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BACKGROUND: More intense cyclones are expected in the future as a result of climate change. A comprehensive review is urgently needed to summa-
rize and update the evidence on the health effects of cyclones.

OBJECTIVES: We aimed to provide a systematic review with meta-analysis of current evidence on the risks of all reported health outcomes related to
cyclones and to identify research gaps and make recommendations for further research.

METHODS: We systematically searched five electronic databases (MEDLINE, Embase, PubMed, Scopus, and Web of Science) for relevant studies in
English published before 21 December 2022. Following the Preferred Reporting Items for Systematic reviews and Meta-Analysis (PRISMA) guide-
lines, we developed inclusion criteria, screened the literature, and included epidemiological studies with a quantitative risk assessment of any mortal-
ity or morbidity-related outcomes associated with cyclone exposures. We extracted key data and assessed study quality for these studies and applied
meta-analyses to quantify the overall effect estimate and the heterogeneity of comparable studies.

RESULTS: In total, 71 studies from eight countries (the United States, China, India, Japan, the Philippines, South Korea, Australia, Brazil), mostly the
United States, were included in the review. These studies investigated the all-cause and cause-specific mortality, as well as morbidity related to injury, car-
diovascular diseases (CVDs), respiratory diseases, infectious diseases, mental disorders, adverse birth outcomes, cancer, diabetes, and other outcomes
(e.g., suicide rates, gender-based violence). Studies mostly included only one high-amplitude cyclone (cyclones with a Saffir—Simpson category of 4 or 5,
i.e., Hurricanes Katrina or Sandy) and focused on mental disorders morbidity and all-cause mortality and hospitalizations. Consistently elevated risks of
overall mental health morbidity, post-traumatic stress disorder (PTSD), as well as all-cause mortality or hospitalizations, were found to be associated with
cyclones. However, the results for other outcomes were generally mixed or limited. A statistically significant overall relative risk of 1.09 [95% confidence
interval (CI): 1.04, 1.13], 1.18 (95% CI: 1.12, 1.25), 1.15 (95% CI: 1.13, 1.18), 1.26 (95% CI: 1.05, 1.50) was observed for all-cause mortality, all-cause
hospitalizations, respiratory disease, and chronic obstructive pulmonary disease hospitalizations, respectively, after cyclone exposures, whereas no statisti-
cally significant risks were identified for diabetes mortality, heart disease mortality, and preterm birth. High between-study heterogeneity was observed.

CoNcLusIONS: There is generally consistent evidence supporting the notion that high-amplitude cyclones could significantly increase risks of mental
disorders, especially for PTSD, as well as mortality and hospitalizations, but the evidence for other health outcomes, such as chronic diseases (e.g.,
CVDs, cancer, diabetes), and adverse birth outcomes remains limited or inconsistent. More studies with rigorous exposure assessment, of larger spa-
tial and temporal scales, and using advanced modeling strategy are warranted in the future, especially for those small cyclone-prone countries or
regions with low and middle incomes. https://doi.org/10.1289/EHP12158

Introduction
Cyclones, including hurricanes and tropical storms, are among the
most destructive weather phenomena globally and may cause dev-
astating impact on society. For example, Hurricane Sandy made
landfall in eight countries from the Caribbean to Canada and
inflicted nearly USD $70 billion in damage.! Recent cyclone sea-
sons have produced stronger and longer-lasting cyclones than pre-
viously recorded.>? Under a warming climate, future cyclones are
expected to be more intense (i.e., greater maximum windspeeds
and larger amount of rainfall) and more destructive,*> which sug-
gests that cyclones will remain an important public health concern.
Traditionally, the official reported losses (e.g., mortality) associ-
ated with cyclones are estimated based on the direct exposures to
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cyclone hazards that occurred within a brief window (i.e., first hours
and days) after a cyclone.® These may not adequately capture the
health impacts that are indirectly attributable to the event. Population-
based epidemiological studies that involve statistical analysis by com-
parison of the health outcomes of higher exposure level with those of
lower exposure level or without exposure could provide more accu-
rate estimates of the magnitude and pattern of the health effects.

Accumulating epidemiological evidence has indicated that
cyclones were associated with a series of health outcomes, includ-
ing mortality,””!! noncommunicable disease,'?>"!> adverse birth
outcomes, ®~18 infectious diseases,!°2! and mental disorders.?*2%
Except for the direct physical impacts (e.g., drowning, injury, car-
bon monoxide poisoning),?° cyclones could also have indirect, per-
sisting or delayed adverse effects on human health possibly related
to interrupted health care services, contaminated floodwater, and
infection outbreaks.!*2728 However, the results were mixed and,
to our knowledge, no systematic review with meta-analysis has
been conducted to comprehensively summarize the findings.
Previous reviews were generally descriptive and did not perform a
systematical search of databases?®3° or only focused on specific
outcomes among certain subpopulations (e.g., hurricane-related
asthma among children).?' Furthermore, several recent important
studies on the associations of cyclones with health were published
after these reviews,”-13715:17:22.32

We aimed to conduct an up-to-date systematic review and
comprehensive meta-analyses of epidemiological studies on the
health risks related to cyclone exposures. This review will inform
health care professionals and policymakers on the characteristics
and likely magnitude of the health effects of cyclones and pro-
pose future directions for research in this field.
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Methods
Search Strategy

The systematic review and meta-analysis were performed in accord-
ance with the Preferred Reporting Items for Systematic reviews and
Meta-Analysis (PRISMA) guidelines and checklist.>® We registered
a systematic review protocol at PROSPERO (https://www.crd.york.
ac.uk/prospero) with the identification number CRD42022320523.

Five electronic databases (MEDLINE, Embase, PubMed,
Scopus, and Web of Science) were systematically searched to
find relevant studies in English published up to 7 April 2022. An
updated search was conducted on 21 December 2022. The search
strategies for each database are detailed in Table S1. Briefly, a
combination of medical subject heading terms and free-text
words in titles, abstracts, and key words concerning cyclones
(e.g., cyclonic storms, hurricanes, typhoons) and human health
outcomes (e.g., health, disease, mortality, morbidity, pregnant,
and mental outcomes) were used for the literature search. The
results were then restricted to studies of humans. In addition, the
reference lists of all included articles and pertinent reviews were
also screened manually to identify more studies.

Inclusion and Exclusion Criteria

The studies included had to meet the following inclusion criteria
grouped according to the population—exposure—comparator—out-
come (PECO) framework>*3>:

» Population—population-based studies with no restriction on
sex, age, or region

» Exposures—studies of short-term (<30 d) or long-term (>30 d)
exposures to any landfall cyclones, including tropical storms,
hurricanes, and typhoons (Table S1)

e Comparators—observational and analytical studies reporting
original effect estimates [e.g., excess events, odds ratio (OR),
relative risk (RR), hazard risk (HR), percentage change] by
comparing risk between individuals or populations exposed to
different cyclone levels or different exposures within individu-
als or populations at different time points

e Outcomes—studies reporting any adverse human health out-
comes, such as morbidity or mortality (Table S1)

e Studies published in a peer-reviewed journal with full text
available.

Studies with the following descriptions were excluded:

¢ Population—nonhuman studies (e.g., animal studies)

* Exposures—studies focused only on the health effects of the
subsequent events caused by cyclones, such as power out-
age, flood, injury, stress or trauma; studies investigating the
moderation or mediation effects of personal or community
characteristics on the health effects of cyclones

e Comparators—studies without comparative risk effect esti-
mates between higher and lower levels of cyclone exposure

e Outcomes—studies without an assessment of human health
outcome (e.g., studies that evaluated the health care service
disruptions, health-related economic costs of cyclones).

For multiple studies of repeated data (e.g., overlapping popu-

lation), the one with more observations or more thorough report-
ing was included.

Study Selection

All studies included in the final review or synthesis were identified
in several stages, beginning with downloading all searched articles
into a reference manager software (EndNote X20; Clarivate
Analytics). An initial deletion of duplicates was conducted using
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the function incorporated in the software. Then, (W.H. and Y.Gao)
independently reviewed the titles and abstracts of the remaining
studies to remove obviously irrelevant articles. Finally, the remain-
ing studies were screened for full texts for eligibility. Any uncer-
tainty and disagreement were solved by discussion with a third
coauthor (R.X.).

Data Extraction

For each eligible study, the following information was extracted:
first authors and publication year, study period, setting, design and
population, sample size, exposure assessment method, exposure
window (i.e., the hypothetical post-cyclone period during which
the cyclone effects persist), comparison (i.e., the pre-cyclone pe-
riod or individuals selected as the comparison group to derive the
effect estimates), outcome, study cyclone(s), statistical method,
and effect estimates (i.e., the effect estimates of adverse health
outcomes related to cyclone exposures). Two authors (W.H. and
Y.Gao) independently performed the procedure and any conflict
was adjudicated by a third author (R.X.).

Study Quality Assessment

We assessed study quality using the risk of bias (ROB), defined as the
systematic errors that could be introduced into the effect estimations
by the study characteristics,*® for each included study. As previously
described,*” we used the National Institutes of Environmental Health
Sciences’ National Toxicology Program Office of Health Assessment
and Translation (OHAT) tool to assess the ROB.*® Eight criteria,
including key (exposure assessment, outcome assessment, and con-
founding bias) and other criteria (selection bias, attrition/exclusion
bias, selective reporting bias, conflict of interest, and other sources of
bias), were evaluated for each study. Each criterion was categorized
as “low,” “probably low,” “probably high,” or “high” risk based on
the adapted criteria of ROB assessment tailored for the systematic
review (Table S2). Based on the OHAT tool guidelines, studies with
at least one key criterion and at least three of the five other criteria con-
sidered “high” or “probably high” were excluded from the review.

99

Statistical Analysis

We performed meta-analyses when three or more comparable
effect estimates were identified.>>3°*? Specifically, effect esti-
mates were regarded as comparable if @) they focused on the same
specific health outcome; b) they were based on the same data type
[e.g., mortality, emergency department (ED) visits, hospitaliza-
tion, incidence]; and ¢) they were derived from a model with a
same definition for cyclone exposure variable (e.g., exposed vs.
unexposed). Owing to the great difference in the definitions for the
exposure variable among studies with a continuous cyclone expo-
sure variable in the model (typically studies on mental health; e.g.,
self-reported scores for a level of being affected), we selected the
point effect estimates with their corresponding 95% confidence
intervals (CIs) derived from the models with a binary cyclone
exposure variable (i.e., exposed vs. unexposed) for meta-analysis.
In addition, given the very limited number of comparable esti-
mates from studies on continuous outcomes, we performed meta-
analysis only on the effect estimates from studies on dichotomous
outcomes (i.e., excess events, OR, RR, HR, percentage change).
OR was deemed as comparable to the RR for a rare health out-
come (event rates <10%; e.g., mortality, preterm birth).*344

The overall effect estimates for each pair of exposure—health
outcome were quantified using the random-effects meta-analysis
model. Sensitivity analysis by excluding each individual effect
estimate in turn was conducted to check the robustness of the
overall effect estimate for each pair of exposure-health outcome.
The summary measure for each meta-analysis was the RR of a
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Figure 1. Distribution of (A) exposure windows and (B) outcomes among all included studies (Table S3).

specific health outcome between the cyclone-exposed and non—
cyclone-exposed groups. Both 77 statistics and Q-test were used
to evaluate the consistency and between-study heterogeneity.*
Forest plots and contour-enhanced funnel plots were employed to
visually inspect the significance and size of the study-specific and
the meta-effect estimates and to differentiate publication bias from
other forms of asymmetry.*® To further quantitatively assess the
funnel plot asymmetry, Egger’s test of the intercept was per-
formed*’ and trim and fill analysis was conducted by imputing
hypothetically missing studies once statistically significant asymme-
try was detected.*®

All analyses were carried out using R (version 4.0.5; R
Development Core Team) based on the meta and metafor pack-
ages. A two-tailed p < 0.05 was considered statistically significant.

Results

Studies Characteristics

A total of 19,330 papers were initially identified in the systematic
literature search (Figure S1). After excluding duplicates and topic
relevance assessment by title and abstract screens, 293 papers
were sought for retrieval and a full-text review, among which 8
records were identified through the review of the references.
Eight studies assessed the excess mortality in Puerto Rico after
Hurricane Maria.®#°-> We included only the paper by Cruz-
Cano and Mead® because it included the longest study period and
largest amount of data and reported cause-specific excess mortal-
ity instead of focusing only on all-cause excess mortality or sub-
population (e.g., Hispanic origin, patients with kidney failure)
compared with the other studies. Finally, 71 eligible papers were
included in the review, and 32 estimates from 18 of the included
studies underwent a further meta-analysis.

The basic characteristics of the 71 studies are summarized in
Table S3. Studies from eight different countries were included,
mostly from the United States (58/71), followed by China (6/71).
Time-series or case-crossover design based on counts data were
the most commonly used study designs (33/71), followed by a
cohort design (18/71). Approximately 70% (49/71) of the included
studies focused on only one cyclone (mostly Hurricanes Katrina or
Sandy). Most of the included studies focused on the general popu-
lation (27/71) and assessed cyclone exposures based on cyclone hit
time and track or official disaster declaration (e.g., disaster declara-
tion by Federal Emergency Management Agency; 42/71), fol-
lowed by self-administered questionnaire (13/71). Five most
recent studies used a wind field model to quantify the spatial inten-
sity of cyclones and assessed the cyclone exposures at the county
level.”-!3715:17 In addition, the hypothetical exposure window of
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cyclones ranged greatly, from 1 d to >9 y following cyclone expo-
sures, across included studies, with the majority concentrated at
~42 d (Figure 1A). The included studies generally assessed
the cyclone-related health risks by comparing participants with
cyclone exposures to those with lower level or without exposures
or by comparing the counts of adverse health outcomes during the
hypothetical cyclone exposure window to those during the defined
comparison period without cyclone exposures. The selection of the
comparison period varied considerably among the included stud-
ies, with the majority using a time period ranging from 1 wkto 9y
prior to cyclone exposure (32/71) or nonexposure days before and
after the exposure window (12/71; e.g., same months in other non-
exposure years) as the comparison period. After organizing the
studies by outcomes (some studies reported effect estimates for
more than one type of health outcome), 15.3% of the included stud-
ies were on mental health, followed by all-cause mortality or hospi-
talization (11.9%) and CVDs (11.9%; Figure 1B).

The ROB assessment of the included studies and the details of
assessment are shown in Table S4 and Table S5, respectively.
None of the included studies was excluded owing to high ROB.
However, a major concern about the study quality was exposure
assessment bias because most included studies did not involve
models supplemented by continuous measurements of cyclone
exposures (e.g., cyclone-related peak sustained windspeed, cumu-
lative rainfall) to quantify the time—space varying spatial intensity.

Cause-Specific Mortality Associated with Cyclones

All-cause mortality. The cyclone-related risk for all-cause mortal-
ity was assessed by 9 studies from the United States,3-11:13.54.56-59
1 study from South Korea,®® and 1 study with a setting of 16 small,
low-income countries in the Caribbean and Central America.'”
Eight of them (8/11, 72%), mostly on a high-amplitude hurricane
(cyclones with a Saffir—Simpson category of 4 or 5), observed stat-
istically significant elevated mortality during a post-cyclone period
of 7.dto 1 y8-11:5436.59.60 Eor example, a retrospective cohort
study on 340,656 individuals (>65 years of age) with diabetes
from the United States found the individuals affected by
Hurricanes Katrina and Rita had a 40% higher all-cause mortality
risk in the first month after the cyclone, and that difference fell to
10% in ~9 y.>® However, the remaining 3 studies (3/11) on 53
tropical cyclones'? and Hurricane Katrina,>”>® with exposure win-
dows of from 11 d to 1y, did not observe a statistically significant
increase in all-cause mortality in the U.S. general population.
Among the 11 studies on all-cause mortality, 6 could be included
in the meta-analysis with a meta-RR =1.09 (95% CI: 1.04, 1.13)
for all-cause mortality (Figure 2). The meta-RR was robust to the
sensitivity analysis by excluding each effect estimate in turn (Table
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Study Included cyclone(s)
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Figure 2. Random-effect meta-analysis of risk of mortality from all causes, heart diseases, and diabetes associated with cyclone exposures (study details,
including n, can be found in Table S3). Weights represent the percentages of contribution of each study effect estimate to the overall meta-estimate. Note: CI,

confidence interval; RR, relative risk; TC, tropical cyclone.

S6). High between-study heterogeneity was observed (1> =78%,
p<0.01). The funnel plot (Figure S2a) and Egger’s regression
test (p =0.94) indicated statistically insignificant asymmetry. The
remaining 5 studies could not be included in the meta-analysis
because of the difference in estimate types compared with other
studies. For example, 1 ecological study reported country-level
excess deaths per 100,000 population ranging from 1.5 to 259.3
among countries with different gross domestic product (GDP) level
and cyclones with different amplitude.'©

CVD-related mortality. The CVD-related mortality associated
with cyclones were estimated by six studies from the United
States.”8:11:59:61.62 Among them, five studies reported statistically
significant elevated mortality risk from CVDs associated with
high-amplitude hurricanes®!1-%61:62 or tropical cyclones (cyclo-
nes with a maximum sustained windspeed of >34 knots).” The
statistically significant adverse effects were observed from 1
month for tropical cyclones’ to 1 y for high-amplitude hurricanes
(i.e., Hurricanes Katrina and Rita)®!!3%62 after the cyclone expo-
sure. For example, a case-crossover study on all tropical cyclones
that hit the United States from 1988 to 2018 found that each addi-
tional cyclone day per month was associated with 1.2% [95%
credible interval (CrI): 0.6%, 1.7%] increases in monthly county-
level death rates for CVDs in the month following a tropical
cyclone.” Another cohort study on Medicare participants with di-
abetes (>65 years of age) affected by Hurricanes Katrina and
Rita found a 15% (95% CI: 11%, 19%) increase in mortality risk
from heart diseases in 1 y after hurricane exposure.>® However,
the mortality risks could be heterogeneous by different types of
CVD. Two studies, on Hurricanes Sandy®? and Iniki,®' respec-
tively, reported no statistically significant association between
cyclone exposures and stroke, whereas higher mortality risk from
myocardial infarction was observed after the hurricane.®?

Three studies on cyclone-related heart disease mortality could
be included in the meta-analysis and a statistically insignificant
overall association with a meta-RR =1.14 (95% CI: 0.99, 1.30) was
observed (Figure 2).85%6! The effect estimate from the study on
Hurricane Iniki®! had a strong impact on the magnitude of the meta-
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RR (Table S6). High heterogeneity (I*> = 63%, p = 0.07) and statisti-
cally insignificant asymmetry were also found among the studies
(Figure S2b; p for Egger’s regression test =0.92). The remaining
CVD-related mortality outcomes (i.e., all-cause CVDs,”"!! myocar-
dial infarction,®? and stroke®!?) could not be included in the meta-
analysis owing to the limited number of comparable effect estimates.
For example, only two studies reported the RRs of mortality from
stroke associated with cyclone exposures.®!62

Respiratory diseases-related mortality. Only three studies
from the United States estimated the respiratory diseases-related
excess mortality associated with cyclones.”!!®! Two of them
detected statistically significant elevated mortality risk from respi-
ratory diseases associated with cyclone exposures.”-!! Specifically,
one time-series study on the population >76 years of age affected
by Hurricane Sandy found an elevated risk of respiratory disease
mortality with an RR = 1.24 (95% CT: 1.15, 1.33) during a 3-month
post-hurricane period,'' and another case-crossover study on all
tropical cyclones that hit the United States from 1988 to 2018
found a 1.3% (95% Crl: 0.2%, 2.4%) increase in monthly county-
level death rates for respiratory diseases in the month following a
tropical cyclone for each increase in monthly cyclone exposure
day.” The remaining one time-series study did not observe a
statistically significant change in respiratory disease mortality
in the 12-month period following Hurricane Iniki for the general
population.®! These three studies could not be included in the
meta-analysis owing to the limited number of comparable effect
estimates given that one of them reported absolute change in death
rate in respiratory mortality for each additional cyclone day per
month’ while the other two studies reported RR of respiratory mor-
tality associated with cyclone exposures.!!6!

Diabetes mortality. The excess mortality from diabetes associ-
ated with cyclones was estimated by three studies from the United
States. Among them, two time-series studies, on Hurricanes Maria
and Iniki, observed an elevated mortality risk from diabetes (RRs
ranged from 1.41 to 2.61) in the general population during a post-
cyclone exposure period of 40 d® and 1 y,°! respectively, whereas
the remaining one retrospective study, on 340,656 Medicare
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Study Included cyclone(s)
All-cause hospitalization
Bell et al. (2021)53

Bell et al. (2021)53

Bell et al. (2021)53

Bell et al. (2021)83
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Overall

Heterogeneity: /2 = 98% p <0.01
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Hurricane Katrina
Hurricane Wilma
Hurricane Rita
Hurricane lke
Hurricane Irene
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Respiratory diseases hospitalization

van Loenhout et al. (2018)"" Typhoon Haiyan
Parks et al. (2021)™*

Yan et al. (2021)'®

Overall
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Figure 3. Random-effect meta-analysis of risk of all-cause hospitalization, respiratory diseases hospitalization, COPD hospitalization and preterm birth associated
with cyclone exposures (study details, including n, can be found in Table S3). Weights represent the percentages of contribution of each study effect estimate to the
overall meta-estimate (Table S3). Note: CI, confidence interval; COPD: chronic obstructive pulmonary disease; RR, relative risk; TC, tropical cyclone.

participants with diabetes >65 years of age, reported a decreased
change in the 1-y period following Hurricanes Katrina and Rita.>
Overall, a statistically insignificant association of cyclone expo-
sures and diabetes mortality [RR = 1.41 (95% CI: 0.80, 2.47)] with
high heterogeneity (I =91%, p <0.01) was observed for these
three studies®>°! (Figure 2). The effect estimate from the study on
Hurricane Iniki®' was an influential observation for the meta-RR
(Table S6). Statistically insignificant asymmetry was found by fun-
nel plot (Figure S2c) and Egger’s regression test (p =0.10).
Cancer, injury, infectious disease-related, and other mortality.
Two studies from the United States estimated the excess mortality
from cancer associated with cyclones in the general population.”-¢!
Both of them suggested no association of cancer mortality with
exposures to tropical cyclones’ or Hurricane Iniki.®! Injury-related
excess mortality associated with cyclones was quantified by three
studies from the United States. The increases in injury-related mor-
tality in the general population were observed during a 2-month
post-cyclone period [monthly county-level death rates for each
additional tropical cyclone day, 3.7% (95% Crl: 2.5%, 4.9%)]” and
during a 90-d post-cyclone period [RR for Hurricane Sandy = 1.23
(95% CI: 1.05, 1.44)],'! respectively, but not in the 12-month pe-
riod following Hurricane Iniki.%! Infectious disease-related mortal-
ity associated with cyclones for the general population was
estimated by two studies, and both of them indicated a statistically
significant elevation during a 3-month post-cyclone period
[monthly county-level death rates for each additional tropical
cyclone day, 1.8% (95% Crl: 0.1%, 3.6%)” and RR for Hurricane
Sandy =1.20 (95% CI: 1.12, 1.29)].'! For other cyclone-related
mortality, statistically significant increases in mortality from
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neuropsychiatric conditions,” Alzheimer’s disease,® septicemia,®

and nephritis®® after a tropical cyclone have also been suggested
by three studies from the United States. These studies could not
be included in the meta-analysis because less than three compara-
ble effect estimates were observed for each specific outcome. For
example, of the three injury-related mortality studies, one
reported absolute changes in cyclone-related mortality,” and the
other two reported relative changes in it.! 16!

Cause-Specific Morbidity Associated with Cyclones

All-cause hospitalization. The excess risk for all-cause hospitali-
zation associated with cyclone exposures was estimated by five
studies from the United States.>>%6365 Four of these studies
observed an increased risk of all-cause hospitalization for up to
3 months after a high-amplitude hurricane (e.g., Hurricanes Katrina,
Sandy, or Wilma).>>%-63-65 A case-crossover study on eight large-
scale hurricanes reported an elevated risk ranging from 15% to
37% for all-cause hospitalization among the population >65 years
of age in the 1-month period following cyclone exposures.®®
However, another time-series study on Hurricane Sandy showed
no change in inpatient use inside the storm zone but did show a
statistically significant reduction outside the storm zone over the
1-y post-cyclone period.®* The meta-analysis of 10 estimates from
three studies suggest a meta-RR =1.18 (95% CI: 1.12, 1.25) for
being hospitalized after cyclone exposures (Figure 3).53-% The
meta-RR was generally robust to the sensitivity analysis by
excluding each estimate in turn (Table S6). High between-study
heterogeneity (I>=98%, p<0.01), as well as statistically
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insignificant asymmetry (Figure S3a; p for Egger’s regression
test=0.90), were observed. The remaining two studies were not
included in the meta-analysis because one study® focused on abso-
lute change in hospitalization rate and the other study>® reported
OR rather than RR for all-cause hospitalization associated with
cyclones.

CVD-related morbidity. Nine studies in the United States
reported CVD-related excess morbidity associated with cyclo-
nes. 12715:62.66-69 Among them, six studies focused on hospitali-
zation,'3~13 ED visits,!? physician visits,%’ or total visits and
admissions®® due to all-cause CVD. Three of these six studies
observed increased hospitalizations [RR=1.03 (95% CI: 1.02,
1.05)]'> within 7 d, total visits and admissions within 1 y
[RR=2.01 (95% CI: 2.00, 2.01)]°® among the population >65
years of age, and increased physician visits within 2 wk among
the general population [RR =2.73 (95% CI: 1.51, 4.49)]%7 fol-
lowing cyclone exposures. However, two studies that included
>50 tropical cyclones reported no change in CVD hospitaliza-
tion 1 wk after the cyclones among the population >65 years of
age'* and a reduced hospitalization rate during an 11-d period
after the cyclone for the general population,'? respectively.
Another time-series study on Hurricane Sandy observed an
increased risk of ED visits for CVDs in the population >65
years of age in the week following the cyclone but a decreased
rate among those 0—17 years of age for up to 3 wk.'?

Specific CVD morbidity risks associated with cyclone expo-
sures were estimated in four studies.'>6%66:68 In the month fol-
lowing a large-scale hurricane (e.g., Hurricane Sandy), increased
hospitalization risks were found for myocardial infarction
[RR=1.22 (95% CI: 1.16, 1.28)] and stroke [RR =1.07 (95% CIL:
1.03, 1.11)] for the general population®® and for congestive heart
failure for the people >65 years of age [RR=1.19 (95% CI: 1.17,
1.21)].%6 One cohort study on 909 individuals >65 years of age
reported no statistically significant higher risk of new-onset heart
diseases for the participants who lived in high-impacted areas
(census blocks with a storm surge of >1 foot, >20% of houses
damaged or reported greater than the average number of housing
assistance registrations) compared with those who did not in the
4 y after Hurricane Sandy.®® Another case-crossover study on 74
tropical cyclones across 175 U.S. counties observed increased
risks for being hospitalized owing to heart failure [RR=1.08
(95% CI: 1.04, 1.11)] but not for myocardial infarction, ischemic
heart disease, cerebrovascular disease, heart rhythm disturbance,
or peripheral vascular disease among the population >65 years
of age over the 10-d post-cyclone period.'> These studies of
CVD-related excess morbidity were not included in the meta-
analysis because there were fewer than three comparable effect
estimates for each specific outcome. As shown above, for the
most studied all-cause CVD morbidity,'>713-:67-69 three studies
were on hospitalization (one reported absolute change'? and the
other two reported absolute change'#!> associated with cyclo-
nes), two studies were on physician visits®” and ED visits,!?
respectively, and the remaining one was on all department visits
(including hospitalization and ED and outpatient visits).®® For
the other cause-specific CVD morbidity outcomes,'3-:62:66-68 the
studies identified were very limited and therefore insufficient
for a meta-analysis.

Respiratory diseases-related morbidity. Respiratory diseases-
related excess morbidity associated with cyclones was estimated in
the United States (9 studies)!>~13:96-70 and the Philippines (1 study).”}
Among them, six studies focused on hospitalization,'>~'>7! ED
visits,'2 and total visits and admissions®® due to all-cause respira-
tory diseases, and they consistently observed a statistically signifi-
cant increased risk among the general population. The elevated
risks could be seen up to 11 d after a tropical cyclone'? or 1 y after
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a high-amplitude hurricane, such as Sandy.®® However, a statisti-
cally insignificant change or decreasing rate in ED visits for respi-
ratory diseases was found in younger adults (18-64 years of age) in
the week after Hurricane Sandy.!? Of the six studies on all-cause
respiratory diseases-related morbidity,'>~'>0%7! three of them, on
hospitalizations for respiratory diseases, were included in the
meta-analysis.!*!57! The other three studies were not included
because two of them were on ED visits'? and total admission and
visits,®® respectively, and the remaining one reported absolute
changes in the rate.!> A meta-RR of 1.15 (95% CI: 1.13, 1.18)
showed an overall increased risk for being hospitalized for respira-
tory diseases after exposure to cyclones (Figure 3). The effect esti-
mate from the study on 74 Atlantic-basin tropical cyclones!> had a
strong impact on the magnitude of the meta-RR (Table S6). Funnel
plot (Figure S3b) and Egger’s regression test (p = 0.35) indicated a
statistically insignificant asymmetry.

Specifically, for chronic obstructive pulmonary disease (COPD),
studies reported a consistently increased hospitalization rate [4.6%
per 100,000 population (95% CI: 2.1%, 6.8%)] among the general
population'? and higher hospitalization risks (RR ranged from 1.06 to
1.44) among the population >65 years of age'*!>% associated with
cyclone exposures. The elevated risks were observed at a post-
cyclone period of up to 11 d for a tropical cyclone'*!> or 30 d for a
large-scale hurricane.%%7 Of the four studies on COPD hospitaliza-
tions,'3-15:06 three!+15% were included in the meta-analysis and
one'3 was not included owing to its different effect estimate type (hos-
pitalization rate per 100,000 population). An overall increased risk for
COPD hospitalizations [meta-RR = 1.26 (95% CI: 1.05, 1.50)], but
with high heterogeneity (I>=98%, p <0.01), was observed after
cyclone exposures (Figure 3). Funnel plot (Figure S3c) and Egger’s
regression test (p = 0.15) indicated statistically insignificant asymme-
try. Contrary findings were observed by three studies that estimated
the cyclone-related asthma morbidity. ">’ Two of them found ele-
vated hospitalizations and physician visits for asthma in populations
>65 y old" or for all ages,®” respectively, for up to 2 wk after the hur-
ricane, whereas another time-series study suggested no change in
asthma-related ED visits for the general population in the 1-month pe-
riod following Hurricane Irene.”® Another two studies on Hurricane
Sandy®® and 74 tropical cyclones'? also suggested a null association
of incidence of COPD or asthma and hospitalizations for upper respi-
ratory infections with cyclone exposures, respectively.

Mental health-related morbidity. The excess risk for mental
health-related morbidity associated with cyclones was estimated
by 17 U.S. studies, including 15 studies on a single cyclone (mostly
Hurricane Sandy or Hurricane Katrina)??-2%-6472-81 and two stud-
ies on multiple cyclones.®?83 These studies generally assessed
cyclone exposure as a continuous score to quantify the impact level
based on the self-reported cyclone experience derived from ques-
tionnaires, as opposed to the cyclone time and track of impact or of-
ficial declaration used in studies of other health outcomes. For
overall mental health-related morbidity, consistently adverse asso-
ciations with cyclone exposures were observed. Seven studies
on large-scale hurricanes reported increased mental health service
visits?2648082 or hospitalization,?> poor mental health days,’*’®
and higher mental illness prevalence? for up to 3 y after cyclone
exposures. For example, a time-series study on Hurricane Sandy
found that changes in service use were most pronounced over the
1-y period after the cyclone, with a 10% (95% CI: 7%, 13%) increase
in ED services for mental illness in the storm zone.®* Another cross-
sectional study on 1,869 adults observed a doubled prevalence of
mental illness in the month after Hurricane Katrina [OR =2.40
(95% CI: 1.80,3.20)].%°

For morbidity related to mental subtypes, eight studies reported
a consistently higher risk of PTSD either among the general popu-
lation,2*7275:77 pregnant women,’® or certain occupational groups
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(e.g., high school students, public health workers)>*7383 associ-
ated with a higher level of cyclone exposures. For example, a
cohort study on 292 pregnant women found an RR of 3.68 (95%
CI: 1.80, 7.52) for having PTSD among those with two or more
severe experiences of hurricanes.”® Another cross-sectional study
on 747 adults surveyed 1 y after Hurricane Katrina reported a 69%
(95% CI: 22%, 133%) higher risk for having PTSD among the par-
ticipants who stayed in the hardest-hit area (New Orleans) during
the cyclone compared with those who did not.”” A more prolonged
higher risk of PTSD was found among the participants who were
directly affected by Hurricane Sandy compared with their counter-
parts in a cohort study of 130 adults followed up more than 2 y after
the hurricane [OR = 1.60 (95% CI: 1.10,2.20)].7

However, less consistent associations were found for morbidity
related to anxiety and depression. Two studies surveyed >1.5 y af-
ter Hurricane Sandy detected a null association of cyclone expo-
sure levels with anxiety among adults.?*”> Another case-crossover
study found an increased hospitalization risk for anxiety 2 y fol-
lowing Hurricane Sandy among the population >64 years of age,
but not for anxiety department visits.?? Similarly, higher risks of
depression were found to be associated with higher cyclone expo-
sure level in two studies on pregnant women and World Trade
Center workers who experienced Hurricane Katrina and Hurricane
Sandy, respectively, but not in the other three studies on general
adults exposed to Hurricanes Sandy or Maria. Increased risks of
ED visit or hospitalization for mood disorders, adjustment disor-
ders, psychosis, alcohol and substance abuse, suicide, and inten-
tional harm among the people >64 years of age over a 3-y period
following Hurricane Sandy?? and increased risks of behavioral dis-
order among the public-school students over 1 y following
Hurricane Katrina’ were also suggested by two studies. These
studies of mental health-related morbidity could not be included in
the meta-analysis because there were fewer than three comparable
effect estimates for each specific outcome. For the most studied
outcomes of PTSD?324.72.73.75-77.83 and depression,>*737>-76:81 an
incomparable definition of cyclone exposure level based on the
self-reported cyclone experience from self-administered question-
naire was used across studies (i.e., the effect estimates were not
derived from a uniform cyclone exposure variable of exposed vs.
unexposed). For the other mental health morbidity outcomes, as
shown above, the studies identified were very limited and therefore
insufficient for a meta-analysis.

Adverse birth outcomes. The excess risks for adverse birth out-
comes associated with cyclones were estimated by nine studies
from the United States,'0'384-8 three studies from Australia,”®
Brazil,’! and the Philippines,’! respectively. Cyclone-related pre-
term birth risks were reported in seven studies,'®1887-90 and two
of them observed statistically significant higher risks among the
women who experienced a hurricane during pregnancy.'8:8°
However, a null association was found in the other four studies
on a high-amplitude hurricane!®87-88 or 58 tropical cyclones.!”
One cross-sectional study with 647,634 births in Queensland,
Australia, examined the association of trimester-specific cyclone
exposure with preterm birth and found that only tropical cyclone
exposure in early pregnancy was associated with higher odds of
preterm births.”® Four!”-!8837:88 of these seven studies on preterm
birth that reported relative change in the risk of preterm birth associ-
ated with cyclones (i.e., exposed vs. unexposed) were included in
the meta-analysis, whereas the other three studies'®3*°° were not
included because one of them reported only the trimester-specific
effect estimate,”® one reported absolute change in the incidence
rate,” and the remaining one used a continuous cyclone exposure
level based on self-reported cyclone experience.'® An overall statis-
tically insignificant association [meta-RR=1.09 (95% CI: 091,
1.29); Figure 3] with high heterogeneity (I = 90%, p <0.01) and
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statistically insignificant asymmetry (Figure S4; Egger’s regression
test, p =0.53) were found between cyclone exposures and preterm
births. The meta-RR was consistently statistically insignificant in
sensitivity analysis performed by excluding each estimate in turn
(Table S6).

Birth weight-related outcomes were examined in six
studies.!6-18:85.88.89.91 Eour of them reported an association of
cyclone exposures with lower birth weight,3*°! increased risk of low
birth weight388 after a high-amplitude hurricane and higher risk of
low birth weight among newborn babies who had perinatal exposure
to high hurricane exposure (having three or more severe experiences
due to hurricane) compared with those without high hurricane
exposure.'® However, no statistically significant changes in the
risk of low birth weight after the hurricane were found in the
remaining two studies.!®# These six studies on birth weight
were not included in the meta-analysis because three of them
reported an incomparable absolute change in the risk of low
birth weight (i.e., change in probability,”' county-level rate,®> or
incidence®®) associated with cyclones, and another one used
cyclone exposure levels defined based on self-reported cyclone
experience.'® For other birth outcomes, infant temperament,* birth
rate and fetal death® were found to be not associated with cyclone
exposures, whereas increased fetal distress®® and shortened gestation
lengths® were observed after a high-amplitude hurricane.

Infectious disease-related morbidity. The excess risks for
infectious disease-related morbidity related to cyclones were reported
in Southeast China (5 studies),!%-2-329293 the Philippines (1 study),”!
South Korea (1 study),®® the United States (3 studies),'*>!** and
India (1 study).”> Among them, two studies focused on overall in-
fectious disease-related morbidity and both of those suggested an
increased hospitalization risks for any infectious and parasitic dis-
eases among the general population in eastern Visayas, the
Philippines, over the 3-wk period after Typhoon Haiyan [OR =2.10
(95% CI: 1.20, 3.50)]”" and in the population >65 years of age in the
East Coast of the United States in the week after a tropical cyclone
[RR =1.04 (95% CI: 1.01, 1.08)],'* respectively.

Mixed findings were observed for the associations of
cyclone exposures with morbidity of cause-specific infectious
diseases.19721:32.60.92-94 Bor example, a time-series study on 65
tropical cyclones in Southeast China between 2005 and 2011
found that tropical cyclones were more likely to immediately
increase the risk of intestinal and contact-transmitted infectious
diseases while decreasing the risk of respiratory infectious dis-
eases among the general population.’? Increased risks of leptospi-
rosis,?! dengue,*>°>% and infectious diarrhea!®206%%> were
observed among the general population over a post-cyclone period
for up to 4 wk, whereas an immediate reduction in risks of mea-
sles, mumps, varicella, and vivax malaria after tropical cyclones®?
and a prolonged decline in human immunodeficiency virus testing
rate for up to 17 wk after the Hurricane Sandy®* were also sug-
gested. These studies of infectious disease-related morbidity were
not included in the meta-analysis owing to the very limited compa-
rable effect estimates caused by the highly heterogeneous outcome
definition. For example, for the most studied outcome of diarrhea
(4/11 studies),!%-2%0995 two focused on infectious diarrhea,'®-%°
one on dysentery-related diarrhea,?’ and the remaining one on all-
cause diarrhea.””

Injury, diabetes, cancer, and other morbidities. Six U.S. studies
investigated injury morbidity associated with cyclones.!?14:67:69.96.97
Consistently elevated risks of morbidity related to injury (hospital-
izations,'* ED visits,!? total visits and admissions®®) were observed
among the population >65 years of age after cyclone exposures. A
time-series study on Hurricane Sandy reported more than twice the
risk of total visits and admissions due to injury in the 1 y after the
hurricane [RR=2.43 (95% CIL: 2.43, 2.44)] than in the pre-
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hurricane periods for the people aged >65 years of age.®® However,
less consistent associations were found in the general®’®’ or
younger population.!>? For example, an ecological study on
Hurricane Floyd suggested an elevated risk of inflicted and nonin-
flicted traumatic brain injury (RR ranged from 5.1 to 10.7) in the 6
months following the hurricane among the children (<24 months of
age).”® On the other hand, another time-series study, on Hurricane
Sandy, observed a decreased rate of ED visit due to injury for up to 3
wk among adults (18—-64 years of age) or children and adolescents
(0-17 years of age).'?

For cyclone-related morbidity of diabetes reported by three
U.S. studies, only one on eight large-scale hurricanes suggested an
increased risk of diabetes hospitalizations among the population
>65 years of age [RR = 1.06 (95% CI: 1.03, 1.10)] in the month af-
ter the hurricane,® whereas the other two, on Hurricanes Sandy
and Maria, reported no associations of diabetes incidence with
high hurricane exposure (defined as living in a higher impacted
area with a stronger storm surge or a higher number of damaged
homes reported) among the people >65 years of age®® and a
decreased rates of diabetes among the adults after the hurricane,!
respectively. With respect to cancer morbidity, one study, which
included all tropical cyclones that made landfall in the United
States between 1999 and 2014, found an average of 4% (95% CI:
3%, 6%) decrease in cancer hospitalization among the population
>65 years of age during the week following the cyclone event.'*

For other morbidities, increased risks of ED visits for all
causes,'>%8 renal disease,'? skin and soft tissue infections,'? opioid
abuse,”® acute gastrointestinal illness, %% and diabetes exacerbation
(i.e., increased glycemic control, blood pressure, and low-density
lipoprotein after the cyclone),'®! as well as higher risks of overall
morbidity,’® gender-based violence,'%? physical symptoms (i.e.,
headaches or migraines, digestive problems),'** and takotsubo
syndrome hospitalization,'®* were also found to be associated with
cyclone exposures. These studies were not included in the meta-
analysis because less than three comparable effect estimates were
detected for each specific outcome. For the most studied outcome
of injury-related morbidity in six studies,!21467:69:9697 four of
them were on physician visits,” hospitalizations,'* ED visits,'?
and total admissions and visits® for all-cause injury, respectively,
and one study was on the incidence of inflicted traumatic brain
injury.®® For the other outcomes, as indicated above, the studies
identified for each specific outcome were very limited and there-
fore insufficient for a meta-analysis.

Discussion
Key Findings

In the present study, we have comprehensively summarized and
quantitatively synthesized the evidence on the health effects of
cyclone exposures. A total of 71 eligible studies from eight countries
(the United States, China, India, Japan, the Philippines, South
Korea, Australia, Brazil) were included, the majority of which were
from the United States. These studies investigated the all-cause and
cause-specific mortality, as well as morbidity related to injury,
CVDs, respiratory diseases, infectious diseases, mental disorders,
adverse birth outcomes, cancer, diabetes, and other outcomes (e.g.,
suicide rates, gender-based violence). Studies mostly included only
one cyclone (mostly Hurricane Katrina or Hurricane Sandy) and
focused on mental disorders morbidity, as well as all-cause mortal-
ity and hospitalizations within 1.5 y after cyclone exposure.
Consistently elevated risks of overall mental health-related morbid-
ity and PTSD, as well as all-cause mortality or hospitalizations,
were found to be associated with cyclone exposures. Evidence for
other outcomes was generally mixed or limited. Further meta-
analysis showed modest-to-strong associations between cyclone
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exposures and all-cause mortality, hospitalizations for all causes, re-
spiratory diseases, and COPD, whereas no associations were found
between cyclone exposures and heart disease mortality, diabetes
mortality, and preterm birth. High between-study heterogeneity was
found for the magnitude of the estimates.

Comparison with Prior Reviews and Interpretations

Four reviews summarized the health impacts of cyclone expo-
sures recently.3%105-197 In 2019, Wang et al. conducted a meta-
analysis on the PTSD prevalence among survivors after a tropical
cyclone from 39 studies and found the combined prevalence of
PTSD after a cyclone was considerably high (17.81%).1%5 By
comparison, among the eight studies?>2+727375-7783 that eval-
uated PTSD risk associated with cyclones, we observed consist-
ent findings of substantially higher PTSD risk among the general
population,>*727377 pregnant women,’® and certain occupational
groups (e.g., high school students, public health workers)23:73:83
who were affected by cyclones for up to 2 y after cyclones expo-
sures. In 2020, Rashida et al. qualitatively reviewed 15 studies on
the health effects of cyclones among dialysis patients and found
that cyclone exposures were generally associated with increased
hospitalizations and ED visits.!% This is consistent with our find-
ings of a robust positive association of cyclone exposures with
all-cause hospitalization. In 2021, a more comprehensive scoping
review included 24 studies on the health effects of cyclones found
that cyclones were associated with the occurrence and exacerba-
tion of multiple diseases.>® One more recent review with meta-
analysis synthesized 37 studies on natural disasters and child de-
velopment and health but included only one study on cyclones.'"
In comparison with these two reviews, the results of the present
study are different in some respects, which could be attributed to
the differences in the number and characteristics of the studies
included. The present review systematically and comprehensively
reviewed 71 studies on cyclones and health to date and conducted
a meta-analysis to quantify the overall magnitude and heteroge-
neity of the cyclone effects across studies.

Potential Pathways and Vulnerable Population

We found cyclones were consistently associated with elevated risks
of PTSD, as well as all-cause mortality and hospitalizations.
Cyclones can contribute to the elevated risks of adverse health out-
comes through both direct and indirect pathways. Direct impacts,
such as physical trauma (e.g., injury, drowning) during exposure,
could more immediately increase the risks of hospitalizations and
mortality compared with the indirect impacts. Despite the great vari-
ation in exposure window among previous studies, elevated all-
cause hospitalizations and mortality were mostly observed within
90 d following cyclone exposures. Indirect impacts such as socio-
psycho environmental stress, poor or undernutrition associated with
cyclones (e.g., loss of property and resources, evacuation, interrup-
tion of medical and social support) could manifest at a longer term
to increase the risks of occurrence and deterioration of chronic dis-
eases (e.g., mental disorders, CVDs). The elevated PTSD risks
among previous studies were mostly observed at >6 months follow-
ing cyclone exposures. Some studies observed an increased risk of
PTSD even >2 y after cyclone exposures.”>73

Although limited, evidence also consistently suggested increased
morbidity of all respiratory diseases or infectious and parasitic dis-
eases associated with cyclones. The elevated risks in respiratory dis-
eases morbidity following cyclone exposures may be partially
attributed to the increased needs for medical equipment to breathe as
result of the power outages commonly resulting from cyclone
winds.'%:1%9 Increased allergens, especially mold in water-damaged
buildings, and air pollutants during debris cleaning may also increase
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the severity of respiratory diseases and be responsible for the ele-
vated respiratory diseases morbidity.3*!'° The elevated rates in mor-
bidity of all infectious and parasitic diseases after cyclones could be
attributed to the increased chances of transmission and breeding
grounds for microorganisms associated with cyclones (e.g., more
contaminated water or bioaerosols).!!! However, the indirect path-
ways through which the cyclones affect most health outcomes
remain largely unclear and may vary depending on the cyclones’
physical characteristics (e.g., wind force, precipitation, duration),
population background, and geography.

Stratified analyses by potential effect modifiers (e.g., age, gen-
der, race, socioeconomic status) were performed by previous stud-
ies to explore vulnerable populations. Children and older adults
were generally found to be more susceptible to direct outcomes,
such as injury and infection, or indirect outcomes, such as the psy-
chological stress of cyclones.”-2%-2297-112 Children <5 years of age
experiencing one or more cyclones were found to have higher risks
of mental health disorders in adulthood.!'® The adverse effects
of cyclones could be more profound and longer-lasting among
children and the older adults. Although most studies reported
similar direct outcomes (i.e., injury) of cyclones for females and
males,”3>°7 women appear to be more likely to suffer psychologi-
cal distress (e.g., anxiety, PTSD, gender-based violence) than men
following cyclone exposures.”>!92114-117 However, the specific
reasons for the disproportionate outcomes across sex and age
groups remain unclear and may vary by health outcome. The differ-
ences in activity pattern (e.g., mobility level),'>!!® physiology
(e.g., physical strength, health condition),''® awareness (e.g., dis-
aster preparedness),>” and social support'?° could be the potential
contributing factors. Public and personal services and assistance
may need to be extended beyond the immediate aftermath of the
cyclone, particularly to the disadvantaged population. Higher risks
of adverse outcomes of cyclones were also observed for the lower
socioeconomic brackets!%?2 or people with preexisting health con-
ditions.>*-%® For example, the fatality rate for people living in coun-
tries with the lowest tertile of GDP per capita was ~ 36 times
greater than those in the highest tertile of GDP per capita after
experiencing high-amplitude cyclones.!® The limited resources
in a low-income setting hinder efforts for effective disaster
responses and management, which have enormous potential to mit-
igate the adverse effects of cyclones.!?!"122 Owing to the great het-
erogeneity across previous studies (e.g., exposure assessment,
modeling strategy, subgroup classification) and the lack of evi-
dence for each comparable exposure—outcome pair within sub-
groups, we could not provide a quantitative and comprehensive
assessment for the vulnerable subpopulations associated with
cyclones. Despite many claimed disparities in cyclones’ effects
across certain subgroups, these differences must be interpreted cau-
tiously owing to the limited generalizability.

Research Gaps and Future Perspectives

First, we found that most studies available on the health effects of
cyclone exposures were based in the United States, whereas evi-
dence from other cyclone-prone countries, especially those rela-
tively small and developing countries or regions (e.g., Vietnam,
Cuba, the Philippines, Taiwan) is relatively scarce.!?? Studies from
these countries or regions are highly warranted to characterize the
geographical pattern of cyclone health effects and to assess the poten-
tial contributing factors (e.g., socioeconomic and demographic fac-
tors, government effectiveness) to the heterogeneity of effects.
Second, the elevated risks of overall mental health-related mor-
bidity, PTSD, as well as all-cause mortality or hospitalization asso-
ciated with cyclone exposures, have been well documented (Table
S2), whereas the evidence on cyclones and other health outcomes,
such as chronic diseases (e.g., CVDs, cancer, diabetes), and
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adverse birth outcomes (e.g., preterm birth, low birth weight),
remains limited or inconsistent. Although it is currently not well
established, the risk and burden of these diseases indirectly trig-
gered by cyclones could considerably outweigh those associated
directly with the cyclones themselves.!?* More work needs to be
done to consistently quantify the excess risk and burden, as well as
to identify and formalize the pathways through which cyclones
affect these understudied health outcomes.

Third, previous studies have generally investigated the health
outcomes associated with one cyclone within a limited geographic
region and time span. Further, the considerable heterogeneity in pre-
vious studies in terms of exposure assessment, modeling strategy,
and exposure window hindered the synthesis and generalizability of
the findings. There is an overall research gap in consistently quanti-
fying the health risks and burdens associated with cyclones over
long time spans. Future studies with a long-term follow-up for mul-
tiple cyclones are needed to explore the time trend of the global, re-
gional, and national health risks and burden of cyclones under the
context of a changing climate.

Fourth, the ROB assessment indicated a major concern about
exposure assessment bias among previous studies. The exposure
assessments of cyclones in previous studies were generally based
on questionnaires, the time of landfall, or the cyclone track, which
is a static point-in-time estimate. These data do not account for the
time-varying spatial structure of cyclones (i.e., the intensity and
extent of the winds) and lead to potentially higher risks of exposure
classification (e.g., the inaccurate estimate of the duration of
cyclone for participants) and fail to account for the time-varying
and cumulative effects of cyclone exposures. Advanced models
with high spatiotemporal resolution (e.g., wind field model) are
highly warranted in future studies to assess the cyclone exposure
with different continuous metrics (e.g., cyclone-related full wind
field, cumulative precipitation) in an attempt to characterize the ex-
posure—lag-response (ELR) relationship of cyclones and health
outcomes. The evidence on the ELR relationship between cyclone
exposure metrics (e.g., maximum windspeed, cumulative rainfall,
distance) and public health is scarce, which could have important
implications for disaster planning and policy making. More effort
should be made to estimate the ELR relationship considering
cyclone-specific health risks based on an advanced model with con-
sistent and rigorous quantitative assessment of cyclone exposures. '

Finally, most prior studies derived the excess mortalities or
morbidities related to cyclones using prepost comparisons or
unexposed neighboring areas as controls. This may lead to resid-
ual confounding by either temporal trends or spatial gradients in
the health risks.!” Analytical strategy with a self-matched design
for exposed days with unexposed days in both pre- and post-
cyclone periods is recommended for future studies based on
time-series surveillance data of health.”-!4:15:17

Limitations

Several limitations should be noted in our study. First, the high
between-study heterogeneity that we detected reduced the credibility
of the pooled estimates. Second, given the limited number of compa-
rable studies to be included in the meta-analysis, the limitations of
visual assessment of funnel plots for publication bias and the low
power of statistical tests for small-sample effects, such as Egger’s
test, should also be acknowledged in this study. We also could not
conduct meta-regression to examine the source of heterogeneity
because there were not enough comparable studies (a minimum of
10 studies is required for a meta-regression model).'?>!26 Third, as a
systematic review that aimed to quantify the health outcomes related
to cyclone exposures, studies on the health effects of subsequent
events after cyclones (e.g., secondary losses from cyclones) or stud-
ies that used mediation analysis to assess the pathways between
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cyclone exposures and health outcomes were excluded.!?’-133
Further work may be needed to include these studies and systemati-
cally synthesize the pathways for specific health outcomes and the
effects for a specific cyclone-related event (e.g., flood, disaster-
related stress). Fourth, although there were a few studies from devel-
oping countries, such as China and the Philippines, most of the
included studies came from the United States. The between-country
difference in factors, such as the rate of urbanization and population
background in coastal cities, may reduce the generalizability of cur-
rent evidence to populations in other countries. Fifth, our findings
were also affected by the risk of residual and unmeasured confound-
ing of the included studies. As indicated in the ROB assessment, the
confounding bias could vary markedly across studies. For example,
a low risk from confounding bias was observed in well-controlled
studies like Sun et al., which adjusted for long-time trend, seasonal-
ity, day of week, daily expected number of health outcomes and
county random intercept in the model,!” whereas high risks were
found in another nine studies that did not account for any confound-
ing factor when assessing the elevated health risks associated with
cyclone exposures®!8-20:25.6061.67.92,102 (¢ o crude RRs derived by
comparing outcome counts for exposed and nonexposed periods'3®;
Table S5). The expected variation in health outcomes as a result of
factors, such as natural variations of time trend and population back-
ground, is an important potential confounder, particularly for time-
series and case-crossover studies of long-term health impacts of
cyclones. Sixth, although some included studies explored effect
modifications by several factors (e.g., age, sex) in subgroup analy-
ses, we could not perform a quantitative and conclusive summary of
these findings owing to the limited comparable evidence. Thus, our
results may be less relevant for vulnerable population subgroups.
Finally, we included only studies published in peer-reviewed jour-
nals, so some eligible gray literature may have been omitted in the
present study.

Conclusions

Although there is considerable heterogeneity in the magnitude of
the effect estimates, the evidence generally supported elevated
risks of overall mental health morbidity, PTSD, and all-cause mor-
tality or hospitalization following a large-scale cyclone. Evidence
on the risks and burdens of other health outcomes, such as chronic
diseases (e.g., CVDs, cancer, diabetes) and adverse birth outcomes
associated with cyclones, was limited or inconsistent. Several
research gaps, including the lack of a rigorous quantitative and
continuous assessment of cyclone exposures, the great inconsis-
tency in modeling approaches, study designs, analytical strategies
and exposure window, and the potential issues in the comparability
and generalizability of results, should be noted among most previ-
ous studies. To enhance our understanding of the spatiotemporal
health impacts of cyclones under a changing climate, more work
over larger scales of space and time with multiple cyclones and
advanced modeling strategy is highly warranted.
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