org/10.1289/ehp.11164

Studenski, S., Perera, S., Patel, K., Rosano, C., Faulkner, K., Inzitari, M., et al.
(2011). Gait speed and survival in older adults. JAMA, 305(1), 50–58. https:
//doi.org/10.1001/jama.2010.1923

Stuller, K. A., Jarrett, B., & DeVries, A. C. (2012). Stress and social isola-
tion increase vulnerability to stroke. Experimental Neurology, 233(1), 33–
39. https://doi.org/10.1016/j.expneurol.2011.01.016

Whitney, S. L., Wrisley, D. M., Marchetti, G. F., Gee, M. A., Redfern, M. S.,
& Furman, J. M. (2005). Clinical measurement of sit-to-stand performance
in people with balance disorders: Validity of data for the Five-Times-Sit-to-
Stand Test. Physical Therapy, 85(10), 1034–1045. https://doi.org/10.1093/
ptj/85.10.1034

Wisnivesky, J. P., Teitelbaum, S. L., Todd, A. C., Boffetta, P., Crane, M., Crow-
ley, L., de la Hoz, R. E., Dellenbaugh, C., Harrison, D., Herbert, R., Kim,

H., Jeon, Y., Kaplan, J., Katz, C., Levin, S., Luft, B., Markowitz, S., Moline,
J., Ozbay, F., … Landrigan, P. J. (2011). Persistence of multiple illnesses
in World Trade Center rescue and recovery workers: a cohort study. Lancet,
378(9794), 888–897. https://doi.org/10.1016/S0140-6736(11)61180-X

Wolf, E. J., Logue, M. W., Morrison, F. G., Wilcox, E. S., Stone, A., Schich-
man, S. A., McGlinchey, R. E., Milberg, W. P., & Miller, M. W. (2019).
Posttraumatic psychopathology and the pace of the epigenetic clock: A lon-
gitudinal investigation. Psychological Medicine, 49(5), 791–800.

Wrocklage, K. M., Schweinsburg, B. C., Krystal, J. H., Trejo, M., Roy, A.,
Weisser, V., Moore, T. M., Southwick, S. M., & Scott, J. C. (2016). Neu-
ropsychological functioning in veterans with posttraumatic stress disorder:
Associations with performance validity, comorbidities, and functional out-
comes. Journal of the International Neuropsychological Society, 22(4), 399–
411. https://doi.org/10.1017/s1355617716000059

Yaffe, K., Vittinghoff, E., Lindquist, K., Barnes, D., Covinsky, K. E., Neylan,
T., Kluse, M., & Marmar, C. (2010). Posttraumatic stress disorder and risk
of dementia among U.S. veterans. Archives of General Psychiatry, 67(6),
608–613. https://doi.org/10.1001/archgenpsychiatry.2010.61

Yehuda, R., Hoge, C.W.,McFarlane, A. C., Vermetten, E., Lanius, R. A., Niev-
ergelt, C. M., Hobfoll, S. E., Koenen, K. C., Neylan, T. C., & Hyman, S.
E. (2015). Post-traumatic stress disorder. Nature Reviews Disease Primers,
1(1), 1–22. https://doi.org/10.1038/nrdp.2015.57

Yu, L., Boyle, P. A., Leurgans, S. E.,Wilson, R. S., Bennett, D. A., &Buchman,
A.S. (2019). Incident mobility disability, mild cognitive impairment, and
mortality in community-dwelling older adults. Neuroepidemiology, 53(1–
2), 55–62. https://doi.org/10.1159/000499334

Zhu, Y., Du, R., Zhu, Y., Shen, Y., Zhang, K., Chen, Y., Song, F.,Wu, S., Zhang,
H., & Tian, M. (2016). PET mapping of neurofunctional changes in a post-
traumatic stress disorder model. Journal of Nuclear Medicine, 57(9), 1474–
1477. https://doi.org/10.2967/jnumed.116.173443

Journal of Traumatic Stress DOI 10.1002/jts. Published on behalf of the International Society for Traumatic Stress Studies.

https://doi.org/10.1038/mp.2013.183
https://doi.org/10.1002/jts.20497
https://doi.org/10.1136/bmj.d7622
https://doi.org/10.1289/ehp.11164
https://doi.org/10.1001/jama.2010.1923
https://doi.org/10.1001/jama.2010.1923
https://doi.org/10.1016/j.expneurol.2011.01.016
https://doi.org/10.1093/ptj/85.10.1034
https://doi.org/10.1093/ptj/85.10.1034
https://doi.org/10.1016/S0140-6736(11)61180-X
https://doi.org/10.1017/s1355617716000059
https://doi.org/10.1001/archgenpsychiatry.2010.61
https://doi.org/10.1038/nrdp.2015.57
https://doi.org/10.1159/000499334
https://doi.org/10.2967/jnumed.116.173443

