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Objective: This study explores the relationship between World Trade Center (WTC) response activities (WRAs)
and cognitive impairment (CI) and uses a moderated-mediation model to examine the role of wearing a surgical/
nuisance dust mask.

Methods: This study includes 3285 WTC responders. Responders were placed into eight WRA groups based on
self-report structured responses and free-text descriptions of activities at the WTC. The presence/absence of
surgical/nuisance dust mask usage was self-reported. The outcome was CI as determined using a Montreal
Cognitive Assessment score < 23. Robust Poisson regression was used to examine the main effect, and coun-
terfactual moderated-mediation analysis was used to determine the role of mask usage.

Resuits: The risk of CI was higher across most WRAs when compared to supervision. Mask usage was reported by
63 % of responders and varied across WRAs and was associated with a reduced risk of CI (adjusted risk ratio
[aRR]=0.77, p = 0.008) after controlling for WRAs. Moderation effects indicated that responders are more likely
to wear masks when encountering more dangerous exposures, even within the same WRA group. Responders in
the WRA-enclosed group had a lower risk of CI through a moderated intermediary effect of mask usage
(aRR=0.92, p = 0.05).

Conclusion: Surgical/nuisance dust mask usage provided mild protection against air pollution exposures during
WTC response activities when compared to not wearing a mask. Results suggest that response workers at disaster
sites might benefit from wearing surgical/nuisance dust masks when respirators are unavailable even when the
air seems safe.

1. Introduction population, with higher rates among severely exposed responders

without protective equipment (Clouston et al., 2024).

An estimated 152 million people will have dementia by 2050, up
from 57 million in 2019 (Nichols et al., 2022). Dementia, marked by
severe cognitive impairment (CI) that disrupts daily life (Duong et al.,
2017), leads to healthcare costs that are 60 % higher than for cancer or
heart disease (Kelley et al., 2015; Wong, 2020). Thus, targeted in-
terventions should focus on high-risk populations. After 9/11, over 91,
000 responders faced psychological stress and air pollutants (Smith
et al., 2021). As a result, dementia incidence among WTC responders
(14.47 /1000 person-years, mean age = 52) exceeds that in the general

* Institution at which the work was performed: Stony Brook University

WTC settled dust, comprising particulate matter (PM) and neurotoxic
chemicals including dioxins, and polycyclic aromatic hydrocarbons
(Kritikos et al., 2020), might impact cognition via translocation into the
brain via the olfactory bulb or by immune activation (Clouston et al.,
2022). In situations with low air movement, WTC dust was resuspended
in 75 % of locations, with 2 % being PM<10pm in size (Lippmann et al.,
2015). Different WTC response activities (WRAs) exposed responders to
various neurotoxins: steel workers were exposed to neurotoxic metals
(Li et al., 2004), responders in enclosed environment were exposed to
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carbon monoxide (Rajakumar and Choi, 2023), heavy equipment op-
erators faced WTC dust and exhaust fumes (Stern and Haring-Sweeney,
1997), utility/maintenance workers were exposed to organic solvents
(Hakim and Moamen, 2018; Sainio, 2015). Research has clarified that
the duration of WTC exposure is related to cognitive dysfunction in re-
sponders (Clouston et al., 2017) and survivors of the tower collapse
(Rosen et al., 2022). However, these studies have not captured vari-
ability in CI risk due to different WRAs. Understanding how specific
WRAs contribute to CI is needed for targeted prevention in future
response activity.

Most responders lacked access to respirators, and those who had
them often used them incorrectly or inconsistently (Centers for Disease
Control and Prevention CDC, 2002; Nash, 2002). Multiple reports have
indicated that the restrictive nature of respirators partly contributed to
their limited use during search and rescue operations in the rubble.
Thus, most responders opted to forgot wearing any mask or to rely
exclusively on a surgical/nuisance dust mask. Surgical masks have been
reported to have limited efficacy against small particles when compared
to respirators, but studies also suggest that surgical masks are protective
against some forms of air pollution, especially when compared to not
wearing a mask (Duncan et al., 2021; Kodros et al., 2021). To date, little
is known about the long-term implications of the decision to wear a dust
mask on neurological health in responders.

A significant gap remains in understanding how WRA influences
mask-wearing, and the impact of those choices on cognitive health
(Reissman and Howard, 2008). To date, no study of WTC responders has
examined the benefits of wearing a surgical/nuisance dust when
compared to not wearing mask. This study aimed to 1) examine how
WRAs affect CI and 2) assess whether variable surgical/nuisance dust
mask usage played an intermediary variable or moderating role linking
WRAs with the risk of CI. We hypothesized that WRAs that have higher
potential for air pollution exposures would be associated with increased
risk of CI, and that surgical/nuisance dust masks significantly interme-
diate and moderate the association between WRAs and CI. To our
knowledge, this is the first study to build WRA variables and the first to
examine the intermediator/moderator role of surgical/nuisance dust
masks on cognitive health.

Responders enrolled in the parent
WTC Health & cognition study
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2. Methods
2.1. Population

All responders who were involved in the response efforts following
the 9/11 attacks were eligible to participate in the parent WTC moni-
toring program (Dasaro et al., 2017). A nested cohort from the Stony
Brook University clinical center was established to evaluate cognition in
consenting WTC responders who began attending cognitive monitoring
appointments in November 2014. This cohort had comparable exposures
and ages with the general responder group but was mostly comprised of
law enforcement professionals, males, and high school graduates
(Clouston et al., 2016). On average, responders completed their initial
exposure measurement by June 2012 and their cognitive assessment by
July 2017. The exclusion criteria for the present study are outlined in
Fig. 1. Participants were excluded from the analysis if they did not
respond during the first week. As noted above, because of reports that
many responders who had respirators did not use them correctly or
regularly, we excluded those who reported using respirators other than
surgical/nuisance dust masks (e.g., half-face and full-face respirators).

2.2. WTC response activity (WRA)

The response efforts were lengthy and complicated, so WRAs were
captured using several variables. In each one of four response periods
(September 2001, October 2001, November-December 2001, and
January-June 2002), responders were asked to provide responses to
codes for up to 55 distinct response activities including activities such as
canteen services, cable installation, escorting, firefighting, perimeter
security, and search and rescue, among others. In addition, responders
were asked whether in each period they supervised others during this
work, whether they worked in an enclosed environment, and whether
they worked in steel work (e.g., torching, cutting, burning). Next, re-
sponders were asked to describe their primary activity during each
response period in a free text format. Data from free text sometimes
differs from structured responses so, from this information, we began by
establishing WRA categories to capture response activities

Exclusion Criteria
Exclude not response during the first week (n=607)

Missing data on the first response date (n=84)

N=9,688
~
y
(.
Response during the first week '
n=8,997

Y

Report surgical mask usage

frequency n=4,025 L

Exclude not using respirator during the first week but has

Missing data on respirator usage frequency (n= 3,206)
Missing data on first week respirator type (n=97)
Exclude full-face respirator (n=138)

Exclude half-face respirator (n=1061)

frequency data (n=470)

Y

Completed WTC exposure to

response activities, 4

Missing data on any response activities (n=212) h

Missing data on education variable (n=229)
Missing data on race variable (n=67)

Missing data on total hours (n=228)

Missing data on alcohol consumption (n=4) y,

education and race variables
n=3,285

Fig. 1. Recruitment Flow Chart World Trade Center Analytic Sample.
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(Supplemental Table I). We extracted WRA group information from free
text data using natural language processing (NLP, Fig. 2). The NLP
pipeline retrieved both responders’ activity descriptions and eighteen
distinct WRA label descriptions by initially removing stop words,
numbers, and rare words (occurring <10 times across all participants).
The cleaned text data were converted into numerical vectors to calculate
similarities, allowing us to assign activities to each word based on
estimated textual similarity. Following a manual review, we followed
guidance from Harber and Leroy (2017) and created an activity dictio-
nary to help us assign responders to any combination of eighteen distinct
WRAs (Supplemental Table I).Fitty-five occupational code were reclas-
sified into 18 distinct WRAs (Supplemental Table II).

Many responders participated in multiple activities at the WTC site,
so we assigned multiple activities to each responder across time. The
final WRA*time variables merged results from NLP based on free-text
descriptions and structured occupational codes/measures describing
overlapping categories of work-related variables such as steel work,
enclosed environment, and supervision. Specifically, if any variables
indicated that the responders did a specific WRA then we rated them as
having done that WRA. This process resulted in seventy-two (18%4 time)
WRA*time variables that were often overlapping and were also clus-
tered together. For example, individuals who completed search activ-
ities often also reported working in rescue and recovery work because
while these are independent activities they are complementary.

To simplify WRA categories for analysis, we next classified work-
related activity (WRA) categories into mutually exclusive groups
based on their occupations coupled with their perceived levels of risk.
First, a search and rescue group was characterized by activities con-
ducted near the debris pile, with or without a security component, and
was presumed to have significantly higher dust exposure. Second, a
supervision group was created that we used as the reference group
because we felt that responders involved in supervision are often more
involved in oversight and less likely to be involved in manually
searching through or moving debris, which would likely result in the
lowest risk of cognitive impairment. Third, a security group consisted
exclusively of individuals conducting security tasks, typically performed
at the perimeter of the WTC site, and thought to have lower WTC dust
though having significant exposure to exhaust fumes. Fourth, we created
an enclosed group that we felt would have less exposure when combined
with repair tasks that were typically performed outside the primary WTC
sites. Fifth, we created a similar group of morgue workers who we felt
would have relatively high levels of mask usage due to occupational
standards and concerns about infectious disease but would also have
relatively low risk because individuals worked in clean rooms that were
not exposed to ambient WTC air pollution though being exposed to some
dust via their work with dusty body parts found at the site. Sixth, we
created a group of cable and other utility workers who may have
completed repairs outside of enclosed spaces. Seventh, we defined
support work as having completed work ferrying items and tools to or
from the sites without significant exposure to on-site debris removal or
search and rescue activities. Finally, we created a debris-removal-steel

L. Seperate into words
Label Description
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group that was defined as involving debris removal, transportation, or
heavy equipment operation that we felt might have exposed workers to
high levels of WTC dust and ambient air pollution.

2.3. Surgical/nuisance dust mask usage

Data on mask use was obtained through self-reported surveys
administered at study enrollment. Surgical/nuisance dust mask use is
determined by two variables: the type of mask used during the first
exposure week (surgical/nuisance dust masks, and none), and the fre-
quency of mask use over entire periods (rarely, sometimes, most of the
time, and always). The surgical/nuisance dust mask usage variable in
this study was recategorized into the binary variable with values of no
(none and rarely used, the reference group) and yes (surgical/nuisance
dust mask usage at least sometimes).

2.4. Reasons for not wearing masks or respirators

For descriptive purposes, we report reasons that responders reported
not wearing masks or respirators that were obtained at the same time
using three questions for each response period: When you didn’t wear
respirator, it was because: I did not wear a respirator at all during [period]
because... (detailed reason for not having); I did not wear respirator at all
during [period] because... (detailed reason for having but not wearing). The
first and last questions share the same values, while the second has three
values: I didn’t ask for one, None available, or I asked for one but no one
would give me one. Each participant was asked three questions about
reasons for not wearing masks or respirators across the response period.
To describe mask usage reasoning, we identified and reported all unique
responses.

2.5. Cognitive impairment

Cognition (2014-2022) was assessed by the Montreal Cognitive
Assessment (MoCA), a concise cognitive screening instrument known for
its high sensitivity and specificity in the screening of CI (Nasreddine
etal., 2005). The MoCA is used to detect the presence of CI and works by
evaluating several cognitive domains, including memory, attention,
language, visuospatial and executive functions, and orientation
(Cersonsky et al., 2022). Memory is assessed through a five-word
delayed recall task, while attention is evaluated using digit span tests,
vigilance tasks, and serial subtraction. Language assessment includes
naming, sentence repetition, and fluency tasks. Visuospatial and exec-
utive functions are tested with clock drawing, cube copying, and
sequence alternation tasks. Finally, Orientation is measured by asking
participants about the current date, location, and other contextual de-
tails (Cersonsky et al., 2022). Scores were combined using the standard
algorithm and following prior epidemiological work. We operational-
ized CI using a relatively conservative cutoff score of < 23, consistent
with mild cognitive impairment (Luis et al., 2009).

Translate to

- L and remove stop
18 activity description
words/numbers

Data Seperate into words Choose words used by a

participant's free text [ and remove stop [~ minimum of ten

participants.

activity description words/numbers

vectors

Label
participants was
labeled with 18

Calculate Activity

similarities dictionary

activities

Translate to
vectors

Manual correction and

validation

Fig. 2. The Data Pipeline Linking Natural Language Processing to Structured Activity Data to Generate Response Activity Groups.
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2.6. Covariates

Demographic factors included responder age (in years) when they
completed the MoCA, biological sex, educational achievement (<High
School and < Bachelor of Science), and race (White, Non-white). Total
working hours were scaled using the interquartile range. Smoking and
alcohol use were time-varying variables, and values at the time of
cognitive assessment were used in the analyses. Smoking was classified
as a non-smoker, past smoker, and current smoker, whereas alcohol use
was classified as a non-drinker, less than one drink per week, and more
than one drink per week.

2.7. Statistical analysis

The analysis started by describing the sample characteristics in terms
of demographics and other covariates using means and interquartile
ranges (25th percentile, 75th percentile) or frequencies and percentages
(%). A frequency plot was provided to illustrate the reasons for not
wearing masks. We assessed the main effects of WRA and mask usage on
CI using Robust Poisson regressions (Chen et al., 2018).

Since robust Poisson models may be biased under some circum-
stances and do not fully elucidate the potential factors related to mask
usage, we employed a counterfactual method to examine the potential
intermediary effects of variability in mask usage across WRAs that may
be perceived by responders themselves as varying in levels of overall
exposure risk. Specifically, we used a moderated mediation model that
leverages the probability of conditions that would occur under different
hypothetical scenarios to estimate the “Total Effect (TE) into “Natural
Indirect Effect (NIE)” and “Natural Direct Effect (NDE)” (Valeri and
Vanderweele, 2013). The NIE is CI risk ratio under two scenarios: a)
individuals are exposed to WRA and mask usage is set to the level it
would be if they were not exposed; b) individuals are exposed to WRA
and mask usage is set to the level it would be if they were exposed (Valeri
and Vanderweele, 2013). This method is preferred for handling common
binary outcomes and effectively addressing interactions between expo-
sure and intermediator, offering advantages over traditional methods
like the product approach (Caubet. et al., 2023; Valeri and Vanderweele,
2013). When properly specified, the NIE captures the risk change when
the intermediate variable mask changes from it would be under unex-
posed to exposed WRA while individuals are fixed to the exposed WRA
condition. Similarly, the NDE examined how risk changed given the pure
change of exposure condition with mask usage fixed to the level it would
be under no exposure. However, while moderated mediation models are
employed, because mask usage is not conceptualized as a traditional
mediator of the relationship between WRAs and the risk of CI, we use the
term “intermediary” throughout this manuscript.

The interaction term-WRA*mask was added to the outcome re-
gressions to adjust for effect modification. All moderated-mediation
analyses additionally adjusted for age, sex/gender, education, race/
ethnicity, working hours, smoking, and alcohol use for both the medi-
ator and outcome regressions.

To facilitate the understanding of intermediary results and how WRA
impacts mask usage, we also did a Robust Poisson Regression of WRA to
examine the risk of mask usage. The same set of covariates were
adjusted, and multiple comparisons were controlled by False Discovery
Rate (FDR). To further examine the mask protective role within each
specific WRA group, we used robust Poisson regression of mask usage on
CI stratified by WRA. Covariates and multiple comparisons were
adjusted in the model.

3. Results

After application of inclusion/exclusion criteria, a total of 3285 in-
dividuals were included in this study (Fig. 1). Responders who were
included in the study tended to be younger (Hedge’s g = —0.16), worked
longer (Hedge’s g = 0.10), and were less likely to have CI (14.3 % vs.
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17.5 %) compared to those excluded from this study (Supplemental
Table III).

Responders in the analytic sample (Table 1) were in their fifties at the
time of cognitive assessment, and the majority were male (Mal-
€=91.3 %). Those who did not wear surgical/nuisance dust masks ten-
ded to have shorter working hours (Hedge’s g= —0.33), and higher rates
of CI (17.4 % vs. 12.5 %). They also had lower education attainment
than those who reported wearing a surgical/nuisance dust mask
(Table 1).

Since many responders report not wearing any masks, we described
the reasons that responders provided for not wearing a mask(Fig. 3A),
the prevalence of CI and surgical mask use across WRAs (Fig. 3B). While
a lack of availability was the most cited reason across the entire cohort,
discomfort was the most frequent reason in this analysis sample. Re-
sponders’ perceptions of environmental risk were also given as one
reason that individuals chose not to wear a mask.

In Table 2, we outlined the percentage of mask usage among eight
mutually exclusive WRA groups and examined the multivariable-

Table 1
Baseline Characteristics of the World Trade Center Responders.
Characteristic N Overall No surgical/ ~ Wore a p-
N = 3285" nuisance surgical/ value”
dust mask nuisance
usage dust mask
N =1221° N = 2064"
Age 3285 51.99 52.81 51.71 < 0.001
(47.10, (47.48, (46.84,
57.26) 58.84) 56.63)
Biological Sex 3285 < 0.001
Male 2999 1084 1915
(91.3 %) (88.8 %) (92.8 %)
Female 286 137 149 (7.2 %)
(8.7 %) (11.2 %)
Race 3285 0.002
Non-White 380 114 266
(11.6 %) (9.34 %) (12.9 %)
White 2905 1107 1798
(88.4 %) (90.7 %) (87.1 %)
Education 3285 0.026
< Bachelor 2607 944 1663
of Science (79.4 %) (77.3 %) (80.6 %)
<High 678 277 401
School (20.6 %) (22.7 %) (19.4 %)
Smoking 3285 0.700
Current 211 83 (6.8 %) 128 (6.2 %)
(6.4 %)
Never 2087 766 1321
(63.5 %) (62.7 %) (64.0 %)
Former 987 372 615
(30.0 %) (30.5 %) (29.8 %)
Alcohol 3285 < 0.001
Consumption
None/non 688 298 390
drinker (20.9 %) (24.4 %) (18.9 %)
Less than one 1479 518 961
drink per (45.0 %) (42.4 %) (46.6 %)
week
More than 1118 405 713
one drink per (34.0 %) (33.2%) (34.5 %)
week
Total Working 3285 0.54 (0.20, 0.30 (0.07, 0.65 (0.32, < 0.001
Hours 1.22) 0.97) 1.33)
(scaled by
IQR)
Cognition 3285 < 0.001
Diagnosis
Cognitively 2815 1008 1807
Unimpaired (85.7 %) (82.6 %) (87.5 %)
Cognitively 470 213 257
Impaired (14.3 %) (17.4 %) (12.5 %)

2 Median (Q1, Q3); n (%)
b Wilcoxon rank sum test; Pearson’s Chi-squared test
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A Reasons for Not Wearing Masks

| was aleady exposed

Needed my sense of smell

| asked for one but no one would give me one
Couldn't wear with my work equipment

| didn't see the point- | was already exposed

| didn't ask for one

Reason

No one else was

| didn't see the point (any other reason)

None available (irrespective of whether asked or not)
| didn't need to- the air quality was good

Couldn't communicate

Uncomfortable/ breathing/ skin irritation

o

n
o
o

400

D
o
o

Frequency

B Cl Prevalence and Surgical Mask Use by WTC Response Activity Groups

. Cl Prevalence . Surgical Mask Use

s
Support (N=119) il

Security (N=378)
CableUtility (N=169)

Control (N=281)

Morgue (N=235) L qee%
Search (N =464) L i8u%
Enclosed (N =445) L 187%
DebrisRemovalSteel (N=1194) L 152%

° ®

WTC Response Activity Groups

Percentage (%)

Fig. 3. Reasons for Not Wearing Masks as well as the prevalence of Mask Usage, and Cognitive Impairment within Each World Trade Center Response Activity Group.

Table 2
Robust Poisson Regression of World Trade Center Response Activity (WRA) as a
Covariable to explain variation in Mask Usage.

Predictor N Prevalenceof aRR Lower Upper P
Mask Use (%) adjusted

Supervision 281 57.65 1.00

(reference)
Cable Utility 169  50.89 090 0.75 1.07 0.270
Debris 1194 71.19 1.22 1.10 1.36 < 0.001

Removal

Steel
Enclosed 445  70.56 1.19 1.06 1.33 0.008
Morgue 235  65.53 1.11 0.97 1.27 0.165
Search 464  67.03 1.16 1.03 1.30 0.020
Security 378  38.62 0.66 0.56 0.77 < 0.001
Support 119 34.45 0.63 0.49 0.82 0.002

Note: The Poisson model adjusts for age, gender, education, smoking, alcohol
consumption, and total hours. N: number of observations within each WRA.
Prevalence of Mask Use (%): percent of mask usage within each WRA. aRR:
multivariable-adjusted Rate Ratio; Lower: lower boundary of 95 % Confidence
Interval; Upper: upper boundary of 95 % Confidence Interval; P adjusted: False
Discovery Rate (FDR) adjusted p-value.

adjusted risk of mask usage within each group and reported the risk ratio
when compared to supervisorial work. Overall, Table 2 revealed sig-
nificant associations between WRAs and mask-wearing behavior.
Though not shown in Table 2, most responders (65 %) reported
consistent WRA groups throughout the response efforts while some re-
sponders changed to debris-removal-steel (16 %), to enclosed (6 %), and
search (6 %).

Next, we examined associations between WRA, mask usage, and risk
of CI (Table 3) and found that after adjusting for variation in risk due to
WRAs, mask usage was associated with a 23 % reduced risk of CI. We
also found that most WRA, except for support, were associated with
higher risk of CI when compared to supervision work even after
adjusting for educational attainment.

Next, we examined the multivariable-adjusted risk of CI among in-
dividuals who wore masks as compared to those who did not, stratified
by WRA group (Table 4). Overall, stratified results trended in the pro-
tective direction in all but one group and demonstrated a statistically
significant association between WRA and the risk of CI in enclosed and
morgue workers.

Counterfactual models examining the intermediary-moderation
studies are shown in Fig. 4. These results illustrated that, when
compared to the supervision group, participation in most WRAs (except
for support work) had significantly higher NDE and TE estimates,
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Table 3
Results from Robust Poisson Regression for Cognitive Impairment Risk including
World Trade Center Response Activity and Mask Usage as Covariables.

Predictor Prevalence of aRR Lower  Upper P
CI (%) adjusted

Surgical/Nuisance 0.77  0.65 0.91 0.008

Dust Mask
World Trade Center

Response Activity
Supervision (reference) 8.90 1.00
Cable Utility 18.34 1.67 1.03 2.70 0.057
Debris Removal Steel 15.16 1.68 1.14 2.48 0.017
Enclosed 13.71 1.63 1.06 2.49 0.041
Morgue 16.60 1.95 1.22 3.10 0.013
Search 13.36 1.80 1.17 2.77 0.016
Security 14.81 1.99 1.29 3.09 0.007
Support 12.61 1.20 0.66 218 0.616

Note: The model is adjusted for age, gender, education, smoking, alcohol con-
sumption, and total hours. Prevalence of CI (%): percent of CI within each WRA
group. aRR: multivariable-adjusted Rate Ratio; Lower: lower boundary of 95 %
Confidence Interval; Upper: upper boundary of 95 % Confidence Interval; P
adjusted: False Discovery Rate (FDR) adjusted p-value.

Table 4
Robust Poisson Regression examining the association between Mask Usage and
the risk of Cognitive Impairment, Stratified by World Trade Center Response
Activity.

Strata aRR Lower Upper P adjusted
Supervision 0.44 0.21 0.93 0.086
Cable Utility 1.40 0.74 2.63 0.477
Debris Removal Steel 0.97 0.73 1.28 0.814
Enclosed 0.51 0.32 0.81 0.018
Morgue 0.43 0.25 0.76 0.018
Search 0.85 0.54 1.36 0.671
Security 0.90 0.54 1.50 0.784
Support 0.49 0.14 1.71 0.477

Note: In all WRA groups, the risk ratio shows the relative risk of cognitive
impairment among mask users as compared to mask non-users. The Model is
adjusted for age, gender, education, smoking, alcohol consumption, and total
hours. aRR: multivariable-adjusted Rate Ratio; Lower: lower boundary of 95 %
Confidence Interval; Upper: upper boundary of 95 % Confidence Interval; P
adjusted: False Discovery Rate (FDR) adjusted p-value. The Model column in-
dicates whether the observations belong to the group of individuals who used
masks or those who did not.

consistent with results shown in Table 3. As evidenced by the step-down
in NDE over the time-periods, color-sorted results indicate that the NDE
of WRA appeared more severe in September, 2001 (yellow) and October,
2001 (blue) when compared to November-December, 2001 (green) or
January-June 2002 (violet) time periods. Interestingly, some WRAs like
Support and Security showed sizable decreases in NDE and TE over the
observed period while other activities including search and rescue,
morgue, debris removal, or utility work, though having different overall
levels of risk showed little step-down in risk over time.

Table 5 illustrated how variability in mask usage might be an
intermediary variable in the relationship between WRAs and CI both
with or without inclusion of a moderation effect of the mask (including
interaction term in the model). Generally, results from moderated
intermediary analyses showed results that were not statistically signif-
icant other than in the case of repair work in enclosed spaces. However,
when the interaction term was excluded from the model, NIE estimates
showed that surgical/nuisance dust mask was associated with protective
intermediary effects.

4. Discussion

The goal of this study was to examine how CI risk varies by WRA
groupings and whether mask usage differences influence this risk. Using
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a novel approach to supplement data from structured survey methods
with free text descriptions using NLP, the present study found that WRA
groups were differentially associated with the risk of CI. Our findings
indicated that CI was elevated among individuals involved in all WRA
groups except for the support group when compared to the supervision
group. Critically, mask usage emerged as a protective factor after
adjusting for all WRA groups suggesting that these masks may have
helped to mitigate the risk of ambient air exposures affecting many re-
sponders who opted to forgo wearing respirators during response
activities.

Valeri and Vanderweele (2013) emphasized that interaction terms
should always be included in the model for the intermediary analysis,
even if they are not statistically significant, as significant interactions
can be difficult to detect (Valeri and Vanderweele, 2013). Our “inter-
mediary” results showed notable changes in estimates after controlling
for the interaction term that themselves identified no moderating effects
of mask usage. The differences may be due to strong associations be-
tween WRA and mask usage suggesting that individuals were more
likely to wear masks when engaging in more hazardous exposure, a
result that responders reported themselves. We also found that
WRA-enclosed was associated with intermediary effects of mask usage,
instead, suggesting that there was a generalized issue of bias by indi-
cation in this study that was resolved by counterfactual models.

Our study contributes new evidence for the intermediary and
moderation effects of surgical/nuisance dust mask usage on WTC
exposure related CI risk and specifically notes that masks played a
protective role in reducing some of the risk of WTC exposure attributed
to response activities. Clinical trials have previously demonstrated that
surgical/nuisance dust masks are comparably effective to N95 respira-
tors in preventing the transmission of the COVID-19 virus (Radonovich
et al., 2019). Notably, the experiments by Radonovich et al. (2019)
lacked a control group, limiting the ability to interpret the comparable
effectiveness of surgical mask and respirators. Besides, a study by
MacIntyre et al. (2013) found that respirators were superior to surgi-
cal/nuisance dust masks in limiting respiratory disease in healthcare
workers (Maclntyre et al., 2013). The high inward leakage values for
surgical/nuisance dust masks reflect their restricted protective capa-
bility despite high filtration efficiency (Duncan et al., 2021). Indeed,
based on a model simulations study, surgical/nuisance dust masks are
less effective than N95 respirators in reducing hospitalizations caused by
wildfire smoke exposure, with a reduction of 9-24 % for surgical/-
nuisance dust masks compared to 22-39 % for N95 masks (Kodros et al.,
2021). While our results specifically excluded respirators and cannot
therefore compare results across groups, our results imply that wearing
surgical/nuisance dust mask was preferable to not wearing mask with
regards to the risk of CI in this group.

These results support prior work considering the linkage between
occupational activities and neurological exposures. For example, we
find that WRA-security and debris-removal-steel were associated with
increased CI, possibly due to the exposure to combustion byproducts
(Stern and Haring-Sweeney, 1997). Similarly, our results are also
consistent with prior findings that supervisors have the lowest CI risk;
the supervision role has been identified as a protective factor against
neuropathology among responders (Kritikos et al., 2023). Indeed, a
wealth of literature suggests that social inequalities in health may
emerge in cognitive impairment in part because individuals with higher
access to resources are more likely to avoid both neurologically
damaging exposures to modifiable risk factors for dementia (Livingston
et al., 2024).

This is the first study to examine the moderated intermediating role
of surgical mask usage in preventing air pollution exposure related to CIL.
Participation in WRAs that were perceived as hazardous in polluted
places, like working in an enclosed environment, or in a morgue where
mask usage is common because of infectious disease risks was correlated
with increased frequency of surgical/nuisance dust mask usage. How-
ever, because responders were also more likely to wear masks during
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Fig. 4. Risk Ratios showing the association between World Trade Center Response Activity (WRA) on Cognitive Impairment Across Time Periods. Results are
Stratified to Clarify Natural Direct, Natural Indirect, and Total Effects. Note that the supervisor group was the reference category and was excluded from the figure.

higher levels of hazardous exposure within the same WRA, most inter-
mediating effects were diminished. Only WRA-enclosed reached signif-
icant NIE, which was enhanced by the modifying role of mask use where
wearing the mask can significantly mitigate the RR of WRA-enclosed on
CI. This also indicated the limited protection surgical/nuisance dust
masks can provide and the variability of their protective effects across
different WRAs.

The security group, typically involving perimeter security and traffic
control at a distance from the pile, is perceived as a safer activity by
responders as reflected by their low risk of mask usage. However, our
results showed that security was associated with a higher CI risk than
supervisory work (aRR=1.99), and also found that security during the
September response period was attributable for the majority of that risk.
While seemingly small increase in risk of CI, the prevalence of CI in this
group was still relatively high. One reason for smaller risk ratios may be
that the supervisory group used as the reference category for our anal-
ysis, though representing a less exposed group, was still not truly
"unexposed".

Our results underscore the pervasive risks in disaster response
working environments and the surgical/nuisance masks can provide
some protection across all WRA groups during the response. While this
study examines the relationship between WRAs and CI, it cannot
distinguish between specific types of pollutant, chemical, or particulate
exposures. Furthermore, it is important to note that the effectiveness of a
face mask depends on the quality of the filter material and fit to the face.
For surgical masks, the loose fit significantly limits the effectiveness of
their filter material, as gaps allow air to bypass the mask (Faridi et al.,
2020; Pacitto et al., 2019). Yet, their relative comfort makes them more
readily worn in cases of high heat or in cramped spaces such as in
crevices between building pieces. In our study, surgical/nuisance dust
mask usage was associated with a lower risk (aRR = 0.77) of CL This
indicates that compared to wearing nothing, wearing a mask is associ-
ated with a 23 % lower risk of CI even after adjusting for variation in
WRA. Our results may imply that surgical/nuisance dust mask usage was
effective for all responders who lacked a respirator, consistent both with
the theory that the ambient air at the WTC sites was contaminated.
Indeed, in some activities such as in enclosed spaces, the protective

effectiveness of surgical/nuisance dust masks was sufficient to reduce CI
risk to levels comparable to those of the supervision group (data not
shown).

Though no existing studies have examined how surgical/nuisance
dust mask usage mediates/moderates the exposure-cognition relation-
ship in the WTC cohort, few studies have shown conflicting results
regarding the protective effects of respirator use on respiratory out-
comes. For instance, one study found that the number of days of expo-
sure was the only significant predictor of respiratory and nose/throat
symptoms among 319 WTC-exposed firefighters, despite also examining
respirator use and job tasks (Feldman et al., 2004). A study among 96
male iron workers at the WTC indicated a correlation between the use of
canister respirators and a reduction in new respiratory symptoms
(adjusted OR=0.32, p = 0.052) (Skloot et al., 2004). Consistent with our
results that surgical/nuisance dust mask usage was associated with a
decreased risk of CI, a study of 9296 WTC rescue and recovery workers
found that all types of respirators, including surgical/nuisance dust
masks, played a protective role against respiratory symptoms, with
half-face respirators providing the broadest protective effect across
various symptoms (Antao et al., 2011). Of note, discrepancies in these
results could be attributed to the different outcomes measured. For
instance, Feldman et al. (2004) used a broader definition of nose and
throat symptoms, encompassing any related symptoms, whereas Antao
et al. (2011) applied a more restrictive definition of respiratory disease,
only including symptoms such as shortness of breath, wheezing, chronic
cough, upper respiratory symptoms, asthma, and COPD. In contrast to
these previous studies, the present study considers the importance of
mask usage to the risk of CI up to 20 years after exposure.

Attitudes affect choices around safety behaviors such as whether to
wear surgical masks (Wong and Lee, 2016). In the WTC context, re-
sponders who perceived themselves at risk despite being told that the air
was safe to breathe, such as engaging in WRAs with visible dust exposure
or working in enclosed environments may have been more likely to wear
masks. Responders in roles perceived as less hazardous, such as security
or support, showed decreased mask usage. Surgical/nuisance dust mask
usage appeared to carry a statistically significant benefit for all WRA
groups, although its protective efficacy diminished in more hazardous
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Table 5
Moderated Mediation Analysis of World Trade Center Response Activity (WRA)
on Cognitive Impairment using Mask Usage as an Intermediary Variable.

Moderated-Intermediary Analysis Results

WRA Predictor aRR Lower Upper P
adjusted
Supervision Natural Indirect 1.00
(reference) effect
Supervision Interaction — CI 1.00
(reference)
Cable Utility Natural Indirect 099  0.95 1.03 0.519
effect
Cable Utility Interaction — CI 1.76  0.90 3.41 0.122
Debris Removal Natural Indirect 0.99 0.96 1.03 0.767
Steel effect
Debris Removal Interaction — CI 1.35 0.94 1.94 0.122
Steel
Enclosed Natural Indirect 0.92 0.85 0.99 0.050
effect
Enclosed Interaction — CI 0.67 0.41 1.10 0.130
Morgue Natural Indirect 095  0.89 1.02 0.205
effect
Morgue Interaction — CI 0.62 0.34 1.13 0.143
Search Natural Indirect 0.99 0.94 1.03 0.562
effect
Search Interaction — CI 1.06 0.64 1.75 0.828
Security Natural Indirect 1.04 0.94 1.14 0.511
effect
Security Interaction — CI 1.20 0.70 2.07 0.511
Support Natural Indirect 1.14 0.90 1.45 0.332
effect
Support Interaction — CI 0.68 0.20 2.30 0.581
Non-Moderated Intermediary Analysis
Supervision Natural Indirect 1.00
(reference) effect
Cable Utility Natural Indirect 1.01 0.99 1.04 0.309
effect
Debris Removal Natural Indirect 0.96 0.93 0.99 0.021
Steel effect
Enclosed Natural Indirect 0.97 0.94 1.00 0.043
effect
Morgue Natural Indirect 0.98  0.96 1.01 0.182
effect
Search Natural Indirect 0.97 0.95 1.00 0.058
effect
Security Natural Indirect 1.05 1.01 1.10 0.018
effect
Support Natural Indirect 1.06 1.01 1.11 0.042
effect

Note: Natural Indirect Effect (NIE) of WRA on CI from counterfactual moderated
intermediary analysis. The second row for each WRA, obtained from robust
Poisson regression, represents the coefficient of the interaction term (indicated
on the left side of the arrow) on CI (indicated on the right side of the arrow). All
models are adjusted for age, gender, education, smoking, alcohol consumption,
and total hours. aRR: multivariable-adjusted Rate Ratio; Lower: lower boundary
of 95 % Confidence Interval; Upper: upper boundary of 95 % Confidence In-
terval; P adjusted: False Discovery Rate (FDR) adjusted p-value.

environments. The reasons for not wearing mask results showed that
some people underestimated the pervasive CI risk during the response.
They chose not to wear masks because they believed the air quality was
safe and saw no need for one. Together, these results combined with
prior work might imply that ambient air exposure may have contained
more danger than originally believed and that using a respirator could
have had a sizable impact on this population. However, discomfort and
communication difficulties were frequently reported as barriers to mask
use, which may explain why many responders opted for surgical/-
nuisance dust masks or chose not to wear masks at all. This study em-
phasizes the importance of developing accessible, comfortable, and
effective respirators for responders.
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5. Limitations

As this is an observational study, it is worth noting that causality
cannot be inferred from these analyses. This study’s reliance on self-
reported variables introduces potential recall bias, and the length of
the questionnaire could have contributed to inconsistencies in re-
sponses, suggesting either a misunderstanding of the questions or
respondent fatigue. We partially addressed these issues by verifying
variable values against straightforward questions, such as whether
participants had ever used a surgical/nuisance dust mask, to oversee the
accuracy of reported first-week respiratory type usage. Additionally, we
used the reported first arrival date to verify the working status during
each response period. However, we found that adjusting for that via
modifications mentioned above caused no real change to results, sug-
gesting that this limitation may not be relevant. Notably, data about the
type of respirator that was used was only available for a short period of
time, and participants might have changed equipment subsequently.
Our analysis was, therefore, limited to those who arrived within the first
week and reported not using a respirator. As previously noted, excluded
participants may have worn respirators and experienced greater expo-
sure, thereby increasing the error estimates around the intermediary
benefits of masks from this subsample. Additionally, we measured
cognitive impairment (CI) at a single time point after exposure, making
it unclear whether diminished risk of CI resulted from WTC exposure or
pre-existing occupational or environmental factors. Future studies with
pre-WTC cognitive assessments or detailed work histories could help to
provide more clarity. While causality cannot be established in this cross-
sectional study, other research links WTC exposure to increased inci-
dence of dementia, supporting a temporal relationship with cognitive
decline (Clouston et al., 2024). Future work might also seek to deter-
mine the relationship between mask usage and incidence of dementia.

5.1. Validation and contribution of NLP results
The variables "supervision," "enclosed environment," and "steel
work" can be obtained from both NLP free text analysis and original
structured variables. These variables were utilized to demonstrate how
NLP outcomes can enhance a dataset by providing additional informa-
tion. This is important for several reasons. First, 1224 participants were
missing occupational code data, and 3220 provided broad occupational
codes such as "police officer, military, engineers" while also offering free
text descriptions. Second, in contrast to structured exposure data, the
NLP analysis highlighted predominantly the absence of certain response
activities but also introduced others (specificity= [0.99,1], sensitivity=
[0.03-0.39], positive predictive value= [0.48-0.98] data not shown).
For instance, among the first five participants in Supplemental Table IV,
the steel activity label was identified through NLP analysis, despite all
entries related to burning exposure indicating an absence (no). Among
these, one participant’s occupational code, "pipe-layers," corroborated
the NLP finding. The remaining data points were either missing, cate-
gorized under broad occupational titles such as "police officer," or
associated with different activities. Similarly, participants 6-10 were
categorized under the ’enclosed’ label based on NLP results, and par-
ticipants 11-15 were identified with *supervision’ as their activity label
from NLP findings. This study provides an example of an NLP applica-
tion that can be used to develop future occupational exposure matrices
for cognitive health.

5.2. Impact

Catastrophes like the U.S. Miami tower collapse (Simons et al., 2022)
or the Plasco building collapse in Tehran (Ahmadi et al., 2020),
emphasize the importance of safety to future disasters. Stringent and
proactive safety measures and policies are critical to ensuring compre-
hensive public health protection during all stages of disaster response.
The U.S. National Institute for Occupational Safety and Health (NIOSH)
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only recognizes approved respirators as personal protective equipment
(PPE) for air pollution and surgical masks are considered the least
effective methods for reducing pollutant exposure (National Institute for
Occupational Safety and Health NIOSH, 2023). However, sometimes
response efforts may be long-lasting, conducted by responders or civil-
ians lacking access to respirators, conducted outdoors in the fresh air,
deemed safe by government officials, or affected by problems relating to
comfort-related barriers as was the case with WTC response efforts. In
such cases, large groups of responders may opt to forgo using PPE. In
such cases, our findings indicate that surgical/nuisance dust masks may
still offer a degree of protection against unforeseen exposures. Beyond
building collapse disasters, future disasters with high pollutant levels
should consider public health interventions (McDonald and Horwell,
2020). Agencies may have a duty to warn people involved in clean-up
about the health risks associated with such clean-up sites and recom-
mend facemasks as a protective measure to mitigate particulate matter
exposure.

5.3. Institution and ethics approval and informed consent

The Stony Brook University Committee on Research Involving
Human Subjects reviewed and approved this study annually. The par-
ticipants or their legally authorized representatives provided informed
written consent.
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