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Abstract

INTRODUCTION: Exposure to aerosolized pollutants is a risk factor for cognitive

impairment and dementia, but the specific features of exposure-related neurodegen-

eration remain unclear.

METHODS: We measured the World Trade Center Neurotoxicant Exposure Sever-

ity Index (WTC-NESI) in 218 responders and unexposed controls aged 44-65 years.

The main outcome was cortical thickness. Correlation analyses reported unadjusted

associations and multiple linear regression to adjust for correlates. Vertex-wise analy-

ses were used with threshold-free cluster enhancement to examine associations after

adjusting for cross-vertex clustering in atrophy.

RESULTS:Cortical thicknesswasassociatedwithWTC-NESI (R=−0.38,p<0.001) that

survived multivariable adjustment. Vertex-wise analyses revealed reduced cortical

thickness across much of the cortical surface that was associated with WTC expo-
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sure severity. Resultswere right-hemisphere asymmetric and focused in the precentral

regions (partial η2 ≥ 0.07).

CONCLUSION: Our results provide an important reference for neurotoxicological

investigators mapping the implications of airborne pollutant exposures. This study

suggests that efforts to mitigate exposures in first responders might have long-term

implications for cerebral health.

KEYWORDS

Alzheimer’s disease and related dementias, cortical atrophy, pollutant exposures, World Trade
Center responders

Highlights

∙ This imaging identified loci of cortical atrophyafter severe exposures toWorldTrade

Center dust.

∙ Evidence of atrophywas generalized and includedmost of the cortical surface.

∙ Evidence of atrophywas also present in the cerebellum and hippocampus.

∙ Analyses did not suggest that psychiatric comorbidities fully mediated results.

1 INTRODUCTION

Severe exposure to aerosolized pollutants is a potentially modifiable

risk factor for neurodegenerative diseases in the general population.1

Airborne pollutant exposures have been linked to mixed neuropathol-

ogy, neurodegeneration, and cognitive dysfunction.2 Following the

September 11, 2001 attacks, World Trade Center (WTC) respon-

ders were exposed to aerosolized pollutants.3,45 Researchers have

linked WTC exposure duration with cognitive decline6 and imaging

evidence of neuroinflammation in WTC responders.7,8 Recent work

has developed novel metrics to find that WTC exposure severity

is associated with changes to amyloid beta levels (Aβ42, Aβ40) in
plasma9,10 and to heightened incidence of early-onset dementia11 and

lung cancer.12 Studies aimed at explaining the presence of demen-

tia have revealed neurodegeneration13 and cortical atrophy.14 Thus,

diagnostic validation studies have noted that dementia before age

65 years is accompanied by reduced cortical thickness in WTC

responders.13,15

To date, the cerebral features of exposure-related neurodegenera-

tion are unclear, so we examined WTC responders with varying levels

of exposure and a control group of minimally exposed and unexposed

participants. To date, no researchers have examined the association

between WTC exposure severity and neurodegeneration. This study

fills that gap by examining the association between a validated mea-

sure of WTC exposure severity and established measures of cerebral

atrophy.

2 METHODS

2.1 Participants

Data for this analysis come from the WTC responder neuroimag-

ing archive, and recruitment for these studies has been described

elsewhere.8,13,16 To be eligible for these studies, certifiedWTC respon-

ders were aged 44 to 65 years at the time of assessment and willing

to complete cognitive assessments and undergo neuroimaging. Partici-

pantswere also required to be eligible to completemagnetic resonance

imaging (MRI) and have no history of recent heart or brain diseases

(e.g., frontotemporal dementia, stroke, recent myocardial infarctions,

or other cerebrovascular diseases), no chronic psychiatric conditions

predating WTC exposures, no traumatic brain injury, and eligible to

safely undergo MRI, including being able to fit into the standard MRI

tube (bodymass index< 40 kg/m2).

Analyses of differences in samples between sources of controls

indicate that, after adjusting for sample differences in sex/gender

and age, participants from the National Institute of Mental Health

Research Volunteer (NIMH-RV) Study had higher cerebellar volumes

than Alzheimer’s Disease Neuroimaging Initiative (ADNI) participants

(p = 0.036), but no other differences were found between control

groups. Minimally exposedWTC responders were considered controls

since there were no signs suggesting that they had lower brain vol-

umesor cortical thickness thanother controls (allp>0.10;meanvalues

within the range of the controls).
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RESEARCH INCONTEXT

1. Systematic review:We tested theory developed in a pub-

lished review of the association between air pollution

exposures and neurodegeneration in the general popula-

tion and inWTC responders and systematically reviewed

updates.

2. Interpretation: Results showed that WTC exposure

severity was associated with reduced cortical thickness

across most of the cortical surface and identified volu-

metric reductions in the cerebral gray matter, hippocam-

pus, and cerebellum.

3. Future directions: Future research should consider iden-

tifying molecular targets that help to explain symptoma-

tology and identify pathological cascades.

2.2 WTC Neurotoxicant Exposure Severity Index
(WTC-NESI)

WTC exposures included chemicals, fumes, and particulate matter, all

occurring under conditions of substantial psychological stress. Consis-

tentwith research on air pollution exposures and dementia, the central

concern here was exposure to fine particulate matter. Fine particulate

matter and other pollutants were abundant in WTC dust4 but could

not be directly assessed by responders on site because aerosolized

fine particulate matter is invisible to humans. Therefore, to rank pos-

sible dust exposure, we used self-reported questionnaires that asked

responders proxy questions like how long they spent doing several dif-

ferent exposure activities, when they did this work, and where they

were located while doing this work. Exposure activities are modestly

correlated because responders who worked in search-and-rescue mis-

sions often continued working during the months following the attack.

However, these activities are not collinear since participation in one

activity reduces the time spent in other activities (Table S1). TheWTC-

NESI (range: minimal = 0 to severe = 4) classifies exposure activities

according to their likely dust exposure severity and duration (Septem-

ber 11, 2001 to June 30, 2002).17 Activities considered high risk

included working in enclosed spaces, on search and rescue, on “the

pile” in September, or sifting versus working in clean rooms or out-

side ofWTC sites where there was no visible dust for ≥10 h. Activities

associated with lower exposure included working in clean rooms or

at locations away from the WTC sites. Responders who reported no

dust exposure and those who always worked using full-body personal-

ized protective equipment (PPE) were characterized as havingminimal

exposure, irrespectiveof responseduration.WTC-NESI code is publicly

available online (osf.io/hxye6/overview).

Control recruitment: Since WTC-NESI is a proxy measure and few

responders were minimally exposed, we also recruited a group of

unexposed residents of Long Island, New York, who lived in the same

counties as WTC responders but were not WTC exposed. To be eli-

gible as controls, participants were required to be medically healthy

adults with the ability to read, speak, and understand English. To

match WTC neuroimaging program requirements, participants were

recruited through mailings, bulletin boards, outreach exhibits, print

advertisements, and electronicmedia. Participantswith a reported his-

tory of chronic mental illness prior to WTC exposures, current illicit

drug use, suicidal or self-injury thoughts or behavior, abnormalmedical

exams, and no higher than 8th grade education were excluded. Partic-

ipants were required to be eligible for MRI and lack MRI-unsafe metal

implants or claustrophobia, for example.

Since “normal controls” from a local cohort might differ in mean-

ingful ways based on where or how they are recruited and screened,

we compared data from the intake imaging appointments for partici-

pants enrolled in several national neuroimaging studies including the

NIMH-RV18 Study and the ADNI.19 Data obtained from the ADNI

database (adni.loni.usc.edu)were collected starting in 2003 as a public-

private partnership with a primary goal of testing whether serial MRI

or other biological markers and clinical and neuropsychological assess-

ment might be combined to measure the progression of mild cognitive

impairment (MCI). Inclusion criteria required unexposed participants

to be cognitively unimpaired, aged 44 to 65 years old, and have com-

pleted a T1-weighted magnetization-prepared rapid gradient-echo

protocol (T1-MPRAGE) on a Siemen’sMRI scanner.

2.3 MRI protocol

WTC responders who completed MRI alongside any functional, struc-

tural, or molecular imaging study have structural images stored and

archived for secondary analyses in a secure sharing site. Structural

imaging follows a standard three-dimensional T1-MPRAGE. Imag-

ing was completed on a 3T Siemens multimodal MRI machine using

standard settings.

2.4 Volumetric measures

Preprocessing of structural T1-MPRAGE images was completed

using the computational anatomy toolbox (CAT)20 because of strong

reported reliability and comparability.21,22 Images were segmented

using standard CAT12 procedures to estimate cortical thickness, total

intracranial volume (TIV), and tissue-specific brain volumes. Cortical

regions of interest (ROIs) were defined using the Desikan-Killiany

atlas.23 Hippocampal and cerebellar volumes were automatically seg-

mented using Cobra tissue probability maps.24

2.5 Clinical measures

Age in years since birth, sex/gender (female or male), educational

attainment (categories included high school diploma or less, some

college, or university degree or higher), and occupation during the

response period (categorized as police, military, firefighter/emergency
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medical services, construction worker, or other) were collected. Mod-

els that included external controls were used also adjusted for neu-

roimaging site. Post-traumatic stress disorder (PTSD) is a common

psychiatric condition after traumatic exposures and was diagnosed in

this study using a structured clinical interview.25 Although PTSD has

not been strongly linked to cortical atrophy,13 we conducted sensitiv-

ity analyses to examine whether results changed when adjusting for

PTSD diagnosis. We also recorded a diagnosis of cognitive impairment

(e.g., Montreal Cognitive Assessment score < 24; clinical diagnosis of

dementia was exclusionary), all-cause cancer (excluding brain cancer),

hypertension, diabetes, obstructive airway disease, interstitial lung

disease, or obstructive sleep apnea.

2.6 Statistical analysis

We began by describing the demographics and cerebral markers for

the whole sample and then stratified by exposure category. Next,

we examined scatter plots showing unadjusted associations between

WTC-NESI and global cerebral volume stratified by parenchymal type

into cerebral gray and white matter, cerebrospinal fluid, and cerebel-

lar volume expressed as a percentage of TIV (%TIV). Pearson’s r was

reported for unadjusted analyses.

To visualize the location and severity of results across ROIs within

the cortical gray matter, the locus of the largest potential atrophy, we

used generalized linearmodels to compare data within ROIs using four

comparable statistical models. Standardized regression coefficients

(β) were estimated to maintain comparability when reporting results

across models and ROIs.

We examined correlations between WTC-Exposed and Unexposed

groups before examining associations between WTC-NESI and corti-

cal atrophy and replicated resultswhenoff-site controls retrieved from

the ADNI and NIMH-RV databases were excluded. We mapped the

extent of atrophy across the cerebral surface using vertex-wise mea-

sures of cortical thickness. To facilitate vertex-wise analyses, we first

combined, resampled, and then smoothed hemispherical data using

a full-width half-maximum protocol (12 mm). All images passed both

automated and visual assessments to determine quality, so we com-

pleted statistical analyses using CAT12 viamultivariable-adjusted gen-

eralized linear modeling.20 Models examined the association between

WTC-NESI and cortical thickness after adjusting for participant age,

sex, education, and PTSD. Because cortical changes often occur in spa-

tially contiguous clusters rather than as isolated vertices, vertex-wise

analyses used threshold-free cluster enhancement (n = 10,000 per-

mutations), followed by false discovery rate (FDR) adjustment across

vertices.26 We used surface-based mapping to map the effect sizes

using η2 after thresholding images at FDR = 0.05 to provide both evi-

dence of statistical significance; partial η2 ≥0.06 is often interpreted as

a moderate to strong effect size. We reported coordinates for cluster

peaks and FDR-adjusted p value maps were provided in supplemental

materials.

To facilitate interpretation and comparison with prior studies, we

also conductedROI-based analyses. To assess robustness, we repeated

analyses using alternative covariate adjustments. Associations that

were nominally significant (two-tailed α= 0.05) were identified using a

dotted cell border,while associations thatwere significant after adjust-

ing for the FDRwere identified using an asterisk (*). Statistical analyses

for global and regional studies were completed using Stata V17/MP

(StataCorp).

As shown in Table S2, some potential confounders were unavailable

across studies. Sensitivity analyses examined the extent to which inclu-

sion of smoking (pack-years), body mass (kg/m2), or apolipoprotein ε4
(APOE4) allele possession changed expectations despite limiting sam-

ple size. Since psychomedical factors may be confounders but could

also be intermediary variables, we considered the implications of mod-

els including a history of all-cause cancer (excluding brain cancer),

hypertension, diabetes, obstructive airwaydisease, interstitial lungdis-

ease, or obstructive sleep apnea. We reported associations with both

exposure and global cerebral outcomes in supplemental materials.

3 RESULTS

After application of inclusion/exclusion criteria (Figure S1), we used

neuroimaging data from 218 participants, including 137WTC respon-

dersof varyingexposure levels (twowereminimally exposed) alongside

81 unexposed controls. Sample characteristics (Table 1) show that par-

ticipants were aged 54.6 years, on average, 42.2% were female, 26.1%

had PTSD, and 37.2% had cognitive impairment.WTC responders with

at least mild exposure spent ≥3.9 months at the WTC sites. Table S3

shows that measures of cortical thickness did not differ across control

populations.

3.1 Mapping differences in cortical thickness and
cerebral volume

We began by examining the association between WTC-NESI and

global cortical thickness and cerebral or cerebellar gray matter vol-

ume (Figure S2). Scatter plots revealed wide variation and statistically

significant negative correlations with cortical thickness (r = −0.38,
p < 0.001), gray matter volume (r = −0.39, p < 0.001), and in the

cerebellum (r = −0.27, p < 0.001). Proportionally, we saw increases in

cerebrospinal fluid volume (r = 0.24, P < 0.001). Only results for the

cortical thickness remained statistically significant after adjusting for

age, sex, education, and PTSD (β=−0.27, p= 0.005).

Because gray matter showed the strongest association, subsequent

analyses focused on cortical thickness (Figure 1; p valuemaps in Figure

S3). Vertex-wise analyses identified large bilateral clusters with peaks

in the precentral region that survived FDR correction. These clus-

ters broadly mapped surface vertices, containing 29,007 vertices in

the right hemisphere and 21,118 in the left hemisphere, together

accounting for 82.3% of mapped surface vertices.

Noting that the cerebral cortex was the most strongly affected

parenchymal area, we examined variation in the strength of associa-

tion between WTC-NESI in pre-defined ROIs (Figure 2). Comparisons
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TABLE 1 Sample characteristics of the three unexposed samples alongsideminimally and variably exposedWTC responder samples.

Sample characteristics

Neuroimaging

sample

(N= 218)

Unexposed or

minimally exposed,

n= 83

Mild exposure,

n= 71

Moderate

exposure,

n= 35

High exposure,

n= 13

Severe

exposure,

n= 16

Age, years 54.6 (7.5) 52.1 (9.8) 56.2 (5.2) 55.8 (5.1) 58.4 (5.1) 55.0 (5.0)

Female sex/gender 92 (42.2%) 66 (79.5%) 17 (23.9%) 5 (14.3%) 0 (0%) 4 (25%)

Post-traumatic stress disorder 57 (26.1%) 1 (1.2%) 25 (35.2%) 17 (48.6%) 6 (46.2%) 8 (50.0%)

Cognitive impairment 81 (37.2%) 18 (21.7%) 32 (45.1%) 16 (45.7%) 9 (69.2%) 6 (37.5%)

WTC exposure duration, months 2.8 (3.3) 0.0 (0.2) 4.1 (3.2) 3.9 (2.8) 6.3 (3.4) 5.6 (3.4)

Educational attainment

High school 46 (21.1%) 6 (7.2%) 20 (28.2%) 9 (25.7%) 5 (38.5%) 6 (37.5%)

Some college 66 (30.3%) 8 (9.6%) 29 (40.8%) 16 (45.7%) 6 (46.2%) 7 (43.8%)

University degree 106 (48.6%) 69 (83.1%) 22 (31.0%) 10 (28.6%) 2 (15.4%) 3 (18.8%)

Intracranial volume, cm3 1486.9 (161.2) 1403.4 (143) 1523.6 (155.4) 1581.2 (149.8) 1567.2 (134.3) 1486.3 (121.6)

Note: Mean (SD) orN (%).

Abbreviations: CSF, cerebrospinal fluid;WTC,World Trade Center.

F IGURE 1 Partial η2 estimates derived from vertex-wise analyses of cortical thickness associated withWTC-NESI. Models adjusted for age,
sex, education, and PTSD (N= 218). Partial η2 estimates exceeding 0.07 are consistent withmoderate to high effect sizes. Models identified
clusters within vertex-wise analyses using threshold-free cluster enhancement. Results shown are statistically significant after FDR adjustment.
Results revealed two large clusters with cluster peaks in the left and right precentral cortices (coordinates at [36,−17, 50] and [−30,−23, 64]) with
areas that cover 82.3% of vertices used tomap the cortical surface.

of cortical thickness (Figure 2A) in WTC exposed versus unexposed

(first column) revealed moderate statistically significant associations

between WTC exposure and reduced cortical thickness bilaterally

across ROIs in the frontal, occipital, and temporal lobes and the cin-

gulate. Volumetric analyses (Figure 2B) in subcortical and cerebellar

regions showed similar statistically significant associations between

WTC-exposure andWTC-NESI and regional atrophy near bilateral cen-

tral superior regions of the cerebellum including focal changes across

all models located in the cerebellar crus II and lobes VIIb, VIIIa, and

VIIIb.We also found associationswith hippocampus atrophywith focal

changes in the cornu ammonis (CA1) and alveus subfields.

3.2 Sensitivity analyses

We began by examining the importance of the APOE4 genotype.

Of 155 participants with genotype data, only five were homozygous

APOE4 (vs 37 heterozygous carriers) and there was no association
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F IGURE 2 Results showing effect sizes from
multivariable-adjusted generalized linear models examining
morphological differences associated withWorld Trade Center (WTC)
exposure presence versus absence, andwhen examining theWTC
Neurotoxicant Exposure Severity Index (WTC-NESI) with varying
statistical controls. (A) Cortical thickness. (B) Cerebellar and
subcortical volumes. Some cells include a darker gold hue to indicate
evidence of more severe atrophy or a darker turquoise hue to indicate
expansion. Cells with a dashed cell border are significant (p< 0.05).
*Significant after adjusting for multiple comparisons with the
Benjamini-Hochberg correction (FDR= 0.05).

between APOE4 possession and eitherWTC-NESI (χ2 = 5.5, p= 0.239)

or cortical thickness (t = −1.29, P = 0.197). Figure S4 shows that mod-

els adjusting for APOE, PTSD, body mass, smoking, imaging site, or

using various subsets of data provided similar results with expected

variability depending in part on sample size involved in each study

(Table S3). Brain tumors, recent heart attacks, history of any stroke,

or the presence of a pacemaker were exclusions for this study, so

sensitivity analyses examining their relevance are shown in Table S4.

While most medical diagnoses were not associated with either expo-

sure or measures of neurodegeneration, we found that WTC-NESI

was associated with the presence of diabetes and that the presence

of obstructive airway disease was associated with cerebellar cortical

volume (p= 0.010).

3.3 Exploratory analyses of specific WTC
exposures and regional measures

Since responders recalled specific experiences, we examined associ-

ations between specific exposures reported on site and measures of

cerebral atrophy (Figure 3). These analyses suggested that exposures

to search-and-rescue effortswere closely associatedwith cortical thin-

ning across much of the frontal lobe. In contrast, time spent sifting

through debris appeared to be associated with atrophy both in the

cortex and throughout the upper cerebellum. Interestingly, responders

spending a greater share of their time working in perimeter secu-

rity showed less cortical atrophy across the temporal lobe and in the

cingulate.

4 DISCUSSION

This study examined associations between WTC-NESI and indicators

of cerebral atrophy in WTC responders and unexposed controls. We

found that a validatedmeasure of exposure severity –WTC-NESI –was

associated with brain atrophy in WTC responders at midlife. Specif-

ically, higher WTC-NESI scores were correlated with reduced global

cortical thickness (r = −0.38, p < 0.001) with regional analyses iden-

tifying reduced cortical thickness focused on the precentral (β=−0.54,
p < 0.001) and temporal pole (β = −0.52, p < 0.001). Vertex-wise

analyses showed that affected regions integrated82.3%of cortical ver-

tices, supporting the conclusion that there is an association between

WTC exposure and cortical atrophy. Regional clusters identified in the

vertex-wise analyses included a majority of vertices mapped on the

cortical surface.

The most striking finding was a dose-dependent relationship

between exposure severity and cortical thickness. Unlike binary mea-

sures of exposure (e.g., dust cloud exposure or arrival on September

11, 2001), WTC-NESI captures the intensity and variety of activi-

ties performed by the responders where damaging exposure to fine

particulate matter was likely present. This approach suggests that

brain differences vary along a continuum of exposure severity and

may be tied to probable exposure to fine particulate matter dur-

ing response and recovery efforts. Sensitivity analyses also revealed

that WTC responders characterized as minimally exposed because

they either consistently wore full PPE or never reported work-

ing in areas with WTC dust showed a cortical thickness similar

to that of unexposed individuals. Such measures could be used to

help identify participants in other studies who might be similarly

vulnerable.
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F IGURE 3 Exploratory analyses presented as a heat map showing
standardized regression coefficients frommultivariable-adjusted
generalized linear models linking specificWorld Trade Center
reported exposure activities and cerebral volumetric information.
Cells include a darker gold hue to indicate evidence of more severe
atrophy and a darker teal hue to indicate protective associations. Cells
with a dashed cell border are nominally statistically significant
(p< 0.05). *Significant after adjusting for multiple comparisons with
FDR correction (FDR= 0.05).

Our findings provide support for accumulating evidence suggesting

that environmental exposures might increase the risk of neurode-

generative changes. For example, mouse models identified peripheral

inflammation and cognitive impairment,27 neuroinflammation,28 and

metabolic dysregulation29 in mice who ingested WTC dust. Brooks

et al.30 reported inhaled mixtures of burn-pit toxins are associated

with blood-brain barrier damage in veterans. Calderón-Garcidueñas

et al.2 reported the presence of Alzheimer’s and Parkinson’s disease

neuropathology in young urbanites who were chronically exposed to

industrial exhaust. Put together, this work reveals the potential for

insidious pathways leading from exposure to neuropathology. Our

results provide new considerations on ROIs that could be useful in

identifying other exposure-related conditions.

Until recently, work inWTC responders has focused on understand-

ing the importance of PTSD in relation to the onset of mild cognitive

impairment (MCI) and dementia.31 Recent work suggested that only

10-15% of MCI cases in this cohort can be attributed to PTSD.32

Despite not finding evidence of neurodegeneration here, previous

studies have also reported that cognitive changes include difficulties

with coordination and movement in individuals with PTSD33 that may

be linked to stress-induced cortical dysregulation.31

Neurodegeneration may result from multiple biological processes.

In this study, we focused on examining whether a putative pathway

potentially involving exposure to fine particles. One study of amyloido-

sis in WTC responders16 identified fibrillar amyloid deposits near the

olfactory bulb, consistent with the present study’s results. Simultane-

ously, studies have reported that silica-induced pulmonary fibrosis (a

composition that may be analagous to WTC dust34) is also associated

with atrophy in the cerebellumandhippocampus35 and throughout the

cerebrum.36 While the olfactory pathway might allow cerebral trans-

duction, other areas especially since WTC responders ingested the

dust and had it cover their skin and eyes. Future research should clar-

ify whether other entry pathways are possible and could influence the

type, location, or severity of neuropathology.

Researchers using the UK Biobank similarly reported that expo-

sure to ambient air pollution containing fine but not coarse particulate

matter was associated with reduced gray matter volume.37 We used

WTC-NESI as a proxy measure of exposure to fine particulate matter,

chemicals including persistent organic pollutants or polycyclic aro-

matic hydrocarbons, and heavymetals in aerosolized dust. Futurework

will be required to evaluate whether regional differences in corti-

cal thickness evident in this study are consistent with those of other

studies of cerebral atrophy following air pollution exposure. Similarly,

future research should seek to determine the cognitive and non-

cognitive symptoms that are evident among individuals with similar

forms of neurodegeneration.

4.1 Limitations

The strengths of the study include the activity-based exposure index

(WTC-NESI) and a cohort with varying degrees of exposure sever-

ity. Several limitations should also be acknowledged. First, the small

sample size and small number of women in the study limits power

and generalizability. Second, the use of a cross-sectional cohort is a

limitation because it does not allow us to establish causality. Specifi-

cally, there is a risk of reverse causality if response activities are more

severely ranked by those who already have established neurodegen-

eration. Several earlier studies using longitudinal data reported that
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the onset of cognitive decline occurred at unusually young ages in the

decades after exposure and that cognitive decline was most severe

in responders who were most severely exposed. Further research

is needed to establish a timeline for neurodegenerative changes in

responders. Third, the population of interest was exposed to a rela-

tively unique exposure for lengthy periods of time. While exposures

at the WTC may be consistent with exposures at other response sites

(includingwhen fighting urban and forest fires, bombings, or accidental

building collapses) and near military burn pits, the extent to which our

results are generalizable to ambient exposures in the general popula-

tion is unclear. Fourth, there is a risk of recall bias in measures ofWTC

exposure activities, though we are studying a memorable exposure,

andwe collected information on exposures soon after response efforts

ended. Fifth, controls were brought from several studies to improve

power, but this can introduce confounding by including subjects stud-

ied at multiple sites. We assessed this by integrating our own controls

and by comparing control databases and by statistical adjustment. We

found that controls from theWTC responder databases were notmea-

surably different from controls retrieved from ADNI and NIMH-RV

databases and that adjustment for site didnot change results. Sixth, our

sample might have excluded individuals who were most significantly

impacted by the WTC exposures since they might have already devel-

oped moderate to severe dementia or may have died. If such survival

bias is present, results from this study are likely to be conservative.

However, it is worth noting that themortality rates inWTC responders

are lower than in many studies of dementia, due to the population’s

relative youth, and that mortality rates in the WTC cohort as a whole

tend to be lower than usually present in the general population due to

a healthy worker effect coupled with the strong preventive and diag-

nostic programs that are available to responders.38 Seventh, while we

found evidence of cortical atrophy, our study cannot explain the bio-

chemical mechanisms that might lead to neurodegeneration. Hence,

mechanistic research is warranted to identify factors underpinning

similar neurodegenerative conditions.

4.2 Implications

The severity of exposure to fine particulate matter at the WTC sites

is associated with cortical atrophy, highlighting the need to under-

stand mechanisms and prevention. Some research has pointed to a

great utility of PPE when undergoing severe exposures to inhaled

heavymetals.39 Our results highlight the importance of improving pro-

tective measures to better safeguard future responders from similar

exposure-related cortical atrophy. This study also identifies a press-

ing need for intervention studies to identify ways to slow or stop

progression in exposed individuals. Finally, this study highlights the

need for ongoing monitoring and research focused on the neurological

implications ofWTC exposures.
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