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Abstract

IMPORTANCE Published studies examining the association between World Trade Center (WTC)
exposure on and after September 11, 2001, and longer-term cardiovascular disease (CVD) outcomes
have reported mixed findings.

OBJECTIVE To assess whether WTC exposure was associated with elevated CVD risk in Fire
Department of the City of New York (FDNY) firefighters.

DESIGN, SETTINGS, AND PARTICIPANTS In this cohort study, the association between WTC
exposure and the risk of CVD was assessed between September 11, 2001, and December 31, 2017, in
FDNY male firefighters. Multivariable Cox regression analyses were used to estimate CVD risk in
association with 2 measures of WTC exposure: arrival time to the WTC site and duration of work at
the WTC site. Data analyses were conducted from May 1, 2018, to March 8, 2019.

MAIN OUTCOMES AND MEASURES The primary CVD outcome included myocardial infarction,
stroke, unstable angina, coronary artery surgery or angioplasty, or CVD death. The secondary
outcome (all CVD) included all primary outcome events or any of the following: transient ischemic
attack; stable angina, defined as either use of angina medication or cardiac catheterization without
intervention; cardiomyopathy; and other CVD (aortic aneurysm, peripheral arterial vascular
intervention, and carotid artery surgery).

RESULTS There were 489 primary outcome events among 9796 male firefighters (mean [SD] age
on September 11, 2001, was 40.3 [7.4] years and 7210 individuals [73.6%] were never smokers).
Age-adjusted incident rates of CVD were higher for firefighters with greater WTC exposure. The
multivariable adjusted hazard ratio (HR) for the primary CVD outcome was 1.44 (95% CI, 1.09-1.90)
for the earliest arrival group compared with those who arrived later. Similarly, those who worked at
the WTC site for 6 or more months vs those who worked less time at the site were more likely to have
a CVD event (HR, 1.30; 95% CI, 1.05-1.60). Well-established CVD risk factors, including hypertension
(HR, 1.41; 95% CI, 1.10-1.80), hypercholesterolemia (HR, 1.56; 95% CI, 1.28-1.91), diabetes (HR, 1.99;
95% CI, 1.33-2.98), and smoking (current: HR, 2.13; 95% CI, 1.68-2.70; former: HR, 1.55; 95% CI,
1.23-1.95), were significantly associated with CVD in the multivariable models. Analyses with the
all-CVD outcome were similar.

CONCLUSIONS AND RELEVANCE The findings of the study suggest a significant association
between greater WTC exposure and long-term CVD risk. The findings appear to reinforce the
importance of long-term monitoring of the health of survivors of disasters.
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Introduction

The collapse of the World Trade Center (WTC) towers on September 11, 2001 (9/11), produced an
enormous dust cloud and created a hazardous environment for first responders, workers, and area
residents. Thousands of Fire Department of the City of New York (FDNY) firefighters were exposed
on 9/11 and for up to 10 months thereafter. Studies of the FDNY cohort have repeatedly shown that
WTC exposure was directly associated with the proximate and long-term risk of obstructive airways
disease, sinus disease, and other conditions, including posttraumatic stress disorder (PTSD); these
associations have persisted for years after 9/11.1-7

Cardiovascular disease (CVD) has long been the greatest source of mortality and morbidity in
the United States.8 Decades of research have identified major modifiable risk factors for CVD,
including hypertension, high cholesterol levels, insulin resistance, and cigarette smoking.8

Environmental exposures have more recently emerged as factors of concern.9,10 Studies associating
CVD with environmental particulate matter have relied on residence or employment as markers of
long-term exposure to air pollution or traffic exhaust, consistent with a chronic disease model.11

Other studies have noted an increase in CVD events on the same day as elevated air pollution
measurements, suggesting a pulmonary or inflammatory response from an acute exposure.10,12-15

Similarly, among residents of neighborhoods exposed to WTC dust, CVD-related hospital admissions
increased soon after 9/11.16-18

Studies examining associations of WTC exposure with longer-term CVD outcomes have
reported inconsistent findings. In one study, WTC exposure was found to be associated with an
elevated risk of CVD events,19 while others reported no associations.20-22 This longitudinal cohort
study examined long-term CVD events in a well-defined cohort of FDNY firefighters, established
before 9/11, who responded to the WTC disaster and worked at the site over subsequent months. In
particular, we assessed whether acute and postacute exposure to the WTC site was associated with
elevated long-term CVD risk.

Methods

Study Population
We followed up the cohort of FDNY firefighters who reported first arrival at the WTC site in the 2
weeks after 9/11 and were actively employed on 9/11 (N = 10 637). Owing to small numbers and the
likely different CVD risk profile, women (n = 25) were excluded, as were those who did not provide
consent (n = 803), had prevalent CVD (n = 12), and lacked follow-up information (n = 1); 9796
firefighters were included in the study. This study followed the Strengthening the Reporting of
Observational Studies in Epidemiology (STROBE) reporting guideline. The study was approved by the
Albert Einstein College of Medicine institutional review board. Participants provided written informed
consent; they did not receive financial compensation.

Procedures
In 1997, the FDNY Medical Monitoring Program initiated regular health examinations that currently
include both active and WTC-exposed retired personnel. Evaluations are scheduled every 12 to 18
months and incorporate self-administered, computer-based questionnaires and physician
examinations, as previously described.2 Program physicians also document diagnoses of conditions
that presented during the period between visits.

CVD Outcomes
Consistent with other studies, we used 2 definitions of CVD outcomes.23,24 The primary outcome
was a diagnosis in the FDNY electronic medical record of any of the following: myocardial infarction,
stroke, unstable angina, coronary artery surgery or angioplasty, or CVD death. The secondary
outcome (all CVD) included primary outcome events or any of the following: transient ischemic
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attack; stable angina, defined as either medication prescribed for angina or cardiac catheterization
without intervention; cardiomyopathy; and other CVD (aortic aneurysm, peripheral arterial vascular
intervention, and carotid artery surgery). If a participant had more than 1 outcome event, primary
events took precedence; among events in the same group, we analyzed the one with the earlier
diagnosis date. Two of us (M.D.W. and N.J.) reviewed the detailed physician notes recording the
diagnosis to confirm the categorization; disagreement was resolved by one of us (K.L.C.).
Cardiovascular disease death information was obtained through linkage to the National Death Index.
Some, but not all, of the specific dates of the CVD events were known. Therefore, for consistency,
the year of the event was used for all events.

WTC Exposure
Two measures of WTC exposure were assessed based on questionnaire responses because work
records were not available. As in previous studies, arrival time, which was our measure of acute
exposure, was defined as follows1-5: participants who reported their first arrival at the site during the
morning of 9/11 (arrival group 1) were considered the most exposed because they were present
during or immediately after the towers collapsed. Those who arrived that afternoon were
categorized as arrival group 2. Arrival group 3 included those who first arrived on 9/12, and
participants who arrived between days 3 and 14 were denoted as arrival group 4.2 Analyses
combined arrival groups 3 and 4 as the reference cohort.

The second, postacute exposure measure, was based on the number of months in which
participants worked at the WTC site, beginning 9/11 and ending July 24, 2002, when the site was
officially closed to the FDNY. Values were assigned representing the number of months in which a
participant reported working at the site for 1 or more days.2,25,26 We dichotomized the duration
variable using the top quartile as the cutoff (working �6 months vs <6 months as reference).

Additional Study Variables
We combined information from FDNY employee records, medical records, and questionnaires to
construct covariates that included baseline values for hypertension, diabetes, hypercholesterolemia,
smoking, and PTSD, along with age, race/ethnicity, and body mass index (BMI) (calculated as weight
in kilograms divided by height in meters squared). Hypertension was defined as a systolic blood
pressure of 140 mm Hg or above or a diastolic blood pressure of 90 mm Hg or above, self-reported
hypertension medication use, or physician’s diagnosis of hypertension. Diabetes was defined as a
fasting blood glucose level of 126 mg/dL or higher (to convert to millimoles per liter, multiply by
0.0555), self-reported diabetes medication use, or physician’s diagnosis of diabetes.
Hypercholesterolemia was defined as a total cholesterol level of 200 mg/dL or higher (to convert to
millimoles per liter, multiply by 0.0259), or self-reported hypercholesterolemia medication use or
physician’s diagnosis of high cholesterol level. Cigarette smoking history was categorized as current
smoker, former smoker, or never smoker based on self-report. Posttraumatic stress disorder at
baseline was defined using 2 measures. Beginning on October 2, 2001, the FDNY-modified PTSD
Checklist (PCL-m) was administered.26 Beginning December 27, 2005, the FDNY used the PTSD
Checklist (PCL-17).27,28 The earliest measurement from either the PCL-m or the PCL-17 was used; 528
participants (approximately 6%) completed the PCL-17 as their first measure. In the PCL-m, 14
questions were modified to fit the context of 9/11; answer choices were binary (yes or no). To score
as having PTSD with the PCL-m, we required symptoms within each of the 3 Diagnostic and Statistical
Manual of Mental Disorders, 4th Edition, Text Revision PTSD symptom groups. We found this
modified measure to be similar to the PCL-17.26,29 When the PCL-17 was used, a score of 44 or higher
was considered positive for PTSD.27,28 Since both the PCL-m and PCL-17 are screening rather than
diagnostic tools, our PTSD designation indicates probable PTSD. Race/ethnicity was categorized as
non-Hispanic white and other. Body mass index was categorized as normal or underweight (category
1; �24.9), preobesity (category 2; 25.0-29.9) obesity class I (category 3; 30.0-34.9), obesity class II
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(category 4; 35.0-39.9), and obesity class III (;category 5; �40.0). For each variable, the first
available measure after 9/11 was considered the baseline value.

Statistical Analysis
Baseline characteristics were compared across arrival groups and duration groups using the χ2 test
for categorical variables and analysis of variance for age. Age-adjusted incidence rates per 1000
person-years were calculated for the primary CVD outcome and all CVD and reported by exposure
categories.

Adjusted hazard ratios (HRs) and 95% CIs were estimated using Cox proportional hazards
regression models. Because age is a risk factor for CVD, we used age as the time scale in the models.
Follow-up began at age on 9/11 and ended at the youngest of age at event (if applicable), age at end of
study (December 31, 2017), age at last FDNY health examination, or age at death. Models were first
adjusted for race/ethnicity alone, and then for race/ethnicity, BMI, hypertension,
hypercholesterolemia, diabetes, smoking, and PTSD. A P value for linear trend was assessed to test
whether the association between the 3 arrival time groups and CVD was linear. First-order
interactions of covariates with the exposure variables were assessed. In addition, we fit models that
included both exposure variables in the same model. Schoenfeld residuals were examined to assess
violation of the proportional hazards assumptions.30 Multivariable models were constructed for both
the primary outcome and all CVD.

We conducted a sensitivity analysis by substituting the first PCL-17 measurement for the
baseline PCL-m measurement and repeated the primary analyses. Accordingly, we began follow-up
at the age on January 1, 2006, and used covariate values from the first available measure after
January 1, 2006. Participants who were censored before January 1, 2006, in the primary analysis
were similarly excluded from this sensitivity analysis.

P values for HRs were derived from Wald statistics; a 2-tailed α level of .05 was used to denote
statistical significance. Data analyses were conducted from May 1, 2018, to March 8, 2019, using SAS
software, version 9.4 (SAS Institute Inc).

Results

The study population included 9796 male firefighters; most were never smokers (7210 of 9796
[73.6%]) and non-Hispanic white (9225 of 9796 [94.2%]). The Table reports the distribution of
covariates by each exposure measure: arrival group and duration of work. Arrival time at the site was
significantly associated with age (group 1 mean [SD] age: 40.3 [7.2] years; group 2, 40.1 [7.4] years;
groups 3 and 4, 40.8 [7.6] years; P < .001), race/ethnicity (group 1, non-Hispanic white: 1476 [91.9%];
group 2, 5001 [94.8%]; groups 3 and 4, 2748 (94.3%); P < .001), current smoker (group 1, 199
[12.3%]; group 2, 620 [11.8%]; groups 3 and 4, 341 [11.7%]; P = 0.02), and probable PTSD (group 1,
322 [20.0%]; group 2, 520 [9.9%]; groups 3 and 4, 173 [5.9%]; P < .001). Duration of work between
group 1 vs 2 was significantly associated with age (mean [SD] age, 38.9 [6.8] vs 40.8 [7.5] years;
P < .001), race/ethnicity (non-Hispanic white, 2287 [95.1%] vs 6938 [93.9%]; P = .02), and probable
PTSD (327 [13.6%] vs 688 [9.3%]; P < .001).

In more than 16 years of follow-up, there were 489 primary outcome events. The distribution of
events over time for the primary outcome and for all CVD is shown in Figure 1. Events included 120
myocardial infarctions, 61 cerebrovascular accidents, 71 coronary artery bypass grafts, 236
percutaneous coronary interventions, and 1 congestive heart failure. There was a total of 6 CVD
deaths; each was preceded by a primary CVD outcome, which was considered the first outcome
event. All CVD included an additional 120 events, including 12 transient ischemic events, 54 angina,
39 cardiomyopathies, and 15 other CVD. As shown in Figure 2, for the primary CVD cohort, the
age-adjusted incident rates (IRs) were higher for those who arrived in the morning at the site (IR,
5.56; 95% CI, 4.42-6.69), while those who arrived in the afternoon (IR, 3.31; 95% CI, 2.92-3.71) and
those who arrived on following days (IR, 2.40; 95% CI, 1.99-2.81) had lower rates.
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Hypertension, hypercholesterolemia, diabetes, smoking, and elevated BMI (preobesity, obesity class
I, and obesity class III vs normal weight or underweight) showed significant associations with this
outcome, while PTSD did not. Adjusted HRs for arrival groups were of similar magnitude to HRs for
hypertension.

The fully adjusted Cox models using duration as the exposure measure and the primary CVD
outcome are displayed in Figure 4. Hazard ratios for primary CVD for those present at the WTC site
for 6 or more months vs those who worked less time at the site were 1.28 (95% CI, 1.04-1.57; P = .02)
for minimally adjusted models and 1.30 (95% CI, 1.05-1.60; P = .02) for fully adjusted models. Results
for the other covariates were similar to those in models using arrival group as the exposure. No
significant interactions of duration with other covariates were observed. For all CVD, these HRs were
1.30 (95% CI, 1.09-1.56; P = .004) for minimally adjusted models and 1.31 (95% CI, 1.09-1.58;
P = .005) for fully adjusted models.

In sensitivity analyses examining the CVD association with PTSD using PCL-17 scores only, the
magnitude of the association was greater, although PTSD remained nonsignificant. For the primary
CVD outcome, the HRs for PTSD were 1.19 (95% CI, 0.87-1.62; P = .27, arrival group model) and 1.24
(95% CI, 0.91-1.68; P = .18, duration model). The main associations between both acute and
postacute work exposure variables with CVD were similar to those of the primary analyses.

Discussion

We found statistically significant associations between acute (arrival group) and postacute (duration)
work exposure at the WTC site and risk of CVD events throughout more than 16 years of follow-up.
These associations were statistically significant after adjustment for age, race/ethnicity, and baseline
assessments of BMI, hypertension, hypercholesterolemia, diabetes, smoking, and probable PTSD.
Furthermore, the HR of the highest vs lowest exposure group was comparable in magnitude to that
of hypertension, which is an established risk factor for CVD.

Traditional CVD risk factors include hypertension, hypercholesterolemia, diabetes, smoking,
older age, and BMI. Environmental exposures to small, airborne particulate matter have increasingly

Figure 3. Primary Cardiovascular Disease Outcome Estimated Using the Fully Adjusted Cox Proportional Hazard
Models With Arrival Group

P Value
Favors Better

OutcomeVariable HR (95% CI)
Favors Worse
Outcome

0.1 1 10
HR (95% CI)

.81

.001

.01

<.001

<.001
<.001

.09

.01

.24

.25

.03

.05

.01

Probable PTSD: no
Probable PTSD: yes
Diabetes: no
Diabetes: yes
Hypertension: no
Hypertension: yes
Hypercholesterolemia: no
Hypercholesterolemia: yes
Cigarette smoking: never
Cigarette smoking: former
Cigarette smoking: current
BMI category 1: underweight/normal weight
BMI category 2: preobesity
BMI category 3: obesity class I
BMI category 4: obesity class II
BMI category 5: obesity class III
Race: other
Race: non-Hispanic white
Arrival groups 3 and 4: 9/12-9/24
Arrival group 2: afternoon of 9/11
Arrival group 1: morning of 9/11

0.96 (0.71-1.3)

1.99 (1.33-2.98)

1.41 (1.1-1.8)

1.56 (1.28-1.91)

1.55 (1.23-1.95)
2.13 (1.68-2.7)

1.40 (0.95-2.07)
1.69 (1.13-2.54)
1.41 (0.8-2.48)
1.70 (0.7-4.15)

1.64 (1.05-2.58)

1.24 (1-1.54)
1.44 (1.09-1.90)

9/11 indicates September 11, 2001; 9/12-9/24, between
September 12 and September 24. Body mass index
(BMI) (calculated as weight in kilograms divided by
height in meters squared) category 1 indicates
underweight or normal weight (BMI, �24.9); category
2, preobesity (25.0-29.9); category 3, obesity class I
(30.0-34.9); category 4, obesity class II (35.0-39.9);
and category 5, obesity class III (�40.0). HR indicates
hazard ratio; PTSD, posttraumatic stress disorder. Error
bars indicate 95% CIs.
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been recognized as also contributing to CVD risk, including by a 2004 American Heart Association
scientific statement.9 A 2010 update concluded that the body of evidence was “…consistent with a
causal relationship between PM2.5 [aerodynamic diameter] exposure and cardiovascular morbidity
and mortality.”12(p1)

Previous non-WTC studies of air pollutants and CVD have focused on particulate matter less
than 2.5 μm [PM2.5], carbon monoxide levels, and ozone levels.14,31-34 It is not possible to distinguish
specific WTC dust components, which included an extensive variety from organic and inorganic
material ranging in size from 2.5 μm or less to larger than 53 μm. In a measured
sample, approximately 0.88% to 1.98% of the total mass was PM2.5.35 With more than a million tons
of WTC dust, even 1% would constitute an enormous amount of PM2.5. The highest concentration of
dust occurred during and immediately after the collapse of the WTC towers, although dust became
reaerosolized when disturbed during the recovery and cleanup effort.36 Furthermore, there is the
possibility of gaseous and chemical inhalations beyond concerns about particulate matter of
specific sizes.

Ecologic studies of short-term exposures and acute CVD events typically link daily rates of
measured particulate concentrations with concurrent CVD hospital admissions and deaths.11,15

Similarly, ecologic studies of CVD events immediately following the WTC disaster showed significant
associations with WTC exposure.16-18 Potential mechanisms for short-term exposures and acute CVD
outcomes may be different from mechanisms for longer-term exposures and CVD events occurring
years later, since an event on the same or next day after exposure could more plausibly be linked to
triggers related to pulmonary crises, stress-related spikes in blood pressure, or platelet aggregation.

Both high-level acute exposure with arrival before noon on 9/11 and recurrent postacute
exposure with prolonged duration of work at the site were significantly associated with long-term
risk of the primary CVD outcome and all CVD. We found the risk was 44% greater among firefighters
who arrived on the morning of 9/11 compared with those who arrived later. This finding suggests that
discrete exposure to dust and products of combustion could have initiated persistent pathologic
processes related, in part, to chronic inflammation that increased CVD risk years later. Increased risk
for other health outcomes has been noted in this cohort.1-5 The association between WTC exposure

Figure 4. Primary Cardiovascular Disease Outcome Estimated Using the Fully Adjusted Cox Proportional Hazard
Models With Duration Group

P Value
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OutcomeVariable HR (95% CI)
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Outcome
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Cigarette smoking: former
Cigarette smoking: current
BMI category 1: underweight/normal weight
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BMI category 3: obesity class I
BMI category 4: obesity class II
BMI category 5: obesity class III
Race: other
Race: non-Hispanic white
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Duration: ≥6 mo

Probable PTSD: no
1.00 (0.74-1.34)

1.99 (1.33-2.98)

1.38 (1.08-1.77)

1.56 (1.27-1.91)

1.52 (1.21-1.92)
2.15 (1.69-2.72)

1.39 (0.94-2.05)
1.69 (1.12-2.53)
1.38 (0.78-2.44)
1.68 (0.69-4.11)

1.59 (1.01-2.49)

1.30 (1.05-1.6)

Body mass index (BMI) (calculated as weight in
kilograms divided by height in meters squared)
category 1 indicates underweight or normal weight
(BMI, �24.9); category 2, preobesity (25.0-29.9);
category 3, obesity class I (30.0-34.9); category 4,
obesity class II (35.0-39.9); and category 5, obesity
class III (�40.0). HR indicates hazard ratio; PTSD,
posttraumatic stress disorder. Error bars indicate
95% CIs.
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and CVD has also been observed in other WTC studies,19 although not in all.20-22 This difference may
be owing to the high exposure levels experienced by FDNY firefighters compared with levels
experienced by non-FDNY rescue and recovery workers. In a non-WTC study of the aftermath of an
oil spill, those who worked on the cleanup for more than 180 days—similar to our duration exposure
measure—showed a significantly greater long-term incidence of heart disease.37

Previous research from other WTC cohorts has shown an association between PTSD and CVD
events.21,38 Although we included PTSD in our models, we did not observe a significant association
with either CVD outcome measure. We performed a sensitivity analysis because we were concerned
that the timing of our PTSD measure, obtained from the earliest post-9/11 survey, may have
contributed to the observed lack of significance. Sensitivity analyses examined the association of
PTSD as measured after 2006 (using PCL-17 score) with CVD; however, PTSD still did not achieve
statistical significance. Future research will study the possibility that PTSD measured later during
follow-up could act as a mediator between WTC exposure and CVD.

Limitations and Strengths
This study has several limitations. Our exposure variables are relative and do not quantify specific
concentrations of PM2.5 or other dust components. Similarly, work records were not available to
determine the exact time of arrival or days of work at the site. Nonetheless, the measures we used
have demonstrated external validity in studies of lung function decline, adverse pulmonary
symptoms, and PTSD.1,4,5,29 In addition, hospital records were not available in all cases to confirm
CVD outcomes, so misclassification is possible. However, the severity of these diagnoses is such that
our program physicians typically require supporting documentation. Similarly, lack of the exact date
of a CVD event can be expected to reduce precision of HR estimates, which would likely bias toward
the null. It is possible that the long-term risk of CVD observed in these firefighters can be attributed
to their stressful occupation, which also reexposed them to smoke and dust in subsequent fires.
However, in this analysis, the reference groups were firefighters who likely had similar non-WTC
exposures. The reference groups were still WTC exposed, albeit less exposed, rather than non-WTC
exposed, suggesting that the true association of exposure might be greater than we observed.

This study also has considerable strengths. The FDNY WTC-exposed firefighter cohort,
established before 9/11, has been extensively studied with consistency of results. At baseline, the few
(<0.5%) participants with CVD were removed from analyses, leaving a healthy group that was
followed up for as long as 16 years. The CVD outcomes were based on physician-documented
diagnoses in the FDNY medical record rather than patient self-report that others have used.22,38

These diagnoses, along with physicians’ notes, were clinically reviewed for classification as primary
outcome events or all-CVD events. In addition, CVD diagnoses are not conditions whose medical care
is covered under the James Zadroga 9/11 Health and Compensation Act. As a result, the likelihood of
overreporting CVD for purposes of compensation is small. Furthermore, we observed associations of
the traditional CVD risk factors consistent with what is known, possibly providing further evidence
of external validity.

Conclusions

We observed that acute WTC dust exposure, as well as repeated exposures over the months of
cleanup, may be associated with elevated CVD risk throughout 16 years of longitudinal follow-up. The
findings appear to reinforce the importance of long-term monitoring of the health of survivors of
disasters. Future studies are warranted to address whether identifying and addressing changes in
other CVD risk factors can mitigate elevated CVD risk associated with disaster exposure.
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Introduction

Ischaemic heart disease (IHD) persists as the leading cause of premature
death and disability worldwide.1 IHD may present as acute myocardial
infarction (MI) or a chronic coronary syndrome.2 IHD is increasingly rec-
ognized as a concomitant problem in systemic health problems, such as
rheumatoid arthritis. Coronary atherosclerosis is a major cause of IHD.
The historical primacy of coronary artery disease (CAD) leads some
clinicians to view coronary heart disease (CHD) and IHD as synony-
mous, interchangeable terms. Emerging clinical evidence indicates this is
far from being the case and a major reappraisal is warranted.3 CHD rep-
resents a subset of IHD, and these terms should not be used
interchangeably.

Under-recognition of coronary
microvascular disease: time for a
reappraisal
Coronary microvascular dysfunction (CMD) has, historically, been un-
der-recognized, not least since the microvessels are invisible to currently
available clinical imaging techniques. This simple issue has underpinned
key misconceptions about IHD and major knowledge gaps relating to
CMD.3 Atherosclerosis is the major cause of CHD and the pathogenesis,
prognosis, and treatment of these problems are well-established.2 In re-
cent years, new insights into the causes and consequences of IHD have
called into question the CAD stenosis-centred/CHD paradigm.

Most recently, the ISCHEMIA trial results were reported at the
Scientific Sessions of the American Heart Association (16 November
2019) (https://professional.heart.org/professional/ScienceNews/UCM_
505226_ISCHEMIA-Clinical-Trial-Details.jsp).4 The central hypothesis of
the ISCHEMIA trial was that in patients with angina and moderate–se-
vere myocardial ischaemia, compared with initial non-invasive, medical
management, a routine invasive strategy with cardiac catheterization fol-
lowed by coronary revascularization plus optimal medical therapy,
would improve prognosis. After 3.3 years of follow-up, there was no dif-
ference in the primary endpoint between the randomized groups.4 This
trial did have limitations. Under-recruitment and a lower than expected
event rate reduced the statistical power for analysis of the primary out-
come that ultimately led to a belated, yet prespecified change in the

primary composite outcome. Longer-term follow-up with accrual of
more events may provide new insights. Nonetheless, ISCHEMIA is the
largest study of its kind, and the results call into question the benefits of
coronary revascularization in patients with myocardial ischaemia.
Crucially, it questions the stenosis-centred pathophysiology of IHD and
warrants reassessment of the role of CMD in IHD.

Clinical relevance of coronary
microvascular dysfunction
CMD is increasingly implicated as a relevant cause of IHD.4 Angina sec-
ondary to myocardial ischaemia may occur in patients with no obstruc-
tive CAD (INOCA). In fact, fewer than one in five patients presenting
with known or suspected angina have obstructive CAD, as revealed by
anatomical imaging with computed tomography coronary angiography
(CTCA)5 (Figure 1). In the clinic, the cause of the angina is uncertain in
the majority of affected patients, most of whom are women.5,6 This
becomes all the more relevant given that CTCA-guided management
leads to worse angina and quality of life overall, contrary to what might
be anticipated.7 The Coronary Microvascular Function and CT
Coronary Angiogram (CorCTCA) study is currently examining the prev-
alence and clinical significance of CMD in patients with angina but no ob-
structive CAD, as defined by CTCA.8 The recent Coronary
Microvascular Angina (CorMicA trial) served evidence that undertaking
tests of coronary vascular function during clinically indicated coronary
angiography identifies relevant endotypes (microvascular angina, vaso-
spastic angina, and non-cardiac chest pain) and targeted therapy was as-
sociated with improvements in angina and quality of life at 6-9 and 12
months.10 Considering acute MI, about 1 in 10 patients presenting with
MI have no obstructive coronary arteries (MINOCA).11 Microvascular
and vasospastic disease are also implicated. Considering the natural his-
tory, INOCA and MINOCA may underlie the development of heart fail-
ure with preserved ejection fraction12 which is an increasingly
recognized, prevalent cause of heart failure.

Coronary microvascular disease may be part of a systemic continuum
of microvascular disease, with multiple affected organ beds.13 Small ves-
sel disease in the heart and brain links INOCA with vascular dementia.13

The deleterious effects of vascular risk factors, such as hypertension,
obesity, smoking, and diabetes are relevant, and genetic associations,14

notably leading to increased exposure to endothelin-115 are also

* Corresponding author. Tel: þ44 (0)141 330 3325, þ44 (0)141 951 5000; fax: þ44 (0)141 330 6794, E-mail: colin.berry@glasgow.ac.uk
Published on behalf of the European Society of Cardiology. All rights reserved. VC The Author(s) 2020. For permissions, please email: journals.permissions@oup.com.

Cardiovascular Research (2020) 116, 737–740 EDITORIAL
doi:10.1093/cvr/cvaa035

D
ow

nloaded from
 https://academ

ic.oup.com
/cardiovascres/article/116/4/737/5799054 by guest on 31 O

ctober 2023





..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

.
dysfunction in the heart. Secondly, they focus on the relevance of cardio-
vascular risk factors and comorbid conditions for microcirculatory dys-
function. Thirdly, they highlight the clinical consequences of CMD, which
is not a benign problem. They conclude that clinical strategies should pri-
oritize detection of CMD which in turn will help in the stratification of
cardiovascular in support of precision medicine.

The first review article focuses on experimental models of CMD.
Sorop et al.21 discuss the benefits and pitfalls of existing small and large
animal models of CMD, with a specific focus on metabolic disturbances
which may be experimentally induced or spontaneous. They provide a
comprehensive description of relevant experimental research involving
a range of species. They also highlight the value of experimental models
for identifying novel therapeutic targets and for the subsequent develop-
ment and testing of novel therapeutic interventions.

The next article focuses on ‘Diagnosis of coronary microvascular dys-
function in the clinic’. Ong et al.22 cover the diagnosis of CMD in an arti-
cle that discusses the invasive and non-invasive methods for the
assessment of CMD in humans. They highlight an integrative approach
for assessing coronary vascular function using a diagnostic guidewire ini-
tially and then pharmacological reactivity testing using intracoronary ad-
ministration of acetylcholine (ACh). They highlight the Interventional
Diagnostic Procedure developed by Berry and Ford9 as the current gold
standard for assessing coronary vascular function. A review from Bairey
Merz et al.23 on ‘Treatment of CMD’, provides a comprehensive over-
view of pharmacotherapies with potential efficacy in alleviating CMD.
The article highlights pivotal clinical trials in CMD, such as CorMicA9 and
WARRIOR (ClinicalTrials.gov Identifier: NCT03417388). In addition,
they highlight novel therapeutics, including gene and cell-based therapies.

The Spotlight also includes articles on CMD in different cardiovascular
disease settings. Sechtem et al.24 focus on CMD in stable IHD, including
INOCA and obstructive CAD. They focus on challenging concepts in-
cluding CMD in the absence of atherosclerosis, CMD detection, micro-
vascular spasm, collateral connections, and the prognostic importance of
global coronary flow reserve. Konijnenberg et al.25 focus on the patho-
physiology and diagnosis of CMD in acute MI. The authors state that the
current standard of care, primary percutaneous coronary intervention,
successfully restores coronary blood flow in the vast majority of patients
yet most also have evidence of failed myocardial perfusion, revealed as
microvascular obstruction (MVO) using magnetic resonance imaging.
MVO confers an adverse prognosis and in spite of multiple therapeutic
trials, MVO has no evidence-based treatment and has an unmet thera-
peutic need. The manuscript also discusses pre-clinical models. Camici
et al.26 discuss the mechanisms by which CMD is a contributing factor to
the transition from left ventricular hypertrophy to heart failure with ei-
ther a reduced or preserved ejection fraction. Relevant mechanisms are
discussed. CMD in genetic cardiomyopathy is also described. Konst et
al.27 describe the pathogenic role of CMD in the setting of other cardiac
or systemic conditions. They highlight diabetes mellitus, obesity, and vas-
cular inflammation as relevant causes of CMD.

A further disease modifier of CMD pathology is sex.16,17 Women
who are under investigation for myocardial ischaemia are more likely to
have non-obstructive CAD on coronary angiography and CMD is rele-
vant. In the final article of this Spotlight Issue, Waheed et al.28 explore
sex associations of INOCA, MINOCA, symptoms, risk factors and, in-
triguingly, sex-specific factors such as inflammation, mental stress, auto-
nomic, and neuro-endocrine dysfunction that may cause women—
relative to men—to be more likely to develop CMD. Sex differences
have major implications for both diagnosis and treatment of cardiovascu-
lar disease.

We recognize and thank experts from the COVADIS (Coronary
Vasomotor Disorders International Study Group) and ESC Working
Group on Coronary Pathophysiology and Microcirculation for their col-
laboration. The Editors hope that by bringing this collection of articles
together, the Spotlight will enhance interest for research in CMD. This
problem pervades human disease, mechanisms are poorly understood
and specific treatments are lacking. CMD presents an exciting field for
discovery and translation to reduce the unmet therapeutic need.

Conflict of interest: C.B. is employed by the University of Glasgow
which holds consultancy and research agreements with companies that
have commercial interests in the diagnosis and treatment of ischaemic
heart disease. The companies include Abbott Vascular, AstraZeneca,
Boehringer Ingelheim, GSK, HeartFlow, Menarini, Novartis, and Siemens
Healthcare. These companies had no involvement in this
manuscript. D.J.D. serves ad hoc as a consultant for Medtronic and
Sanofi-Aventis. These companies had no involvement in this manuscript.

Funding
C.B. has research funding from the British Heart Foundation (FS/17/26/
32744; RE/18/6134217) and the Medical Research Council (MR/S018905/1).
D.J.D. has research funding from the Netherlands CardioVascular Research
Initiative: an initiative with support of the Dutch Heart Foundation
[CVON2014-11 (RECONNECT)].

References
1. GBD 2017 Causes of Death Collaborators. Global, regional, and national age-sex-

specific mortality for 282 causes of death in 195 countries and territories, 1980-
2017: a systematic analysis for the Global Burden of Disease Study 2017. Lancet
2018;392:1736–1788.

2. Knuuti J, Wijns W, Saraste A, Capodanno D, Barbato E, Funck-Brentano C, Prescott
E, Storey RF, Deaton C, Cuisset T, Agewall S, Dickstein K, Edvardsen T, Escaned J,
Gersh BJ, Svitil P, Gilard M, Hasdai D, Hatala R, Mahfoud F, Masip J, Muneretto C,
Valgimigli M, Achenbach S, Bax JJ; ESC Scientific Document Group. 2019 ESC
Guidelines for the diagnosis and management of chronic coronary syndromes. Eur
Heart J 2020;41:407–477.

3. Berry C. Stable coronary syndromes: the case for consolidating the nomenclature of
stable ischemic heart disease. Circulation 2017;136:437–439.

4. Ford TJ, Corcoran D, Berry C. Stable coronary syndromes: pathophysiology, diagnos-
tic advances and therapeutic need. Heart 2018;104:284–292.

5. SCOT-HEART investigators. CT coronary angiography in patients with suspected an-
gina due to coronary heart disease (SCOT-HEART): an open-label, parallel-group,
multicentre trial. Lancet 2015;385:2383–2391.

6. Mangion K, Adamson PD, Williams MC, Hunter A, Pawade T, Shah ASV, Lewis S,
Boon NA, Flather M, Forbes J, McLean S, Roditi G, van Beek EJR, Timmis AD,
Newby DE, McAllister DA, Berry C. Sex associations and computed tomography
coronary angiography-guided management in patients with stable chest pain. Eur
Heart J 2019;doi:10.1093/eurheartj/ehz903.

7. Williams MC, Hunter A, Shah A, Assi V, Lewis S, Mangion K, Berry C, Boon NA,
Clark E, Flather M, Forbes J, McLean S, Roditi G, van Beek EJ, Timmis AD, Newby
DE; Scottish COmputed Tomography of the HEART (SCOT-HEART) Trial
Investigators. Symptoms and quality of life in patients with suspected angina undergo-
ing CT coronary angiography: a randomised controlled trial. Heart 2017;103:
995–1001.

8. Sidik NP, McEntegart M, Roditi G, Ford TJ, McDermott M, Morrow A, Byrne J,
Adams J, Hargreaves A, Oldroyd KG, Stobo D, Wu O, Messow CM, McConnachie
A, Berry C. Rationale and design of the British Heart Foundation (BHF) Coronary
Microvascular Function and CT Coronary Angiogram (CorCTCA) study. Am Heart J
2020;221:48–59.

9. Ford TJ, Stanley B, Good R, Rocchiccioli P, McEntegart M, Watkins S, Eteiba H,
Shaukat A, Lindsay M, Robertson K, Hood S, McGeoch R, McDade R, Yii E, Sidik N,
McCartney P, Corcoran D, Collison D, Rush C, McConnachie A, Touyz RM,
Oldroyd KG, Berry C. Stratified medical therapy using invasive coronary function
testing in angina: the CorMicA trial. J Am Coll Cardiol 2018;72:2841–2855.

10. Ford TJ, Stanley B, Sidik N, Good R, Rocchiccioli P, McEntegart M, Watkins S, Eteiba
H, Shaukat A, Lindsay M, Robertson K, Hood S, McGeoch R, McDade R, Yii E,
McCartney P, Corcoran D, Collison D, Rush C, Sattar N, McConnachie A, Touyz
RM, Oldroyd KG, Berry C. 1-year outcomes of angina management guided by inva-
sive coronary function testing (CorMicA). JACC Cardiovasc Interv 2020;13:33–45.

Editorial 739
D

ow
nloaded from

 https://academ
ic.oup.com

/cardiovascres/article/116/4/737/5799054 by guest on 31 O
ctober 2023



..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..11. Agewall S, Beltrame JF, Reynolds HR, Niessner A, Rosano G, Caforio AL, De
Caterina R, Zimarino M, Roffi M, Kjeldsen K, Atar D, Kaski JC, Sechtem U, Tornvall
P; WG on Cardiovascular Pharmacotherapy. ESC working group position paper on
myocardial infarction with non-obstructive coronary arteries. Eur Heart J 2017;38:
143–153.

12. Crea F, Bairey Merz CN, Beltrame JF, Kaski JC, Ogawa H, Ong P, Sechtem U,
Shimokawa H, Camici PG; Coronary Vasomotion Disorders International
Study Group (COVADIS). The parallel tales of microvascular angina and heart
failure with preserved ejection fraction: a paradigm shift. Eur Heart J 2017;38:
473–477.

13. Berry C, Sidik N, Pereira AC, Ford TJ, Touyz RM, Kaski JC, Hainsworth AH. Small-
vessel disease in the heart and brain: current knowledge, unmet therapeutic need,
and future directions. J Am Heart Assoc 2019;8:e011104.

14. International Study of Comparative Health Effectiveness With Medical and Invasive
Approaches (ISCHEMIA). https://clinicaltrials.gov/ct2/show/NCT01471522 (17
February 2020, date last accessed).

15. Ford TJ, Corcoran D, Padmanabhan S, Aman A, Rocchiccioli P, Good R,
McEntegart M, Maguire JJ, Watkins S, Eteiba H, Shaukat A, Lindsay M, Robertson K,
Hood S, McGeoch R, McDade R, Yii E, Sattar N, Hsu LY, Arai AE, Oldroyd KG,
Touyz RM, Davenport AP, Berry C. Genetic dysregulation of endothelin-1 is impli-
cated in coronary microvascular dysfunction. Eur Heart J 2020;doi:10.1093/
eurheartj/ehz915.

16. Lam CSP, Arnott C, Beale AL, Chandramouli C, Hilfiker-Kleiner D, Kaye DM, Ky B,
Santema BT, Sliwa K, Voors AA. Sex differences in heart failure. Eur Heart J 2019;40:
3859–3868c.

17. Mehta PK, Bess C, Elias-Smale S, Vaccarino V, Quyyumi A, Pepine CJ, Bairey Merz
CN. Gender in cardiovascular medicine: chest pain and coronary artery disease. Eur
Heart J 2019;40:3819–3826.

18. Piek JJ. Combined Pressure and Flow Measurements to Guide Treatment of
Coronary Stenoses (DEFINE-FLOW). https://clinicaltrials.gov/ct2/show/NCT0232
8820 (17 February 2020, date last accessed).

19. Reynolds H. The Changes in Ischemia and Angina Over 1 Year Among ISCHEMIA
Trial Screen Failures With no Obstructive CAD on Coronary CT Angiography
(CIAO) substudy. https://clinicaltrials.gov/ct2/show/NCT02347215 (17 February
2020, date last accessed).

20. Padro B, Manfrini O, Bugiardini R, Canty J, Cenko E, De Luca G, Duncker DJ, Eringa
EC, Koller A, Tousoulis D, Trifunovic D, Vavlukis M, de Wit C, Badimon L. ESC
Working Group on Coronary Pathophysiology and Microcirculation position paper
on ‘coronary microvascular dysfunction in cardiovascular disease’. Cardiovasc Res
2020;116:741–755.

21. Sorop O, van de Wouw J, Chandler S, Ohanyan V, Tune JD, Chilian WM, Merkus D,
Bender SB, Duncker DJ. Experimental animal models of coronary microvascular dys-
function. Cardiovasc Res 2020;116:756–770.

22. Ong P, Safdar B, Seitz A, Hubert A, Beltrame J, Prescott E. Diagnosis of coronary mi-
crovascular dysfunction in the clinic. Cardiovasc Res 2020;116:841–855.

23. Bairey Merz CN, Pepine CJ, Shimokawa H, Berry C. Treatment of coronary micro-
vascular dysfunction. Cardiovasc Res 2020;116:856–872.

24. Sechtem U, Brown DL, Godo S, Lanza GA, Shimokawa H, Sidik N. Coronary micro-
vascular dysfunction in stable ischaemic heart disease (NOCAD and OCAD).
Cardiovasc Res 2020;116:771–786.

25. Konijnenberg LSF, Damman P, Duncker DJ, Kloner RA, Nijveldt R, van Geuns RJ,
Berry C, Riksen NP, Escaned J, van Royen N. Pathophysiology and diagnosis of coro-
nary microvascular dysfunction in ST-elevation myocardial infarction. Cardiovasc Res
2020;116:787–805.
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BACKGROUND: We sought to determine whether post-traumatic stress 
disorder (PTSD) is a risk factor for myocardial infarction (MI) and stroke, 
beyond the expected effects from recognized cardiovascular risk factors 
and depression.

METHODS AND RESULTS: World Trade Center–Heart is an observational 
prospective cohort study of 6481 blue-collar first responders nested 
within the World Trade Center Health Program in New York City. 
Baseline measures in 2012 and 2013 included blood pressure, weight 
and height, and blood lipids. PTSD, depression, smoking, and dust 
exposure during the 2001 cleanup were self-reported. During the 
4-year follow-up, outcomes were assessed through (1) interview-based 
incident, nonfatal MI, and stroke, validated in medical charts (n=118); 
and (2) hospitalizations for MI and stroke for New York city and state 
residents (n=180). Prevalence of PTSD was 19.9% in men and 25.9% in 
women, that is, at least twice that of the general population. Cumulative 
incidence of MI or stroke was consistently larger for men or women with 
PTSD across follow-up. Adjusted hazard ratios (HRs) were 2.22 (95% 
confidence interval [CI], 1.30–3.82) for MI and 2.51 (95% CI, 1.39–4.57) 
for stroke. For pooled MI and stroke, adjusted HRs were 2.35 (95% CI, 
1.57–3.52) in all and 1.88 (95% CI, 1.01–3.49) in men free of depression. 
Using hospitalization registry data, adjusted HRs were 2.17 (95% CI, 
1.41–3.32) for MI; 3.01 (95% CI, 1.84–4.93) for stroke; and for pooled 
MI and stroke, the adjusted HR was 2.40 (95% CI, 1.73–3.34) in all, HR 
was 2.44 (95% CI, 1.05–5.55) in women, and adjusted HR was 2.27 
(95% CI, 1.41–3.67) in men free of depression. World Trade Center dust 
exposure had no effect.

CONCLUSIONS: This cohort study confirms that PTSD is a risk factor for 
MI and stroke of similar magnitude in men and women, independent of 
depression.
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This is the first report from World Trade Center 
(WTC)-Heart—a cohort study specifically designed 
to assess the association between early response 

to the WTC September 11 attack and cardiovascular 
outcomes. WTC-Heart comprises blue-collar workers 
who were involved in the cleaning of the debris of the 
WTC complex during the months immediately after the 
attack. The cohort offers the ability to assess whether 
post-traumatic stress disorder (PTSD) is involved in car-
diovascular disease (CVD) incidence because of 3 cohort 
characteristics: (1) it underwent the same, extraordinary 
traumatic event at a discrete point in time and suffers 
from an excess burden of PTSD symptoms at least twice 
that of the general population1,2; (2) being nested within 
a long-term program offering free care to first respond-
ers, can explore long-term risk 11 to 15 years after the 
event; and (3) because first responders were on average 
in their forties in 2001, it is a relatively young cohort in 
which CVDs would be expected to be rare if it was not 
because of this unique exposure to the psychologically 
and environmentally traumatic event in 2001.

PTSD—a syndrome characterized by re-experiencing 
the traumatic exposure, avoidance of reminders, hyper-
arousal, and negative mood and cognitions, highly prev-
alent among WTC responders3—has been consistently 
shown to be an independent risk factor for incident 
myocardial infarction (MI) or stroke in cohort studies.4–10 
Previous reports from a different WTC cohort have relat-
ed psychological stress to heart diseases among people 
who worked at or were living in the vicinity of Ground 
Zero in 2001 to 2002.11,12 However, despite the wealth 

of evidence, PTSD is still not recognized as a risk factor 
for CVD because available studies are all affected by 1 
or several limitations, such as self-report of established 
CVD risk factors (eg, lipids, blood pressure, weight, and 
height), self-reported CVD events, exclusively male or 
female cohorts, or nonadjustment for depression. In 
contrast, in WTC-Heart, CVD risk factors were mea-
sured in a standardized fashion, and incident cases of 
MI and stroke were assessed using an active follow-up, 
including personal interviews and validation of events 
in medical charts simultaneously in men and women.

METHODS
The data, analytic methods, and study materials will not be 
automatically made available to other researchers for pur-
poses of reproducing the results or replicating the proce-
dure. The cohort is nested within the WTC Health Program 
(WTCHP), and authorization will have to be obtained from 
the WTCHP too.

WTC-Heart is a prospective, fixed cohort of 6481 WTC 
first responders involved in cleaning up the debris of the WTC 
complex in New York City in 2001 and 2002 and recruited 
within the WTCHP. Active follow-up for incident and recur-
rent CVD was conducted from January 2012 until June 2016, 
remotely via e-mail, mail, and phone interviews in English, 
Spanish, and Polish. The cohort was also linked with the New 
York state hospitalization database, SPARCS.

The cohort was recruited from 2 WTCHP sites (ie, the Icahn 
School of Medicine at Mount Sinai or North Shore Long Island 
Jewish Hospital) in New York City. The WTCHP, established 
in 2002, comprises nonfirefighter workers and volunteers 
engaged in rescue, recovery, restoration of services, cleanup, 
or other support work on or after September 11. These first 
responders were eligible in the WTCHP if they had worked 
for ≥4 hours on September 11 to 14, 2001, ≥24 hours dur-
ing the month of September 2001, or ≥80 hours total during 
the period of October through December 2001.13 Also eligible 
were employees of the Office of the Chief Medical Examiner 
who processed human remains, of the Port Authority Trans-
Hudson Corporation who participated in the cleanup efforts 
for ≥24 hours from February to July 2002, and workers who 
drove, repaired, cleaned, or maintained vehicles that handled 
WTC debris for at least 1 day between September 11, 2001, 
and July 31, 2002.14

Sample
The cohort is a consecutive sample of 6481 women and men 
attending one of their annual clinical visits, up to their 10th 

annual visit, at the WTCHP between January 2012 and June 
2013 (baseline). Annual visits are not necessarily associated with 
medical problems requiring care. Informed consent was pro-
vided on the day of recruitment, in English, Spanish, and Polish. 
The Queens College Institutional Review Board and those of the 
2 recruitment sites approved the WTC-Heart protocol.

Exposures
Recognized cardiovascular risk factors comprised: (1) stan-
dardized 2 measurements of blood pressure to the third digit 

WHAT IS KNOWN
•	 Post-traumatic stress disorder has been consis-

tently shown to be an independent risk factor for 
incident myocardial infarction or stroke in cohort 
studies.

•	 However, despite the wealth of evidence, post-
traumatic stress disorder is still not recognized as 
a risk factor for cardiovascular disease because 
available studies are all affected by 1 or several 
limitations.

WHAT THE STUDY ADDS
•	 World Trade Center–Heart offers unique and 

strong evidence that World Trade Center attack–
related post-traumatic stress disorder is a risk fac-
tor for myocardial infarction and stroke, in men 
and women, and independent of recognized car-
diovascular risk factors and depression.

•	 Because of its methodological strength (ie, active 
follow-up, medical chart validation, and adjust-
ment for depression), this study validates previous 
reports of exclusively male or female cohorts.
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(eg, 12.2) after sitting down; (2) a comprehensive smok-
ing history; (3) body weight and height measured in lightly 
dressed subjects; and (4) blood lipids: total cholesterol, low-
density lipoprotein, and triglycerides. Clinical personnel were 
trained specifically for this study and provided identical, new 
instruments (scales, sphygmomanometers). Baseline mental 
health symptoms included the PTSD checklist PCL-C (civilian) 
for DSM-IV,15 with a specific preamble relating the answers to 
the participation in the WTC cleanup. The cutoff for probable 
PTSD was ≥44 points as recommended given the prevalence 
of PTSD in the cohort.16 Possible depression was defined as a 
score of ≥10 (in a range of 0–27) on the 9 questions of the 
Patient Health Questionnaire-9.17

In a detailed questionnaire, each participant indicated: (1) 
which day on or after September 11 they began working on 
the WTC complex; (2) whether they were directly in the cloud 
of dust (or blackout) from the collapse of the WTC buildings 
or not; (3) whether their work was adjacent or on the pile 
or pit, terms that referred to the former location of the twin 
towers of the WTC complex; and (4) whether they wore a 
protective mask.18

Active Follow-Up
Attempts were made to contact every participant once a 
year from the 2012 baseline to June 2016. At each annual 
contact, incident cardiac and incident neurological events 
were reported in a standardized, self-administered survey 
in English, Spanish, and Polish either online, by mail, or by 
telephone. In case of death reported by a relative or by the 
WTCHP, a questionnaire and request of death certificate was 
mailed to either relatives or healthcare provider.

Outcomes
All self-reported CV events on the follow-up forms, includ-
ing positive report of cardiac symptoms, MI, neurological 
symptoms, or stroke, were tentatively confirmed by specific 
additional personal interviews conducted by phone by trained 
interviewers in English, Spanish, or Polish. Determination of 
incident and recurrent cardiovascular outcomes in medical 
charts was performed by a blinded adjudicating panel com-
prising the principal investigator (A.M.) and a senior research 
worker (C.M.-M.) with 24 years of experience adjudicating 
acute MI and stroke in several large population-based studies. 
An MI was confirmed in the presence of typical symptoms, 
EKG signs, troponin, and enzymatic movement. A stroke or 
a transient ischemic attack was confirmed in the presence of 
typical symptoms and medical imaging or sonographic signs.

From January 1, 2012, through December 31, 2016, (the 
latest year available) all WTC-Heart participants were elec-
tronically linked to New York State Department of Health 
SPARCS program, which includes diagnoses and dates for all 
patients discharged from acute care hospitals, excluding psy-
chiatric and federal hospitals. The coding of discharge diag-
noses may not be accurate, but the degree of inaccuracy is 
likely to be homogeneous across the cohort. Matched records 
had identical key identifying information, such as name, date 
of birth, last 4 digits of the social security number, or address. 
Analyses were restricted to the 5484 New York city or state 
residents. We used, for MI, International Classification of 

Diseases, Ninth Revision codes 410 to 411 and International 
Classification of Diseases, Tenth Revision codes I21-I22, and 
for stroke, International Classification of Diseases, Ninth 
Revision codes 430 to 432 and International Classification 
of Diseases, Tenth Revision codes I60-I63. For the follow-up 
years 2012 through 2016, 180 WTC-Heart study participants 
were identified in the SPARCS database as having been hospi-
talized with a discharge diagnosis of MI or stroke.

Statistical Analysis
Kaplan-Meier survival analysis was used to plot the cumula-
tive incidence of MIs and stroke. Cox proportional hazards 
models were used to estimate adjusted hazard ratios (aHRs) 
and 95% confidence intervals (CIs) of MI or stroke, adjusted 
for use of a respirator and for recognized cardiovascular risk 
factors: age, blood pressure, total cholesterol, body mass 
index, tobacco use, and, when relevant, sex. Firth procedure 
was applied to improve aHR and CI estimates from Cox pro-
portional hazard models with small sample sizes and few 
measured outcome events.19

Because PTSD may have increased weight gain, tobacco 
use, blood pressure, and possibly cholesterol after the 2001 to 
2002 trauma, resulting in these factors being on the pathway 
to MI and stroke and biasing the hazard ratios (HRs) toward 
the null, we present primary analyses both age adjusted and, 
when sample size allows, adjusted for all these factors.

Time of event was retrieved from the participant’s inter-
view or SPARCS records. For event-free participants censoring 
for interview-based incident, events occurred at the date of 
completion of the most recent annual survey, or, for SPARCS-
derived events, on December 31, 2016—the last date of 
available SPARCS data. Analyses of postbaseline, incident 
outcomes were, therefore, repeated including and excluding 
MIs and strokes recurring during follow-up among subjects 
who already had an MI or stroke before 2012. We report 
the analysis including all cases in the article for 4 reasons: 
(1) because this cohort had a mean age of 51 years in 2012, 
all cardiovascular events occurred after 2001; (2) PTSD is a 
chronic disease, most likely secondary to 2001, for which it is 
difficult to set an exact date of onset; (3) these middle aged 
subjects who had cardiovascular events before baseline were 
subjects at the highest risk in the cohort and excluding them 
would also introduce selection bias; (4) removing 35 recurrent 
cases did not alter the statistical power for the full analysis 
(as shown in the article) but left thin data for the sex- and 
disease-specific analyses. Thus, subjects who had had pre-
baseline cardiovascular events were excluded for some of the 
exploratory full sample analyses but kept in all other analyses, 
with only the postbaseline events going into the numerator of 
the hazard rates and risks.

MI and stroke were analyzed both separately and pooled 
as a single outcome (MI/stroke) because separate analyses of 
self-reported MI and stroke, provided in an appendix, yielded 
associations of consistent magnitudes. Similarly, men and 
women were analyzed estimating both separate and pooled 
sex-adjusted HRs. The number of female cases (9 MIs, 7 
strokes, and 22 hospitalizations for MI or stroke) precluded 
statistical power for most analyses, but, as shown in the 
appendix, the magnitude of the associations was remarkably 
consistent across sex allowing for meaningful sex-adjusted 
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HRs. The participants who had both MI and stroke were ana-
lyzed as per the first of the 2 outcomes in the analyses pool-
ing MI and stroke.

Because PTSD and depression are highly correlated, the 
analyses for pooled MI and stroke adjusted for recognized 
cardiovascular risk factors were repeated among 4120 non-
depressed men (the number of female cases was too small to 
perform sex-adjusted analyses), after exclusion of men having 
either depression only (n=97), depression and PTSD (n=477), 
or missing depression data (n=248).

RESULTS
The sociodemographic, cardiovascular, and mental 
characteristics of the WTC-Heart cohort were similar 
to those of the whole WTCHP in which it was nested 
(Table I in the Data Supplement). As of July 1, 2016, 
510 participants (7.9%) had no follow-up information. 
The analyses are, therefore, based on 4942 men and 
1029 women (n=5971).

Baseline (2012–2013) Characteristics
Mean age was 51.3 years in men and 51.1 years in 
women. The cohort was 82.8% men, 54.1% white, 
and 25.4% lower than college education. The Table 
shows these characteristics by sex. Prevalence of PTSD 
was 19.9% in men and 25.9% in women.

Recognized Cardiovascular Risk Factors 
and Dust
Figure 1 and Table II in the Data Supplement show cur-
rent smoking standing out—besides PTSD not shown 
in Figure 1—as the main recognized risk determinant 
of incident (including recurrent) pooled MI and stroke, 
after adjustment for other cardiovascular risk factors 
and PTSD. Specific results for MI or stroke are shown 
in Tables III and IV in the Data Supplement. Moreover, 
resting heart rate per minute at baseline was, respec-
tively, for those without and with PTSD, 68.9 and 70.8 
in men and 69.5 and 69.9 in women (not shown in a 
table).

None of the variables differently expressing the 
timing or intensity of exposure to the WTC dust and 
dust cloud were independently associated with sub-
sequent MI or stroke in these analyses (Table V in the 
Data Supplement). Donning of a protective mask was 
deemed the closest approximation of the amount of 
dust inhaled and was adjusted for in all multivariate 
analyses (Figure 1).

Cumulative Risk of CVD by PTSD
By June 30, 2016, reported cases were 70 MIs, of which 
20 were recurrent, and 53 strokes, of which 15 were 

recurrent. Figure 2 shows the cumulative risks of MI and 
stroke for the whole sample by PTSD status. The curves 
diverge early, divergence increases over time, with sta-
tistically significant differences at P<0.0001. Specific 

Table.  Baseline Characteristics of Men and Women Comprising  
the World Trade Center–Heart Cohort (n=5971)—New York, 2012  
to 2016

Characteristics Categories

Men Women

n % n %

Total  4942 100 1029 100

Race White 2857 57.8 372 36.2

Black 669 13.5 240 23.3

Missing 1141 23.1 348 33.8

Ethnicity Hispanic 1338 27.1 432 42.0

Missing 96 1.9 19 1.9

Responder Trained 2077 42.0 424 41.2

Nontraditional 2359 47.7 517 50.2

Missing 506 10.2 88 8.6

Smoking Never 2688 54.4 611 59.4

Current 351 7.1 64 6.2

Former 1383 28.0 240 23.2

Missing 520 10.5 114 11.1

Protective mask 
on September 
11

Donned 4334 87.7 825 80.1

Missing 99 2.0 23 2.2

Blood pressure High (systolic >140 
or diastolic >90 

mm Hg)

1098 22.2 124 12.1

Missing 143 2.9 47 4.6

Total cholesterol High  
(>6.2 mmol/L)

517 10.5 146 14.2

Missing NA NA NA NA

HDL Low (men, <1 
mmol/L; women, 

<1.3 mmol/L)

1069 21.6 527 51.2

Missing 608 12.3 115 11.2

BMI Normal  
(<25 kg/m3)

458 9.3 258 25.1

Overweight  
(25–29.9 kg/m2)

2012 40.7 382 37.1

Obese (30+ kg/m2) 2472 50.0 389 37.8

Missing NA NA NA NA

PTSD Yes 984 19.9 266 25.9

Missing NA NA NA NA

Depression Yes 574 11.6 185 18.0

Missing 248 5.0 59 5.7

Menopause Yes … … 420 40.8

Missing … … 2 0.2

Education College graduates 1319 26.7 379 36.8

Missing 570 11.5 112 10.9

BMI indicates body mass index; HDL, high-density lipoprotein; NA, not 
available; and PTSD, post-traumatic stress disorder.
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curves for MI or stroke by sex are shown in Figures I 
through IV in the Data Supplement.

Multivariable Analysis
In Figure  3 and Table VI in the Data Supplement the 
aHRs of PTSD were 2.22 (95% CI, 1.30–3.82) for 70 
MIs, 2.51 (95% CI, 1.39–4.57) for 53 strokes, 2.35 
(95% CI, 1.57–3.52) for 118 incident (including recur-
rent) pooled MI and stroke, and (not shown in a table 
or figure) 2.24 (95% CI, 1.39–3.63) for 83 incident 
(excluding recurrent) pooled MI and stroke. Five sub-
jects had both MI and stroke. Specific results by sex and 

outcomes are provided in Table VI in the Data Supple-
ment. In women, the estimated HRs for MI, stroke, 
and pooled MI and stroke were consistent with those 
observed among men.

Misclassification of Outcomes
Access to medical charts to validate the interview-based 
diagnosis was similar in cohort participants with (60%) 
and without PTSD (62%). The confirmation fraction 
was also similar across groups for stroke. However, for 
MIs, it was smaller for PTSD (47%) than for non-PTSD 
cases (74%). Such source of differential misclassifica-

Figure 1. Adjusted* hazard ratios (aHRs) of pooled incident (including recurrent) myocardial infarctions and strokes and recognized risk factors in 
the World Trade Center–Heart cohort (n=5971)—New York, 2012 to 2016. 
*Adjusted for use of a respirator and for recognized cardiovascular risk factors: age, blood pressure, total cholesterol, body mass index (BMI), tobacco use, and, 
when relevant, sex.
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tion could spuriously strengthen the observed associa-
tions. We, therefore, repeated the analyses using dis-
charge diagnoses for hospitalization in New York State 
for MI or stroke as outcomes—a measure independent 
of participant reports.

Hospitalization for MI or Stroke
These analyses were restricted to New York city or 
state residents (n=5484). All incident MI and strokes 
identified in interviews, whether confirmed or not in 
medical charts, were present in the SPARCS database. 
In contrast, 49 events (19 among subjects with PTSD 
and 30 among subjects without PTSD) were recorded in 
SPARCS but had been missed by the active follow-up. 
As shown in Figure 4 and Table VII in the Data Supple-
ment for hospitalizations for MI or stroke in New York, 
aHRs were 2.17 (95% CI, 1.41–3.32) for 112 MIs, 3.01 
(95% CI, 1.84–4.93) for 77 strokes, and 2.40 (95% 
CI, 1.73–3.34) for pooled 180. Nine subjects had been 
hospitalized for both MI and stroke. The association 
of PTSD and hospitalization for pooled MI and stroke 
adjusted for age only was statistically significant among 
women too (HR, 2.44; 95% CI, 1.05–5.55).

Of note, of the 415 lost to active follow-up, 228 
(54.9%) had a record in SPARCS between January 2012 
and December 2016. Of these 228, 4 had had an MI or 
a stroke, that is, 1.8% (95% CI, 0.0–3.5). This cumula-

tive incidence of hospitalizations for MI or stroke in the 
lost to follow-up is of the same order of magnitude as 
that of 2.8% observed in the full cohort of (123/5971) 
during the same period.

Control of Depression
In the full cohort, there were 6 cases of MI or stroke in 
men with depression but no PTSD and 29 cases of MI or 
stroke in men with both depression and PTSD. Among 
men free of depression, the crude (not shown in the 
figures), age-adjusted, and multivariate (shown in Fig-
ures 3 and 4) HRs of MI or stroke were, respectively, 
1.94 (95% CI, 1.07–3.50), 2.19 (95% CI, 1.21–3.95), 
and 1.88 (95% CI, 1.01–3.49) for incidence and 1.93 
(95% CI, 1.19–3.02), 2.41 (95% CI, 1.49–3.75), and 
2.27 (95% CI, 1.41–3.67) for hospitalization.

Mortality
There were 43 deaths identified in the cohort, of which 
3 were from CVDs, 18 from other causes, and 22 from 
unknown causes.

PCL Score
When using the continuous PCL-C score instead of the 
dichotomized PTSD variable, the aHR of pooled MI or 

Figure 2. Cumulative risk of pooled incident 
(including recurrent) myocardial infarc-
tions and strokes by post-traumatic stress 
disorder (PTSD) status in the World Trade 
Center-Heart cohort (n=5971)—New York, 
2012 to 2016.  
MI indicates myocardial infarction.
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stroke for each SD increase in PCL score was identical 
for both incident events and for hospitalizations: 1.58 
(95% CI, 1.35–1.84) including recurrent cases and 1.36 
(95% CI, 1.17–1.95) excluding recurrent cases.

DISCUSSION
After 4 years of active follow-up of WTC-Heart, PTSD 
comes out as a strong, independent determinant of 
MI and stroke, in both men and women, before and 
after controlling for recognized use of a respirator dur-
ing cleanup of debris, cardiovascular risk factors, and 
depression. Hazard ratios were consistent when analy-
ses were restricted to discharge diagnoses of MI and 
stroke derived from a New York hospital registry that 
did not include any patient self-reports.

Because of its methodological strength (ie, active 
follow-up, medical chart validation, and adjustment 

for depression), this study validates previous reports 
of exclusively male or female cohorts4,5 and those of 
the WTC-Registry reports.11,12 The independence of the 
PTSD and MI or stroke association from depression is 
consistent with most4 but not all reports.20,21

PTSD and CVD in Women
The associations with PTSD were in the same order of 
magnitude for men and women, and, specifically, the 
association of PTSD and hospitalization for pooled MI 
and stroke was statistically significant in both sexes. Of 
the 3 previous cohort studies that examined women, 2 
had only women,7,10 and 1 lacked measured conven-
tional cardiovascular risk factors.11,12 The average ages 
of women at baseline in these 3 cohorts were 44.4,7 
34,10 and 32 years,12 whereas women in WTC-Heart 
were 51.1 years of age at baseline. Thus, the present 

Figure 3. Age-adjusted hazard ratio (HR) and adjusted* HR (aHR) for post-traumatic stress disorder (PTSD) and pooled incident (including recurrent) 
myocardial infarctions and strokes in the World Trade Center–Heart cohort (n=5971)—New York, 2012 to 2016.  
*Adjusted for use of a respirator and for recognized cardiovascular risk factors: age, blood pressure, total cholesterol, body mass index, tobacco use, and, when 
relevant, sex. MI indicates myocardial infarction.
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results add qualitatively to the evidence indicating that 
PTSD before menopause increases women’s long-term 
risk of MI and stroke.22

Biological Plausibility
PTSD is a polythetic disorder consisting of clusters 
of symptoms potentially impacting cardiometabolic 
risk.23,24 For example, PTSD may develop and persist 
because of fear manifested by nightmares, intense 
emotional and physiological re-experiencing of the 
trauma, active avoidance of cues or reminders of the 
trauma, and exaggerated startle response to threat.25 
Another cluster groups symptoms evoking major 
depression, such as anhedonia, detachment, restricted 
affect, sleep difficulty, and failing concentration.26–28 In 
humans, the stress associated with these PTSD dimen-
sions may upregulate amygdalar activity, activating 
both the sympathetic nervous system, releasing inflam-

matory cells from the bone marrow, and leading to 
atherosclerotic inflammation, MI, and stroke.29–36 The 
similar effect sizes in this study suggest similar mecha-
nisms relating PTSD and incident MI or stroke in men 
and women.37

Recognized Cardiovascular Risk Factors
Current smoking was the only recognized cardiovascu-
lar risk determinant in this cohort. Blood lipids, blood 
pressure, and body mass were not associated with MI 
or stroke. These recognized risk factors may play a role 
for individual cohort members, but they do not discrim-
inate cardiovascular risk in this homogeneous cohort of 
blue-collar workers.

Because PTSD is more prevalent in this cohort 
(20.9%) than current smoking (7.1%) for aHRs of a 
similar magnitude of 2, ≈3× more cardiovascular cases 
are attributable to PTSD than to current smoking.

Figure 4. Age-adjusted hazard ratio (HR) and adjusted* HR (aHR) for post-traumatic stress disorder (PTSD) and hospitalizations for pooled (including 
recurrent) myocardial infarctions and strokes in the World Trade Center–Heart cohort (n=5484)—New York, 2012 to 2016.  
*Adjusted for use of a respirator and for recognized cardiovascular risk factors: age, blood pressure, total cholesterol, body mass index, tobacco use, and, when 
relevant, sex. MI indicates myocardial infarction.
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Dust Exposure
None of the variables expressing exposure to the WTC 
dust, such as the timing and intensity of exposure to 
the dust cloud or the donning of a protective mask, 
were independently associated with subsequent MI or 
stroke in these analyses.

Limitations
The exposure severity and cardiovascular profile of the 
subcohort of survivors enrolled in the WTC-Heart sub-
jects may not be representative of the estimated 90 000 
individuals who originally responded to the September 
11 disaster (Figure 5). However, given the homogeneity of 
the cohort of blue-collar worker in terms of cardiovas-
cular risk, the selection process is unlikely to have biased 
the risk comparison among the enrollees between those 
who developed PTSD and those who did not. Moreover, 
the small losses to follow-up (7.9%) offer some pro-
tection against selection bias, in particular because we 
could establish that (1) the proportion of lost to follow-
up was identical in men (7.9%) and women (7.7%), (2) 

the subjects lost to follow-up had a similar cardiovascular 
risk profile as those who remained in the cohort (Table 
VIII in the Data Supplement), and (3) the cumulative risk 
of MI and stroke for more than half of those who were 
never contacted after baseline but had a record in the 
New York State SPARCS program was of the same order 
of magnitude as the risk of the rest of the cohort.

We were not able to obtain the causes of death for 
22 participants and do not know which proportion of 
the lost to follow-up died of CVDs. Incorporating car-
diovascular deaths could have attenuated or exacerbat-
ed the present findings. However, the small number of 
cardiovascular deaths expected given the age distribu-
tion of the cohort is unlikely to have qualitatively modi-
fied the cumulative risks of events, which progressively 
diverged over time between participants with and with-
out PTSD (Figure 2).

Also, because participants were sampled consecu-
tively among subjects attending the WTCHP either 
for their annual visit or for health problems, we may 
have included people visiting the clinic more frequently 
because of poorer health problems than those only 
visiting the clinic once per year. However, as shown 
in Table I in the Data Supplement, the demographics 
of WTC-Heart were virtually identical to those of the 
whole WTCHP in which it was nested. Prevalences of 
PSTD in WTC-Heart were almost identical to those pub-
lished for the whole WTCHP.38

Additional limitations include a self-report of PTSD 
based on the PCL-C questionnaire, residual confound-
ing from self-report of depression based on the Patient 
Health Questionnaire-9 and recall of respirator use and 
exposure to the dust cloud, and the lack of assessment 
of potential biological mediators and unmeasured con-
founding (eg, prior trauma) of the association between 
PTSD and MI/stroke. However, similar baseline heart rate 
for those with and without PTSD suggests no specific 
factor that protects against both PTSD and MI/stroke.

Strengths
Because WTC-Heart is nested within the health program 
(ie, WTCHP) begun 1 year after the attack and currently 
providing lifetime free medical care for WTC-related 
medical conditions to first responders, the cohort study 
had a unique opportunity to recruit exposed workers 
11 to 15 years after September 11 as they entered ages 
at which incidence of CVD increases rapidly and follow 
them up for 4 years with small losses (7.9%).

In agreement with previous WTC reports,3 preva-
lence of PTSD in this cohort comprising a majority of 
nontrained responders was more than twice of that in 
the general population. This excess prevalence of PTSD 
provided statistical power to study the association of 
PTSD and cardiovascular outcomes in both sexes. The 
young age of the cohort participants, associated with 

Figure 5. Flowchart and timeline of the World Trade Center (WTC) 
Health Program (WTCHP) and of WTC-Heart, 2001 to 2016.
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low rates of MI or stroke, negatively affected statistical 
power but allowed us to reasonably assume that few 
cases were missed during the 2001 to 2012 period. The 
young age may also have facilitated singling out the 
effect of PTSD for lack of competing causes.

In terms of validity and confounding controls, analy-
ses were performed before and after adjustment for 
measured recognized cardiovascular risk factors; in 
men, the association was observed in the subgroup free 
of depression; interview-based outcomes were tenta-
tively confirmed in medical charts; findings for inter-
view-based diagnoses of incident MIs and stroke were 
reproduced after linkage to hospitalization records.

Conclusions
Because of its design, this cohort study offers unique 
and strong evidence that WTC attack–related PTSD is a 
risk factor for MI and stroke, in men and women, and 
independently of recognized cardiovascular risk factors 
and depression.
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